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1 Introduction

In my thesis I examined several multimodal feature extraction and learning
methods for retrieval and classification purposes. Text and image classifi-
cation or retrieval are well-known challenging problems. Textual content is
usually represented as a set of occurring terms (bag-of-words) while images
can be described as a set of regions (segment or an environment of a key-
point). The chosen feature extraction methods highly affect the quality of
the retrieval or the classification. One of the interesting cases is, when both
modalities are present at the same time, giving us the opportunity to increase
the quality of the classification and retrieval.

I reread briefly some theoretical results of learning in Section 2 and re-
viewed several generative and discriminative models in Section 3. The gen-
erative probability models and discriminative approaches are very impor-
tant tools in the area of statistical classification of various types of data.
Jaakkola and Haussler proposed a remarkable and highly successful approach
to combine the two, somewhat complementary approaches. The significance
of Fisher metric is highlighted by a fundamental result of N. N. C̆encov stat-
ing that it exhibits an invariance property under some maps which are quite
natural in the context of probability. These maps are congruent embeddings
by Markov morphisms. Moreover it is essentially the unique Riemannian
metric with this property. Thus, one can view the use of Fisher kernel as an
attempt to introduce a natural comparison of the examples on the basis of
the generative model. Therefore we reviewed the theorem of Fisher kernel
and suggested a generative model, the similarity graph in Section 4.

After describing different aspects of the multimodal image retrieval and
classification in Section 5 we suggested methods for identifying quality as-
sessments of Web documents in Section 6. In our last problem we proposed
Dynamic Time Warping based similarity kernel for time-series based classifi-
cation in Section 7. The experiments were carried out over publicly available
datasets and source codes for the most essential parts are open source.

2 New Results

Statement 1: Similarity kernel

Kernel methods are popular in various fields of data mining and knowledge
discovery such as classification, regression, clustering or dimensionality re-
duction. While kernel methods are well-founded from the theoretical point
of view, the selection of the appropriate kernel (e.g. polynomial, Radial Basis
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Function or application specific ones) is essential in many real-world tasks.
Selecting the appropriate kernel under multiple modalities can be seen as a
special case of the Multiple Kernel problems where the kernels are computed
on different feature sets. In a number of practical applications such as image
or document classification, we have to learn over multiple representations,
often with different kernel functions. Images are often enriched by text de-
scription or other non-visual metadata such as geo-location or date, yielding
a multimodal classification task with visual, text, and geospatial modes. An-
other example is Web classification, where text and linkage can be considered
as two independent modalities.

We handle a set of modalities with previously selected metrics (distance
functions). Our goal was to determine a suitable probabilistic density func-
tion and a single kernel function based on a set of modalities and a set of
known observations. In Section 4 we defined three similarity graphs (pairwise,
class and the multi-agent similarity graph) to construct a Markov Random
Field and derived an approximation of the Fisher kernel. The final kernel
does not depend on the parameters of the random graph and therefore we
do not need to determine the relative importance of the basic modalities.

Statement 1.1 Similarity kernel and similarity graphs
From a generative model based on instance similarities, we derived
various kernels applicable for classification and regression. The method
is capable of defining a single unified kernel even in the case of rich data
types.

The theoretical background of the similarity kernel and some of the ex-
periments were presented in various publications [DBR13, DVB15, DSPB15].
My contribution were mainly the idea and the definition of the similarity
graphs (Section 4.2) and the derivation of the practical approximation of the
Fisher Information (Section 4.3.4).

Statement 1.2: Web document classification based on text, link

and content features

Identifying the quality aspects of Web documents turned out to be a more
challenging problem than the more traditional topic or genre classification.
The first results on automatic Web quality classification focus on Web spam.
Additionally, there are various aspects and problems related to the quality of
the web documents. Mining opinion from the Web and assessing its quality
and credibility became also a well-studied area. Known results typically mine
Web data on the micro level, analyzing individual comments and reviews.
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With the similarity kernel we can move from terms as features to content
similarity as features, although the similarity may be based on the distri-
bution of terms, content features, distances over the hyperlink structure or
distances from clusters. In Section 6 we experimented with various classifiers
for opinion mining through the C3 dataset and for Web spam detection over
the ClueWeb corpus.

Statement 1.2 Web document classification via similarity kernel
We defined Web pages via the similarity kernel in a general way ac-
cording to any modality we can assign to them. The similarity kernel
for Web documents can also resist noise and learn from small training
sets.

The results were published in [DSPB15] while biclustering was introduced
for trust and bias classification in [SDB12]. My contribution was mainly
the development of the similarity kernel for Web documents and the ex-
periments. Dávid Siklósi developed the biclustering, crawled the web pages
and calculated the text features while Róbert Pálovics calculated the Matrix
Factorization models with GraphLab.

Statement 1.3: Mobile Radio Session drop prediction

Management of Mobile Telecommunication Networks (MTN) is a complex
task. Setting up, operation and optimization of MTNs such as those de-
fined by the 3rd Generation Partnership Project (3GPP) need high-level
expert knowledge. There are specific functions in the systems providing
automatic configuration and optimization, usually called self-configuration,
self-optimization or self-healing. The common name of these functions in
the 3GPP standard is Self-Organizing Network (SON) functions. The aim of
our work [DVB15] was to introduce and evaluate a method to predict session
drops before the end of session and investigate how it can be applied in SON.

In Section 7 we provided a machine learning methodology where the high
granularity of the performance reports is exploited and the time evolution of
the main features is used as extra information to increase prediction accu-
racy. We deployed techniques of time series classification. To overcome the
scalability issue while take advantage of the DTW distance we use the sim-
ilarity kernel with a small sized, arbitrary sample set. In order to combine
the six distance functions and the statistical features for classification, we
may use both the multimodal pairwise or the class similarity graph.

Statement 1.3 Complex time-series classification with class similarity kernel
We predicted session drops in LTE networks more than 5 seconds before
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the end of the session. The model based on multi-dimensional time-
series described by the class similarity graph with multiple statistical
features and DTW.

We observed best performance by the DTW based similarity kernel method,
followed by the baseline AdaBoost over statistical descriptors. For all prac-
tically relevant parameters, similarity graph improves the accuracy of Ad-
aBoost around by 5%. If we replaced the pairwise similarity graph with the
class similarity graph (0.9276 AUC), the performance increased significantly
achieving 0.9598 in AUC.

Statement 2: Multimodal image retrieval

Efficient representation of images is still a widely researched and open prob-
lem. The selection of the ideal, better performing feature extraction method
depends greatly on the aim of the application. While the challenge seems
different for content based information retrieval and visual concept detection,
they are closely related. By image retrieval the main objective is to rank im-
ages in a corpus by their relevance to a set of query images. Traditional text
based information retrieval is a very well studied area with robust methods.

In Section 5.1 we describe a combined visual and textual ranking based
on image segment matching and our text search engine with automatic query
expansion. The image segments were mapped into a high-dimensional space
with features describing the color, shape and texture of the segment. The
relative importance of the features were determined considering a distance
function.

The experiments were carried out over the IAPR TC-12 benchmark col-
lection, the dataset at the ImageCLEF 2008 Photo Retrieval challenge. The
dataset consists natural images with additional textual meta information.
The modified Felzenszwalb-Huttenlocher graph-cut segmentation performed
better as the original method with the same feature set (+12.9%) while addi-
tional features increased the retrieval performance by 31.9%. In comparison
to other participants at the challenge, our best text only submission ranked
third out of 21 teams while our best automatic visual run would be the
third best out of 12 teams. The best results were given by the team XRCE
(Xerox Research Center Europe). Their solution based on Fisher vectors
over Gaussian Mixtures of local Histogram of Oriented Gradients and RGB
statistics, a complementary model to our segmentation based representation.
In [DPB+10] we showed that even with a simple linear combination the two
methods complement each other. The segment matching model use relatively
large number of segments per image based on our findings in [DHV+08],
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where we showed that an automatic, finer re-segmentation of hand-made
sample images significantly increase the quality of image matching.

Statement 2.1 Segmentation based image retrieval
We described a modified, multi-scale Felzenszwalb-Huttenlocher graph-
cut segmentation. The suggested segment matching based ranking in-
creased the retrieval performance.

The results were published mainly in [DFB+09] with additional remarks
from [BBB+08, DHV+08, DPB+09]. My contribution included the modelling
and development of the visual retrieval system, particularly the segmentation
and feature extraction methods.

Statement 3: Fisher kernel over 2d lattices

Perronnin et al. suggested to model an image as Gaussian Mixture over a set
of detected keypoints (see Scale-Invariant Feature Transform by Löwe) with-
out considering their spatial relationship. It was extended later with a dense
sampling instead of detected corner points and with multiple descriptors (e.g.
Histogram of Oriented Gradients or color moments) over the neighbourhood
of the sample points but still without describing the fine structure of the
layout. The most common method to include the layout, in a shallow and
rigid way, is the Spatial Pyramid Matching , which can be easily adopted
to any kind of Bag-of-Features model. Another interesting extension of the
common BoF is the Ordered Bag-of-Features. The spatial layout is con-
cerned naturally by models based on deep convolutional networks although
it is necessary to train the models over a large training set.

The Gaussian Mixtures perform well as an underlying generative ap-
proach for images, but exchangeability could be an issue if the layout matters.
To overcome this we may model the layout as a Markov Random Field. In
comparison to the extended bag-of-features models, we introduce a generative
model over the samples to capture their spatial structure and compute Fisher
kernel. The most similar approach to ours is the visual phrases where they
consider the co-occurrence of visual words for image retrieval using k-means
to generate a hard visual codebook.

Statement 3.1 Spatial Fisher score
The Fisher scores according to the Gaussian Mixture parameters are
independent of the clique parameters if the membership probabilities
are sharply peaked and the proposed energy function over the lattice is
multiplicative. Therefore we can derive an approximated Fisher kernel.
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We carried out our experiments in Section 5.2 by using the Pascal VOC
2007 data set, one of the most popular benchmark for image categorization.
Our choice of dataset gave us an opportunity to compare our experiments
to the winner methods (without detection) of later challenges including the
SuperVector coding, Locality-constrained Linear Coding. In our experiments
the densely sampled joint Color HOG based GMM IFK with reduced spatial
pooling performed best (0.641 in MAP), while the spatial model outper-
formed the baseline models by 1.3− 5%.

We reviewed the Fisher kernel method for images and described the very
fine sampling in [DBR13] while the efficient GPU implementation was in-
troduced in [DSB12]. My contribution included the implementation and
evaluation of the methods and the theoretical part of the spatial model. The
spatial model is an unpublished joint work with Levente Kocsis, István Petrás
and András Benczúr.

Statement 4: Multimodal representation and bicluster-

ing based image and segment annotation

Images are rarely being present alone, usually we can extract some content
related textual or other non-visual information such as geo-location or date
from their context. Besides non visual meta features we can think of any
visual representation as an individual modality. Altogether we can easily
define a set of very diverse distance functions over images.

Statement 4.1 Multimodal representation of images [DSB12]
We proposed a dense uniform and a biclustering representation of the
basic representations considering modality adaptive similarity based
feature transforms based on a sample set. The model is feasible to
combine different descriptors and representations before the classifica-
tion.

The method achieved the second highest MAP, MiAP, GMiAP and F-
measure scores among 18 participants at the ImageCLEF 2012 Photo Anno-
tation challenge.

In Section 5.3 we extend the biclustering to label by a richer vocabulary
(in our case Flickr tags) such that object specific methods are infeasible both
on the human annotation and on the machine learning side. Our assumption
was that biclusters indicate connection between the features and the text
such as blue color and “pool”, white color and “snow”, black and white his-
togram and “black and white” that can be used to select relevant segments
of the sample image. Hence we compute an interrelated segment and word
clustering together.

6



Statement 4.2 Biclustering based segment annotation
We proposed a multimodal biclustering method to exploit cross-media
relations. The method results a low dimensional representation of im-
ages and segments.

The proposed biclustering based segmentation improved slightly the clas-
sification on the Yahoo! MIR Flickr dataset, however with the same classifi-
cation quality we obtained segment labels by the method. We achieved the
best results with fusing the predictions of the multimodal methods and the
single modalities. In comparison to recent results, our method outperformed
the Selective Weighted Late Fusion by 2.99%, the best result published to
our knowledge over the MIR Flickr dataset.

The uniform representation and the biclustering without segmentation
was published in [DPB11][DSB12] and for Web documents in [SDB12]. My
contribution was the idea and development of the visual feature extraction
and the multimodal fusion. The biclustering method was developed by Dávid
Siklósi.
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