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Abstract: Interest in automated data classification and identification systems has increased over the past years in conjunction with the high demand for artificial intelligence and security applications. In particular, recognizing human activities with accurate results have become a topic of high interest. Although the current tools have reached remarkable successes, it is still a challenging problem due to various uncontrolled environments and conditions. In this paper two statistical frameworks based on nonparametric hierarchical Bayesian models and Gamma distribution are proposed to solve some real-world applications. In particular, two nonparametric hierarchical Bayesian models based on Dirichlet process and Pitman-Yor process are developed. These models are then applied to address the problem of modelling grouped data where observations are organized into groups and these groups are statistically linked by sharing mixture components. The choice of the Gamma mixtures is motivated by its flexibility for modelling heavy-tailed distributions. In addition, deploying the Dirichlet process prior is justified by its advantage of automatically finding the right number of components and providing nice properties. Moreover, a learning step via variational Bayesian setting is presented in a flexible way. The priors over the parameters are selected appropriately and the posteriors are approximated effectively in a closed form. Experimental results based on a real-life applications that concerns texture classification and human actions recognition show the capabilities and effectiveness of the proposed framework.
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1  Introduction and Literature Review

Data clustering has been the subject of wide research to the present days [1–4]. The goal of clustering is to group the observed data into separate subgroups, such as the data in each subgroup shows some similarities to each other. Various clustering approaches have been developed in the past and some of them are based on distance metrics (such as the K-means and SOM algorithms). It is noteworthy that these algorithms are sensitive to noise, are not flexible when dealing with incomplete data, and may not definitely capture heterogeneity inherent in complex datasets. Another important alternative is the model-based clustering approach [5]. It is effective for modelling the structure of clusters since data are supposed to be produced by some distributions. In particular, finite mixture models (such as Gaussian mixture model) have shown to be effective (in terms of discovering complex patterns and grouping them into similar clusters) for many computer vision and pattern recognition applications [6]. Nevertheless, Gaussian model cannot fit well complex non-Gaussian shapes. To cope with the disadvantages related to conventional Gaussian assumption, many contributions have occurred to develop other flexible mixture models and were interested to non-Gaussian behavior of real datasets [7,8]. For instance, Gamma (GaMM) mixtures have demonstrated to offer high flexibility and ease of use than Gaussian [9] for many image processing and pattern recognition problems. This is due their compact analytical form which is able to cover long-tailed distributions and to approximate data with outliers. This mixture has been used with success for a range of interesting problems [7,10–12] especially when dealing with proportional data. An illustration of how mixture models can be applied for data modelling, classification and recognition is given in Fig. 1.
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Figure 1: Block diagram of application of mixture model for data classification and recognition

Unfortunately, the inadequacy of finite mixture model has been apparent when selecting the appropriate number of mixture components. In other word, model selection (i.e., model's complexity) is one of the difficult problems within finite mixture models. The crucial problem of “how many groups in the dataset?” still remains of great interest for various data mining fields since determining inappropriate number of clusters may conduct to poor generalization capability. This problem can be solved by considering an infinite number of components via nonparametric Bayesian methods [13,14], principally within “Dirichlet process (DP)” [15]. Indeed, a Dirichlet Process (DP) is a parameterized stochastic process characterized by a base distribution and it can be defined as a probability distribution over discrete distributions. Numerous studies have been devoted to infinite mixture models which are emerged to cope with the challenging problem of model selection.

Two sound hierarchical Bayesian alternatives to the conventional DP named as hierarchical Dirichlet process (HDP) and hierarchical Pitman-Yor process (HPYP) have exposed encouraging results especially when dealing with modeling grouped data [16,17]. Indeed, within hierarchical models, mixture components can be shared through data groups (i.e., parameters are shared among groups). In such cases, it is possible to make a Bayesian hierarchy on the DP and the base distribution of the DP is distributed according to another DP.

Thus, the main contributions of this manuscript are first to extend our previous works about the Gamma mixture by investigating two efficient nonparametric hierarchical Bayesian models based on both Dirichlet and Pitman-Yor processes mixtures of Gamma distributions. Indeed, in order to reach enhanced modeling performance, we consider Gamma distribution which is able to cover long-tailed distributions and to approximate accurately visual vectors. Another critical issue when dealing with mixture models is model parameters estimation. Accordingly, we propose to develop an effective variational Bayes learning algorithm to estimate the parameters of the implemented models. It is noteworthy to indicate that the complexity of variational inference-based algorithm still remains less than Markov Chain Monte Carlo-Based Bayesian inference and leads to faster convergence. Finally, the implemented hierarchical Bayesian models and the variational inference approaches are validated via challenging real-life problems namely human activity recognition and texture categorization.

This manuscript is organized as follows. In Section 2 we introduce the hierarchical DP and PYP mixtures of Gamma distributions which are based on stick-breaking construction. In Section 3, we describe the details of our variational Bayes learning framework. Section 4 reports the obtained results, which are based on two challenging applications, to verify the merits and effectiveness of our framework, and Section 5 is devoted to conclude the manuscript.

2  Model Specification

In this section, we start by briefly presenting finite Gamma mixture model and then we present our nonparametric frameworks based on hierarchical Dirichlet and Pitman-Yor processes mixtures.

2.1 Finite Gamma Mixture Model

If a D-dimensional random vector Y→=(Y1,…,YD) is distributed according to a multidimensional Gamma distribution, then its probability density function (pdf) is defined as:

Ga(Y→∣θ→)=∏d=1D⁡(βd)αdYdαd−1e−βdYdΓ(αd)(1)

where θ→={αd,βd} is the vector of parameters of the Gamma distribution. Here αd denotes the shape and βd is for the location parameters. Γ(.) is the Gamma function which is defined as: Γ(x)=∫0∞⁡sx−1e−sds.

For a random vector Y→ which is produced from a finite Gamma mixture model with M components, we have the following:

p(Y→∣π→,θ→)=p(Y→∣π→,α→,β→)=∑j=1M⁡πjGa(Y→∣θj→)(2)

where θ→j={αj,βj} is the set of parameters of the Gamma distribution Ga(.) corresponding to the jth mixture component. The vector of mixing weights π→=(π1,…,πM) is subject to 0≤πj≤1, and ∑j=1M⁡πj=1.

2.2 Hierarchical Dirichlet Process Mixture Model

The hierarchical Dirichlet process (HDP) is an an effective nonparametric Bayesian method to modelling grouped data, which allows the mixture models to share components. Here, observed data are arranged into groups (i.e., mixture model) that we want to make them statistically linked. HDP It is built on the Dirichlet process (DP) as well described in [17] for each group data. It is noteworthy that the DP has acquired popularity in machine learning to handle nonparametric problems [18]. The DP was presented as a prior on probability distributions and this makes it extremely appropriate for specifying infinite mixture models thanks to the use of the stick-breaking process [19]. In the case of hierarchical Dirichlet process (HDP), the DPs for all groups share a base distribution which is itself distributed according to a Dirichlet process. Let's assume that we have a grouped data set Y separated into M groups, such that each group is associated with a DP Gj, thus the HDP takes part an indexed set of DPs Gj that share a global (or base) distribution G0 which is itself distributed as a DP with base distribution H and concentration parameter γ:

G0∼DP(γ,H)Gj∼DP(λ,G0)foreachj,j∈{1,…,M}(3)

Here, the hierarchical Dirichlet process is represented using the stick-breaking construction [19,20]. The global measure G0 is distributed according to DP(γ,H) and it can be expressed as

G0=∑k=1∞⁡ψkδΩkψk=ψk′∏s=1k−1⁡(1−ψs′)          ψs′∼Beta(1,γ)Ωk∼H(4)

where δΩk represents an atom concentrated at Ωk, and {Ωk} is a set of independent random variables drawn from H. The variable {ψk} are denoted as stick-breaking that verify ∑k=1∞⁡ψk=1. As G0 is defined as the base distribution of the DP Gj and has the stick-breaking representation as shown in Eq. (3), then Gj includes all the atoms Ωk with distinct weights (by following the property of Dirichlet process [18]). On the other side, we carry out another stick-breaking process to construct each group-level DP Gj according to [21] as

Gj=∑t=1∞⁡πjtδωjtπjt=πjt′∏s=1t−1⁡(1−πjs′)πjs′∼Beta(1,λ)ωjt∼G0(5)

where {πjt} is a set of stick-breaking weights which shall be positive and sum to one and δωjt are group-level Dirac delta atoms at ωjt. As ωjt (group-level atom) is distributed according to G0, thus it will take onto Ωk (base-level atoms) with probability ψk.

Next, we introduce a latent indicator Wjtk as an indicator variable, such that Wjtk∈{0,1} (in order to indicate which group-level atom maps to). Wjtk=1 if ωjt (group-level atom) maps to the Ωk (global-level atom) that is indexed by k; otherwise, Wjtk=0. Accordingly, we can have ωjt=ΩkWjtk. By this way, there is no need to keep a representation for ωjt. The indicator variable W→=(Wjt1,Wjt2,…) is distributed as:

p(W→∣ψ→)=∏j=1M⁡∏t=1∞⁡∏k=1∞⁡ψkWjtk(6)

Given that ψ is a function of ψ′ according to Eq. (4), it is possible to rewrite the indicator variable p(W→) as:

p(W→∣ψ′→)=∏j=1M⁡∏t=1∞⁡∏k=1∞⁡[ψk′∏s=1k−1⁡(1−ψs′)]Wjtk(7)

According to Eq. (4) the stick lengths ψ′ are drawn from a specific Beta distribution and their realization is determined as

p(ψ′→)=∏k=1∞⁡Beta(1,γk)=∏k=1∞⁡γk(1−ψk′)γk−1(8)

To complete the description of the HDP mixture model, given a grouped observation (data) Y, we associate each data point Yji→ with a factor θji (here i indexes the data in each group j) such that Yji→ and θj→=(θj1,θj2,…) are distributed according to F(θji) and Gj, respectively. In this case the likelihood function can be written as:

θji∣Gj∼GjYji∣θji∼F(θji)(9)

where F(θji) is the probability distribution of Yji given θji. The base distribution H provides the prior distribution for θji. This setting (i.e., hierarchical Dirichlet process (HDP) mixture model) plays an important role and ensures that each group is associated with a mixture model, and the components of the mixture are shared across different groups.

As each θji is distributed according to Gj (see Eq. (9)), it takes the value ωjt with probability πjt. We then introduce another indicator variable Zjit∈{0,1} for θji as

p(Z→∣π→)=∏j=1M⁡∏i=1N⁡∏t=1∞⁡πjtZjit(10)

That is, the indicator Zjit is used to indicate which component θji belongs to. In particular, Zjit is equal to 1 if θji is associated with component t (also maps to the group-level atom ωjt); else, Zjit=0. Thus, we can write θji=ωjtZjit. As ωjt maps to Ωk, we then can write θji=ωjtZjit=ΩkWjtkZjit.

Based on the stick-breaking construction of the DP (see Eq. (5)), we notice that π→ is a function of π′→, therefore the previous equation becomes

p(Z→∣π→′)=∏j=1M⁡∏i=1N⁡∏t=1∞⁡[πjt′∏s=1t−1⁡(1−πjs′)]Zjit(11)

Finally, according to Eq. (5), the prior distribution of π′ is a Beta and it is given as follows:

p(π′→)=∏j=1M⁡∏t=1∞⁡Beta(1,λjt)=∏j=1M⁡∏k=1∞⁡λjt(1−πjt′)λjt−1(12)

2.3 Hierarchical Pitman-Yor Process Mixture Model

The Pitman-Yor process (PYP) [22] is a two-parameter extension to the DP (i.e., is a generalization of DP) that permits modelling heavier-tailed distributions. It can be applied to build hierarchical models. It offers a sophisticated way to cluster data such that the number of clusters is unknown. It is characterized by an additional discount parameter γa in addition to the concentration parameter γb, that satisfying the 0<γa<1, γb>−γa. Similar to DP, the sample drawn from PYP also associated a probability measure H [23]. Here, a hierarchical Pitman–Yor process (HPYP) is introduced where the base measure for a PYP is itself a draw from a PYP. Specifically, HPYP defines the global-level measure G0 and group-level distribution Gj (that is the indexed Gj shares a same base G0 which itself follows a PYP). This behavior makes the HPYP especially suitable for complex visual data modeling and classification. We can use the HPYP to cluster data by applying the stick-breaking construction that defines the base measure as follows:

G0=∑k=1∞⁡ηkδΛkηk=ηk′∏l=1k−1⁡(1−ηl′)ηk′∼Beta(1−γa,γb+kγa)Λk∼H(13)

where {Λk} is a set of independent random variables drawn from H and δΛk is an atom (probability mass) at Λk. The random variables ηk represent the stick-breaking weights that satisfying ∑k=1∞⁡ηk=1. The stick-breaking representation for the group-level PYP Gj is expressed as:

Gj=∑t=1∞⁡pjtδψjtpjt=pjt′∏s=1t−1⁡(1−pjs′)pjs′∼Beta(1−βa,βb+tβa)ψjt∼G0(14)

where {pjt} are the stick-breaking weights (∑t=1∞⁡pjt=1). ψjt is the atom of second-level PYP that is distributed according to G0. Then, a global-level indicator variables I and a group-level indicator variables C are introduced. Here, C is used to map θji to group-level atom ψjt and the indicator I is used to map the atom θji to base-level atom Λk.

p(I→∣η′→)=∏j=1M⁡∏t=1∞⁡∏k=1∞⁡ηkIjtk=∏j=1M⁡∏t=1T⁡∏k=1K⁡[ηk′∏s=1k−1⁡(1−ηs′)]Ijtk(15)

p(C→∣p′→)=∏j=1M⁡∏i=1N⁡∏t=1∞⁡pjtCjit=∏j=1M⁡∏i=1N⁡∏t=1T⁡[pjt′∏s=1t−1⁡(1−pjs′)]Cjit(16)

2.4 Hierarchical Infinite Gamma Mixture Model

In this subsection, we introduce two hierarchical infinite mixture models with Gamma distributions. In this case, each vector Yji→=(Yji1,…,YjiD), from the grouped data, is drawn from a hierarchical infinite Gamma mixture model. Then, the two likelihood functions of these hierarchical models given the unknown parameters of Gamma and latent variables can be expressed as follows:

p(Y→∣Z→,W→,θ→)=p(Y→∣Z→,W→,α→,β→)=∏j=1M⁡∏i=1N⁡∏t=1∞⁡∏k=1∞⁡Ga(Y→ji∣θ→k)ZjitWjtk

p(Y→∣C→,I→,θ→)=p(Y→∣C→,I→,α→,β→)=∏j=1M⁡∏i=1N⁡∏t=1∞⁡∏k=1∞⁡Ga(Y→ji∣θ→k)CjitIjtk(17)

where θ→k=(αk→,βk→) are the full parameters of the Gamma distribution. The above two functions are HDP Gamma mixture (denoted by HDPGaM) and HPYP Gamma mixture (denoted by HPYPGaM), respectively.

Next, we have to place conjugate distributions over the unknown parameters α and β. As α and β are positive, then it is convenient that they follow Gamma distributions G(.). Thus, we have

p(α→)=G(α→∣u→,v→)=∏k=1∞⁡∏l=1D⁡G(αjd∣ujd,vjd)=∏k=1∞⁡∏l=1D⁡vkluklΓ(ukl)αklukl−1e−vklαkl(18)

p(β→)=G(β→∣g→,h→)=∏k=1∞⁡∏l=1D⁡G(βjd∣gjd,hjd)=∏k=1∞⁡∏l=1D⁡hklgklΓ(gkl)βklgkl−1e−hklβkl(19)

3  Model Learning via Variational Bayes

Variational inference [3,24] is a well-defined method deterministic approximation method that is used in order to approximate posterior probability via an optimization process. In this section, we propose to develop a variational learning framework of our hierarchical infinite Gamma mixture models. Here, Θ={Z→,W,ψ→′,π→′,θ→} represents both unknown and the latent variables. Our objective is to estimate a suitable approximation q(Θ) for the true posterior distribution p(Θ|Y) via a process of maximizing the lower bound of ln p(Y) given as

L(Q)=∫⁡Q(Θ)ln(p(Y,Θ)Q(Θ))dΘ(20)

In particular, we adopt one of the most successfully variational inference techniques namely the factorial approximation (or mean fields approximation) [3], which is able to offer effective updates. Thus, we apply this method to fully factorize q(Θ) of on HDPGaM and HPYPGaM mixtures into disjoint factors. Then, we apply a truncation method as previously applied in [20] to truncate the variational approximations into global truncation level K and group truncation level T as follow:

ψK′=1,∑k=1K⁡ψk=1,ψk=0whenk>K(21)

ηK′=1,∑k=1K⁡ηk=1,ηk=0whenk>K(22)

πjT′=1,∑t=1T⁡πjt=1,πjt=0whent>T(23)

pjT′=1,∑t=1T⁡pjt=1,pjt=0whent>T(24)

where the truncation levels K and T will be optimized over the learning procedure. The approximated posterior distribution is then factorized as

q(Θ)=q(W→,ψ′→,Z→,π′→,α→,β→)=q(W→)q(ψ→′)q(Z→)q(π→′)q(α→)q(β→)

q(Θ)=q(I→,η′→,C→,p′→,α→,β→)=q(I→)q(η→′)q(C→)q(p→′)q(α→)q(β→)(25)

For a specific variational factor qs(Θs), the general equation of the optimal solution is expressed as [3]:

qs(Θs)=exp⟨logp(Y,Θ)⟩i≠s∫⁡exp⟨logp(Y,Θ)⟩i≠sdΘ(26)

where ⟨.⟩i≠s denotes an expectation with respect to all the distributions of qi(Θi) except for i=s. The parametric forms for the variational posteriors (for each factor) are determined on the basis of Eq. (26) as

q(W→)=∏j=1M⁡∏t=1T⁡∏k=1K⁡ϑjtkWjtk(27)

q(Z→)=∏i=1N⁡∏j=1M⁡∏t=1T⁡ρijtZijt(28)

q(ψ→′)=∏k=1K⁡Beta(ψk′∣ck,dk)(29)

q(π→′)=∏j=1M⁡∏t=1T⁡Beta(πjt′∣ajt,bjt)(30)

q(I→)=∏j=1M⁡∏t=1T⁡∏k=1K⁡φjtkIjtk(31)

q(C→)=∏i=1N⁡∏j=1M⁡∏t=1T⁡ϱijtCijt(32)

q(η→′)=∏k=1K⁡Beta(ηk′∣ek,fk)(33)

q(p→′)=∏j=1M⁡∏t=1T⁡Beta(pjt′∣mjt,njt)(34)

q(α→)=∏k=1K⁡∏d=1D⁡G(αkd∣ukd∗,vkd∗)(35)

q(β→)=∏k=1K⁡∏d=1D⁡G(βkd∣skd∗,tkd∗)(36)

where the corresponding hyperparameters in the above equations can be calculated as a similar way in [25,26]. The complete variational Bayes inference algorithms of both HDPGaM and HPYPGaM are summarized in Algorithm 1 and Algorithm 2, respectively.
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4  Experimental Results

The principal purpose of the experiment section is to investigate the performance of the developed two frameworks based on HDP mixture and HPYP mixture model with Gamma distributions. Hence, we propose to compare them with other statistical models using two challenging applications: Texture categorization and human action categorization. In all these experiments, the global truncation level K and the group level truncation level T are both initialized to 120 and 60, respectively. For HDP mixture, we set the hyperparameters of the stick lengths γ and λ as (0.25, 0.25). The parameters of HPYP mixture γa, γb, βa and βb are initialized to (0.5, 0.25, 0.5, 0.25). The hyperparameters of Gamma base distribution are initialized by sampling from priors.

4.1 Texture Classification

In this work we are primarily motivated by the problem of modeling and classifying texture images. Contrary to natural images which include certain objects and structures, texture images are very special case of images that do not include a well-defined shape. Texture pattern is one of the most important elements in visual multimedia content analysis. It forms the basis for solving complex machine learning and computer vision tasks. In particular, texture classification supports a wide range of applications, including information retrieval, image categorization [27–30], image segmentation [27,31,32], material classification [33], facial expression recognition [29], and object detection [28,34]. The goal here to classify texture images using the two hierarchical infinite mixtures and also by incorporating three different representations (to extract relevant features from images) from the literature, namely Local Binary Pattern (LBP) [35], Local Binary Pattern (LBP) [35], scale-invariant feature transform (SIFT) [36], and dense micro-block difference (DMD) [37]. A deep review for these methods is outside the scope of current work. Instead, we focus on some powerful feature extraction methods that have shown interesting state-of-the-art results.

4.1.1 Methodology

For this application, we start by extracting features from input images and then we model them using the proposed HDPGaM and HPYPGaM. Each image Ij is considered as a group and is related to a infinite mixture model Gj. Next, every vector Yji of Ij is assumed generated from Gj, where Gj represents visual words. The next step is to generate a global vocabulary to share it among all groups via G0 (global infinite model). It is noteworthy that the the building of the visual vocabulary, here, is part of our hierarchical models and therefore, the size of the vocabulary (i.e., number of components) is inferred automatically from the data thanks to the characteristic of nonparametric Bayesian models. Regarding SIFT features, the bag-of-visual-words model is adopted here to calculate the histogram of visual words from each input image. Regarding the set of DMD descriptors, these are obtained after extracting DMD features and then encoding them though th Fisher vector method as proposed in [37]. The resulting descriptors are able to attain good discrimination thanks to their invariance with respect to scale, resolution, and orientation. Finally, each image is represented by a multidimensional vector of high-order statistics1.

4.1.2 Dataset and Results

We conducted our experiments of texture classification using the proposed hierarchical HDP Gamma mixture (referred to as HDPGaM) and HPYP Gamma mixture (referred to as HPYPGaM) on three publicly available databases. The first one namely UIUCTex [38] contains 25 texture classes and each class has 40 images. The second dataset namely UMD [39] contains 25 textures classes containing each one 40 images. The third dataset namely KTH-TIPS [33] includes 10 classes and each one contains 81 images. Some sample texture images from each class and each dataset are shown in Fig. 2. We use 10-fold cross-validation technique to partition these databases and to study the performance. In addition, the evaluation process and the obtained results are based on 30 runs.

In order to quantify the performance of the proposed frameworks (HDPGaM and HPYPGaM), we proceed by evaluating and comparing the obtained results with seven other methods namely infinite mixture of Gaussian distribution (inGM), infinite mixture of generalized Gaussian distribution (inGGM), infinite mixture of multivariate generalized Gaussian distribution (inMGGM), Hierarchical Dirichlet Process mixture of Gaussian distribution (HDPGM), hierarchical Pitman-Yor process mixture of Gaussian distribution (HPYPGM), Hierarchical Dirichlet Process mixture of generalized Gaussian distribution (HDPGGM), and hierarchical Pitman-Yor process mixture of generalized Gaussian distribution (HPYPGGM).
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Figure 2: Texture samples in different categories for different datasets (a) KTH-TIPS, (b) UIUCTex, and (c) UMD dataset

We run all methods 30 times and calculate the average classification accuracy which are depicted in Tabs. 1–3 respectively. According to these results, we can notice that HDPGaM and HPYPGaM have the highest achieved accuracy for the three databases in terms of the texture classification accuracy rate. It is noted that when comparing these results by considering the Student's t-test, the differences in performance are statistically significant between our frameworks and the rest of methods. In particular, results indicate the benefits of our proposed models in terms of texture modeling and classification capabilities which surpass those obtained by HDPGM, HDPGGM, HPYPGM, and HPYPGGM. By contrast, the worst performance is obtained within the infinite Gaussian mixture models. It should be noted that the proposed frameworks outperform the other methods and that the three adopted feature extraction methods (SIFT, LBP and DMD). Thus, these results confirm the merit of the proposed methods. Due to the effectiveness of DMD descriptor for describing and modelling observed texture images, we also find that DMD achieves better accuracy compared with both SIFT and LBP. It shows the merits of DMD which is able to consider all possible fine details images at different resolutions. We also note that with HPYP mixture we can reach better results compared to HDP mixture and this is for all tested distributions. This can be explained by the fact that HPYP mixture model has better generalization capability and better capacity to model heavier-tailed distribution (PYP prior can lead to better modeling ability).
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4.2 Human Actions Categorization

Visual multimedia recognition has been a challenging research topic which could attract many applications such as actions recognition [40,41], image categorization [42,43], biomedical image recognition [44], and facial expressions [29,30]. In this work, we are focusing on a particular problem that has received a lot of attention namely Human actions recognition (HAR) through sequence of videos. Indeed, the intention of recognizing activities is to identify and analyze various human actions. At present, HAR is one the hot computer vision topics not only in research but also in industries where automatic identification of any activity can be useful, for instance, for monitoring, healthcare, robotics, and security-based applications [45]. Recognizing manually activities is very challenging and time consuming. This issue has been addressed and so various tools have been implemented such as in [40,45–47]. However, precise recognition of actions is still required using advanced and efficient algorithms in order to deal with complex situations such as noise, occlusions, and lighting.

We perform here the recognition of Human activities using the proposed frameworks HDPGaM and HPYPGaM. Our methodology is outlined as following: First, we extract and normalize SIFT3D descriptor [40] from observed images. These features are then quantized as visual words via bag-of-words (BOW) model and K-means algorithm [48]. Then, these features are quantized as visual words via K-means algorithm [48]. Then, a probabilistic Latent Semantic Analysis (pLSA) [49] is adopted to construct a d-dimensional vector. In particular, each image Ij is considered as a “group” and is associated with an infinite mixture model Gj. Thus, we suppose that Each SIFT3D feature vector is drawn from the infinite mixture model Gj and “visual words” denote mixture components of Gj.

On the other hand, a global vocabulary is generated and shared between all groups via the global-model G0 of the proposed hierarchical models. This setting agrees with the purpose behind the hierarchical process mixture model. It is also noted that the building of the visual vocabulary is part of the hierarchical process mixture models and this step is not carried out separately via the k-means algorithm as many other approaches do. It is also noted that the generation of the visual vocabulary is part of our hierarchical process mixture models and this process is not performed separately via k-means as many other approaches did. In fact, it is due to the property of the nonparametric Bayesian model that the number of components in the global-level mixture model can be deduced from the data. We conducted our experiments of actions recognition using a publicly dataset known as KTH human action dataset [46]. This database contains 2391 sequences of different actions grouped into 6 classes. It also represents four scenarios (outdoors (s1), outdoors with scale variation (s2), outdoors with different clothes (s3) and indoors (s4)). Some scenarios from this dataset are given in Fig. 3. We randomly divided this dataset into 2 subsets to train the developed frameworks and to evaluate its robustness.

[image: images]

Figure 3: Sample frames of the KTH dataset actions with different scenarios

Our purpose through this application is to show the advantages of investigating our proposed hierarchical models HDPGaM and HPYPGaM over other conventional hierarchical mixtures and other methods from the state of the art. Therefore, we focused first on evaluating the performance of HDPGaM and HPYPGaM over Hierarchical Dirichlet Process mixture of Gaussian distribution (HDPGM), hierarchical Pitman-Yor process mixture of Gaussian distribution (HPYPGM), Hierarchical Dirichlet Process mixture of generalized Gaussian distribution (HDPGGM), and hierarchical Pitman-Yor process mixture of generalized Gaussian distribution (HPYPGGM). It is noted that we learned all the implemented models using variational Bayes. The average recognition performances of our frameworks and models based on HDP mixture and HPYP mixture are depicted in Tab. 4.

[image: images]

As we can see in this table, the proposed frameworks were able to offer the highest recognition rates (82.27% for HPYPGaM and 82.13% for HDPGaM) among all tested models. For different runs, we have p-values < 0.05 and therefore, the differences in accuracy between our frameworks and other models are statistically significant according to Student's t-test. Next, we compared our models against other mixture models (here finite Gaussian mixture (GMM) and finite generalized Gaussian mixture (GGMM) and methods from the literature. The obtained results are given in Tab. 5.

[image: images]

Accordingly, we can observe that models again are able to provide higher discrimination rate than the other methods. Clearly, these results confirm the effectiveness of our frameworks for activities modeling and recognition compared to other conventional Dirichlet and Pitman-Yor processes based on Gaussian distribution. Another remark is that our model HPYPGaM outperforms our second model HDPGaM for this specific application and this demonstrates the advantages of using hierarchical Pitman-Yor process over Dirichlet process which is flexible enough to be used for such recognition problem.

5  Conclusions

In this paper two non-parametric Bayesian frameworks based on both hierarchical Dirichlet and Pitman-Yor processes and Gamma distribution are proposed. The Gamma distribution is considered because of its flexibility for semi-bounded data modelling. Both frameworks are learned using variational inference which has certain advantages such as easy assessment of convergence and easy optimization by offering a trade-off between frequentist techniques and MCMC-based ones. An important property of our approach is that it does not need the specification of the number of mixture components in advance. We carried out experiments on texture categorization and human action recognition to demonstrate the performance of our models which can be used further for a variety of other computer vision and pattern recognition applications.
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Algorithm 2: HPYPGaM: Proposed Hierarchical Pitman-Yor process gamma mixture algorithm

1 Pick out initial truncation levels K and T'.

2 Set initial values for hyperparameters u, v, s,t, e, f, m, n.

3 repeat

4 Variational E-step :

Estimate the expected values following the same strategy in [25].

Variational M-step :

Update the variational solution for the factor Q(C) using Eq. (32).

Update the variational solution for the factor Q(n) using Eq. (33).

Update the variational solution for the factor Q(e) using Eq. (35).

10 Update the variational solution for the factor Q(B) using Eq. (36).

11 until Until convergence is reached

12 The convergence is achieved when the difference between the current value and previous
values is less than 10-2 or the epochs number exceeds 300.

13 Return the optimal number of components by eliminating the components with small
mixing coefficients close to 0.
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Table 1: The average accuracy results of texture classification using different algorithms for the 3
texture-datasets using SIFT features

Method KTH-TIPS  UIUCTex UMD
inGM 80.94 85.33 84.14
inGGM 83, 30 87.21 87.17
inMGGM 85.91 89.03 89.10
HDPGM 85.92 89.10 89.17
HPYPGM 85.95 89.13 89.20
HDPGGM 85.95 89.21 89.26
HPYPGGM 85.97 89.26 89.28
HDPGaM (our method) 86.03 89.77 89.62

HPYPGaM (our method) 86.12 89.82 89.70
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Table 3: The average accuracy results of texture classification using different algorithms for the 3
texture-datasets using DMD features

Method KTH-TIPS UIUCTex UMD
inGMM 84.13 89.77 87.12
inGGMM 86.88 90.67 90.20
inMGGM 88.91 92.11 92.12
HDPGM 88.93 92.11 92.11
HPYPGM 88.96 92.13 92.17
HDPGGM 88.99 92.15 92.19
HPYPGGM 88.99 92.17 92.20
HDPGaM (our method) 88.99 92.19 92.21

HPYPGaM (our method) 89.05 92.23 92.30
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Table 4: Average recognition performance (%) obtained using our frameworks and other models based
on HDP mixture and HPYP mixture for KTH database

Method Recognition rate (%)
HDPGM 80.12
HPYPGM 80.19
HDPGGM 81.33
HPYPGGM 81.39
HDPGaM (our method) 82.13

HPYPGaM (our method) 82.27
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Algorithm 1: HDPGaM: Proposed Hierarchical Dirichlet process gamma mixture algorithm

1 Pick out initial truncation levels K and T'.

2 Set initial values for hyperparameters u,v, s,t,4a, b, c,d.

3 repeat

4 Variational E-step :

Estimate the expected values following the same strategy in [26].

Variational M-step :

Update the variational solution for the factor Q(Z) using Eq. (28).

Update the variational solution for the factor Q(y) using Eq. (29).

Update the variational solution for the factor O(e) using Eq. (35).

10 Update the variational solution for the factor Q(B) using Eq. (36).

11 until Until convergence is reached

12 The convergence is achieved when the difference between the current value and previous
values is less than 1072 or the epochs number exceeds 300.

13 Return the optimal number of components by eliminating the components with small
mixing coefficients close to 0.
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Table 2: The average accuracy results of texture classification using different algorithms for the 3
texture-datasets using LBP features

Method KTH-TIPS  UIUCTex UMD
inGM 81.24 86.03 84.84
inGGM 83.94 87.84 87.86
inMGGM 86.29 89.81 89.97
HDPGM 86.32 89.85 90.01
HPYPGM 86.35 89.88 90.05
HDPGGM 86.41 89.93 90.07
HPYPGGM 86.44 89.98 90.09
HDPGaM (our method) 86.46 90.05 90.13

HPYPGaM (our method) 86.50 90.15 90.18
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Table 5: Average recognition performance (%) obtained using our frameworks and other methods
from the literature for KTH database

Method Recognition rate (%)
GMM 72.51
GGMM 73.89
SVM-linear 73.24
SVM-polynomial 71.44
SVM-radial basis 79.33
Wong et al. [50] 73.24
Fan et al. [51] 79.33
Schuldt et al. [46] 71.71
Dollar et al. [52] 78.50
MGGMM-FS [47] 82.01
HDPGaM (our method) 82.13

HPYPGaM (our method) 82.27
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