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Abstract 
 

Accurate classification of objects of interest for video 
surveillance is difficult due to occlusions, deformations 
and variable views/illumination. The adopted feature 
sets tend to overcome these issues by including many 
and complementary features; however, their large 
dimensionality poses an intrinsic challenge to the 
classification task. In this paper, we present a novel 
technique providing maximum-likelihood 
dimensionality reduction in Gaussian mixture models 
for classification. The technique, called hereafter 
mixture of maximum-likelihood normalized projections 
(mixture of ML-NP), was used in this work to classify a 
44-dimensional data set into 4 classes (bag, trolley, 
single person, group of people). The accuracy achieved 
on an independent test set is 98% vs. 80% of the 
runner-up (MultiBoost/AdaBoost). 
 
 
1. Introduction 
 

Classification of objects of interest, in particular 
unattended stationary objects, is very important for 
video surveillance to assess potential security threats 
[1-5]. Classification is challenging due to occlusions, 
deformations of non-rigid objects (such as stationary 
humans), variable views and illumination, and the high 
intra-class variability of certain classes (such as pieces 
of luggage). Approaches based on simple feature sets 
such as form factors or basic size measurements are 
deemed to fail in any realistic scenarios. The solution 
that is most often explored by video surveillance 
researchers is that of choosing a feature set containing 
many, partially redundant features of different nature 
such as global and local shape descriptors, texture 
measurements, perspective-compensated sizes, and 
more (e.g. [4]). Consequently, feature sets tend to be 
large, in the order of tens or hundreds of features, and 

pose an inherent dimensionality challenge to the 
classification step.  

A viable approach to mitigate this curse of 
dimensionality is the use of dimensionality reduction 
techniques such as the popular Principal Component 
Analysis (PCA) and Linear Discriminant Analysis 
(LDA) [6]. PCA is an orthogonal projection of the data 
onto a lower dimensionality linear space where the 
variance of the projected data is maximized. LDA 
exploits class information, maximizing the ratio 
between between-class scatter and within-class scatter. 
Non-linear methods include Kernel PCA (KPCA) [7] 
and Nonlinear Independent Component Analysis (NL-
ICA) [8]. Other sophisticated methods have also been 
proposed including mixtures of local PCA [9], 
Probabilistic PCA [6] and mixtures of Probabilistic 
PCA [10]. 

In a typical maximum-likelihood classification 
approach, a training set is used to learn probability 
density functions (pdf) adequately describing the class-
conditional likelihoods. Often, a class cannot be well 
represented by a single, compact mode and the need 
arises for a finite mixture model that can approximate 
more complex distributions [11]. One of the most well-
known finite mixture models is the Gaussian mixture 
model (GMM), where a number of Gaussian 
components are combined together to provide a 
multimodal density. A widely applied method for 
estimating the GMM parameters is the Expectation-
Maximization algorithm (EM) [11]. GMM is 
implemented widely for classification problems in 
various applications (e.g. [9,10,11]). 

According to the results presented in [9] and [10], 
feature reduction and GMM may be combined to 
achieve more accurate classification. [9] proposes to 
combine a set of local PCAs, each describing one 
mode of the desired density in a compressed space. 
[10] proposes the use of a mixture of Probabilistic 
Principal Component Analyzers and derives efficient 
variants of the EM algorithm for their learning. The 
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main idea is that Probabilistic PCA, unlike basic PCA, 
offers an explicit density model for which likelihood 
can be formally maximized. Probabilistic PCA is based 
on the assumption that a noise component of spherical 
Gaussian density exists in the mapping from the 
original to the compressed space. If such a noise 
component tends to zero, the framework returns the 
conventional PCA, together with an undesirable 
singular solution for the maximum likelihood. 

Differently from the aforementioned approach [10], 
in this paper we propose a new method for maximum-
likelihood dimensionality reduction within GMM, 
called mixture of maximum-likelihood normalized 
projections (mixture of ML-NP) hereafter. Our model 
is explicitly maintained in the compressed space and 
assumes a deterministic transformation between the 
original and the compressed spaces. In order to prevent 
the singular solution, a normalization constraint is 
imposed on the transformation matrix at each iteration 
of the learning algorithm. The re-estimation formula 
for the transformation matrix we originally derive 
guarantees maximum likelihood like for the other 
model’s parameters. Differently from other local PCA 
approaches, our method does not require hard 
clustering and retains the elegance and accuracy of the 
conventional EM. 
 
2. Mixture of maximum-likelihood 
normalized projections 
 

In this section, we describe our method, the mixture 
of maximum-likelihood normalized projections, for 
dimensionality reduction within GMM. Our goal is to 
project the data at each iteration of the EM algorithm 
onto linearly reduced dimensions in a way that 
maximizes the likelihood of the model given the data. 
After performing the projection, the remaining GMM 
parameters are learned in the compressed space. In the 
following, we derive the Ωl matrix providing the 
transformation for each l-th component, l = 1..M, in the 
GMM. We recall that a GMM is defined as:   
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where the p(z) density is provided by the mixture of M 
normally-distributed components of parameters: 
weights, αl; means, μl; and covariance matrices, Σl; l = 
1…M. 

We then consider a set of i.i.d. observations, 
{zi}i=1...N , in a high-dimensional space with P 
dimensions. For each zi, we pose xli = Ωl zi, where Ωl is 
a D x P real matrix with D << P achieving the desired 
dimensionality reduction. The projected data, 
{xli}i=1...N, differ for each component. Our problem is 

then that of finding values for Ωl maximizing the 
likelihood. To this aim, we write Ωl as P, D x 1 column 
vectors, Ωl = [ωlj] j=1..P, and consider the auxiliary 
function: 
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with Θ and Θ g representing, respectively, the new and 
old model’s parameters. In the EM framework, (2) 
represents the expectation of the joint log-likelihood of 
the data and their latent variables and increasing it 
guarantees to increase the data likelihood. We ignore 
the first term as it does not depend on xli and re-write 
the second term as:  
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We differentiate (3) with respect to each ωlj and 

equate to zero to obtain the solution for the ωlj. In view 
of that, we can ignore all multiplicative constants and 
terms that do not depend on ωlj and write: 
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since ωlj does not appear in M - 1 terms of the external 
sum. We then differentiate (4) in ωlj and obtain: 
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Let us now equate (5) to zero and manipulate it to, 
for instance, extract ωl1: 
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Eq. (6) gives the desired re-estimation formula for 
ωl1; similarly, we derive the re-estimation formulas for 
the remaining column vectors. As the following step, 
we normalize the updated value of Ωl by its Frobenius 
norm and use it for compressing the data in the current 
iteration. The re-estimation formulas for the other 
GMM parameters are as in the conventional EM [11]: 
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From a computational point of view, we can 

compare the computational complexity of the model’s 
evaluation (1) for a GMM in the original space and for 
our mixture of ML-NP. Given a generic datum, z, the 
GMM evaluation is O(MP2) in the case of a full 
covariance matrix, while the evaluation of the mixture 
of ML-NP requires O(MDP) for compression and 
O(MD2) for the actual evaluation, only linear overall in 
the higher dimensionality, P. Therefore, the cost for 
generating the reduced-dimensionality data is more 
than compensated for by the faster computation of the 
Gaussian exponent. 
 
3. Experiments and Analysis 
 
     Experiments were conducted on a video 
surveillance data set in order to evaluate the 
performance of the proposed method against that of 
state-of-the-art classifiers. For this purpose, we clipped 
600 images of trolleys, bags, single persons, and 
groups of people from video footage acquired at a 
number of airports world-wide. Objects of interest in 
these images appear under different viewpoints, 
illumination conditions and scale, and cluttered with 
background and other objects. The feature set is 
described in detail in [12]; in brief, it consists of 
statistics of various local features such as line 
segments, circles, corners, and global shape descriptors 
such as fitted ellipses and bounding boxes. We then 
divided the images into two data sets: a training set 
(400 images) and a test set (200 images), with equal 

number of images for each class so as to have equal 
class priors. The performance of the various classifiers 
is evaluated here in terms of classification accuracy (or 
detection rate, or recall) for each class and overall. The 
accuracy is simply calculated as the percentage of the 
number of objects correctly detected against the total 
number of objects. Given that the number of test cases 
is known and is the same for all classifiers, the overall 
precision (or false alarm rate) is complementary to the 
overall recall. 

Firstly, we trained and tested with a number of well-
known classifiers such as the Bayesian-based classifier 
BayesNet (BN), C4.5 Decision Trees, Support Vector 
Machine (SVM) with Sequential Minimal 
Optimization, AdaBoost (AB.M1), and 
MultiBoost/AdaBoost (i.e., MB, a variant of AdaBoost 
combining wagging and boosting) [13]. 

Secondly, we used a GMM trained on the original 
data i.e. without dimensionality reduction. To this aim, 
we trained a separate GMM for each class with 100 
training samples by using the standard Expectation-
Maximization algorithm (EM) with soft clustering. The 
number of components, M, was set manually to two for 
each mixture. We then classified the test samples for 
each class using the estimated parameters of the model 
and assigning the sample to the class providing the 
highest log-likelihood. 

Thirdly, we reduced the dimensions of the training 
and testing data (i.e. down from P = 44 features to D = 
3 features) by learning the PCA sub-space from the 
overall training set. We then trained a GMM in the 
three-dimensional sub-space (GMM-PCA) and used it 
for classification. 

Eventually, we applied the method proposed in this 
paper (mixture of ML-NP) for classification. Again, we 
used 100 training and 50 testing samples for each class, 
D = 3 as number of reduced dimensions and M = 2 as 
number of components per class. The classification 
results of classification are reported in Table 1.  

 
Table 1 shows that the highest accuracy is achieved 

by the proposed approach at 98.0% overall. The gap 
with respect to the runner-up is huge, with 18.5% 
accuracy improvement, and is, in a way, impressive 
and beyond our expectations. We wish to point out that 
experiments with the other classifiers were carried out 
in the most genuine way by setting any tunable 
parameters to achieve the highest performance. The 
performance for the GMM with the original data 
(65.5%) is worse than for the other classifiers, proving 
that the high data dimensionality and the consequent 
model’s parameterization challenge its accuracy. 
However, reducing the dimensionality by a simple 
technique such as PCA that is not informed by an 
explicit density model even leads to decreased 



accuracy (52.5%). Although the reported results are 
based on parameters D = 3 and M = 2, we have 
experimented with other values, confirming the 
accuracy behaviors. 

Table 1. Accuracy/recall (%) for each class 
across the tested classifiers. 

classifier trolley person bag group overall 
C4.5 62 82 92 56 73.0 
BN 68 78 92 50 72.0 
SVM 72 84 88 56 75.0 
AB.M1 74 74 96 70 78.5 
MB 80 86 96 56 79.5 
GMM  46 72 80 64 65.5 
GMM-
PCA 

52 40 92 26 52.5 

Mixture 
ML-NP 

92 100 100 100 98.0 

 
4. Conclusion  
 

In this paper, we have described a novel maximum–
likelihood dimensionality reduction approach for 
GMM and its application to object classification in 
video surveillance. Dimensionality reduction is 
provided by a linear transformation learned through an 
EM algorithm in a similar way to that of the other 
GMM parameters. By interlacing dimensionality 
reduction and parameter estimation at the iteration 
level, the proposed method proves capable of 
providing a combined optimal solution. Singular 
solutions are prevented by normalizing the estimated 
linear transformation by its Frobenius norm after every 
update. When trained and tested on a classification task 
of video surveillance objects, the proposed method 
achieved an accuracy of 98.0% against the 79.5% of 
the runner-up (MultiBoost/AdaBoost) with an 
improvement of above 18%.  

 
The classifier presented in this paper is meant to 

become an integral part of a video surveillance system 
capable of classifying unattended stationary objects for 
security of crowded areas such as railway stations and 
airport terminals. However, thanks to the general 
nature of its design, it promises accurate classification 
of high-dimensional data also in other domains. 
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