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Abstract—Pairwise Markov chains (PMC) have now shown their 
supremacy over hidden Markov chains (HMC) in unsupervised 
data segmentation since they allow one to deal with more 
complex processes structures. HMCs are particular cases of 
PMCs and these latter provide a gain in restoration accuracy 
within comparable computational complexity. On the other hand, 
the recent triplet Markov chains (TMC) have successfully 
substituted for classical HMCs to model data with some 
irregularities that these latter cannot handle. In fact, they 
provide an elegant formalism through the introduction of a third 
underlying process that permits to consider, for instance, regime 
switches or semi- Markovianity of the hidden process. The aim of 
this paper is to generalize the switching HMC to switching PMC. 
To validate the proposed model, we choose non stationary image 
segmentation as illustrative application field. Experimental 
results of synthetic and real images segmentation are provided. 

 

I. INTRODUCTION 
The HMC is a pairwise stochastic process ܼ ൌ ሺܺ, ܻሻ ൌሺܺ௡, ௡ܻሻ௡ୀଵே  in which, the unobservable process of interest X is 

a Markov chain that is to be recovered from an observable 
process Y that can be seen as its noisy version. 

In such a model, when the classical noise assumptions hold, 
the distribution of Z is given by ݌ሺݖ௡|ݖ௡ିଵሻ ൌ   ௡ሻ      ሺ1ሻݔ|௡ݕሺ݌௡ିଵሻݔ|௡ݔሺ݌

All along this paper, each Xn will take its values from a 
finite set of classes Ω ൌ ሼ߱ଵ, … , ߱௄ሽ and each Yn will take its 
values from ܴ. 

HMC generalizes the so called mixture model since the 
hidden states ሺܺ௡ሻ௡ୀଵே are related through a Markovian process 
rather than independent on each other, which provides a well-
established theory to consider the spatial regularities of many 
data encountered in nature. Hence, hidden Markov models 
(chains, trees and fields) have been widely applied for a variety 
of problems that include image and signal processing [1]. 
HMCs have also been generalized to PMCs [2] which offer 
similar processing advantages and greater modeling potential. 

However, when applied to non stationary data, both HMCs 
and PMCs fail to yield suitable segmentation results because 
of the lack of correspondence between the estimated stationary 
model and the data. To surmount this lack in the modeling, 

authors in [3] use an underlying discrete process ܷ ൌ ሺܷ௡ሻ௡ୀଵே  
within a TMC [4] to take into account the switches of the 
latent process X. In such a model, each one of the M stationary 
parts of the signal is modeled via a classical HMC and the 
switches between these different parts are assumed to be 
Markovian. The same thing happens when we consider a 
multi-textured image for instance; it is intuitive to consider a 
HMC per each texture provided that the number of textures M 
is known. Furthermore, the gain in using S-HMC is that the 
switches between different textures are governed by a Markov 
chain rather than independent on each other, which may serve 
as a regularization tool to prevent the “pepper and salt” aspect 
of the unobserved image which is being determined. However, 
the distributions ݌ሺݑ|ݖሻ still however, follow a HMC. In this 
paper, we propose to consider ݌ሺݑ|ݖሻ governed by a genuine 
PMC to make possible the modeling of more complex noise 
structures. Superiority of PMCs over HMCs has already been 
shown in previous works [2]. It hinges essentially on their 
ability to take noise correlation into account. Furthermore, in 
PMCs, one can easily model the fact that pixels near region 
boundaries inside the image may have different visual aspect 
than those located inside region. 

Let us mention some previous works dealing with the 
nonstationarity of ݌ሺݔሻ, which call on the introduction of the 
“time duration function” [5] followed by further 
generalizations to hidden semi-Markov chains [6]. Theory of 
evidence has also been successfully applied in Markovian 
context to model non stationary data [7]. The difference 
between these frameworks and the work proposed in [3], that 
we intend to extend, is that in our model, we have a precise 
information about nonstationarity: there is M different 
stationarities, and hence, M models (HMCs in [3] and PMCs 
here) are to be considered. 

The goal of this work is to generalize the switching HMC 
proposed in [3] to switching PMC. To validate our novel 
model and its corresponding estimation and restoration 
processing, we choose unsupervised segmentation of images 
as illustrative application field.  

The remainder of this paper is organized as follows: section 
2 briefly reminds the formalism of HMC, PMC and TMC. 
Section 3 describes our new TMC and its computational 
developments. Section 4 is devoted to experiments achieved on 
synthetic and real images. Future improvements and conclusion 
are given in section 5. 



II. HIDDEN, PAIRWISE AND TRIPLET MARKOV CHAINS 
In this section, we give an overview about three families of 

Markov chains with strictly growing degrees of generality: 
HMCs, PMCs and TMCs. Let us notice that HMCs, which are 
the most elementary ones, were extended in different 
directions. However, to our knowledge, in all these extensions, 
the hidden process remains Markovian and the resulting 
models are still hidden Markov models [8]. On the other hand, 
PMCs in which the hidden process is not Markovian exist and 
are therefore firmly more general. Similarly, TMCs form a 
family which is strictly more general than PMCs since TMCs 
that are not PMCs exist and were used to deal with several 
data irregularities that neither HMCs nor PMCs can handle 
[9].  

A. Hidden Markov Chains 
A HMC is a pairwise process Z ൌ ሺX, Yሻ ൌ ሺX୬, Y୬ሻ୬ୀଵN that 

considers X as a Markov chain which is to be recovered from 
its noisy version Y. Moreover, when the classical noise 
assumptions hold, the joint probability of Z is given by (1). 

Therefore, X may be recovered from Y by means of some 
Bayesian decision rules such as maximal posterior mode 
(MPM) or maximum a posteriori (MAP) [1]. Throughout this 
paper, MPM will be adopted. Its corresponding formula is the 
following: ሾݔො ൌ ሻሿݕොெ௉ெሺݔ ฻ ሾݔො௡ ൌ ௡ݔሺ݌ ௜ ݔܽ݉݃ݎܽ ൌ ߱௜|ݕሻሿ    ሺ2ሻ 

When the model parameters are known, the posterior 
distributions ݌ሺݔ௡|ݕሻ required to perform MPM estimation are 
computed thanks to forward functions ߙ௡ሺݔ௡ሻ ൌ ,ଵݕሺ݌ … , ,௡ݕ ௡ሻݔ௡ሺߚ ௡ሻ and backward functionsݔ ൌ݌ሺݕ௡ାଵ, … , ,௡ݕ|ேݕ  ௡ሻ that can be computed in the followingݔ
iterative way: ߙଵሺݔଵሻ ൌ ௡ାଵሻݔ௡ାଵሺߙ ;ଵሻݔ|ଵݕሺ݌ଵሻݔሺ݌ ൌ ∑ ௡ାଵሻ,௩೙ݔ|௡ାଵݕሺ݌௡ሻݔ|௡ାଵݔሺ݌௡ሻݔ௡ሺߙ ேሻݔேሺߚ (3)      ൌ ௡ሻݔ௡ሺߚ ;1 ൌ ∑ ௡ାଵሻ௩೙శభݔ|௡ାଵݕሺ݌௡ሻݔ|௡ାଵݔሺ݌௡ାଵሻݔ௡ାଵሺߚ ,   (4) 

The posterior margins can then be computed as follows: ݌ሺݔ௡|ݕሻ ן  ௡ሻ      ሺ5ሻݔ௡ሺߚ௡ሻݔ௡ሺߙ

The indexing is then derived according to (2). 

On the other hand, when the model parameters are 
unknown, several relatively quick algorithms can be used to 
find out these latter. We can cite for instance expectation- 
maximization algorithm (EM), its stochastic version (SEM) or 
iterated conditional estimation (ICE) [8].  

B. Pairwise Markov Chains 
In PMC, one directly assumes the Markovianity of  ܼ ൌሺܺ, ܻሻ. Equation (1) becomes then ݌ሺݖ௡|ݖ௡ିଵሻ ൌ ,௡ିଵݔ|௡ݔሺ݌ ,௡ݔ|௡ݕሺ݌௡ିଵሻݕ ,௡ିଵݔ  ௡ିଵሻ      ሺ6ሻݕ

The HMC can then be seen as a particular PMC where ݌ሺݔ௡|ݔ௡ିଵ, ௡ିଵሻݕ = ௡ିଵሻݔ|௡ݔሺ݌   and ,௡ݔ|௡ݕሺ݌  ,௡ିଵݔ ௡ିଵሻݕ ൌ݌ሺݕ௡|ݔ௡ሻ. This shows the greater generality of PMC over HMC 
at the local level. On the other hand, at the global level, notice 

that the distribution of ݌ሺݔ|ݕሻis Markovian in PMC whereas, it 
is given by the independent noise formula ݌ሺݔ|ݕሻ ൌ∏ ௡ሻே௡ୀଵݔ|௡ݕሺ݌ in HMC. As in HMC, the posterior marginal 
distributions ݌ሺݔ௡|ݕሻ remain computable thanks to generalized 
forward and backward recursive functions [2]. 

C. Triplet Markov Chains 
The model ܼ ൌ ሺܺ, ܻሻ is said to be a TMC if there exists an 

underlying process ܷ ൌ ሺ ଵܷ, … , ܷே ሻ  with each Un taking its 
values from a finite set Λ ൌ ሼλଵ, … , λMሽ  such that ܶ ൌሺܷ, ܺ, ܻሻ  is a Markov chain. Let ܸ ൌ ሺܷ, ܺሻ . ܶ ൌ ሺܸ, ܻሻ  is 
then a pairwise Markov chain (PMC). This makes the 
computation of the distributions ݌ሺݔ௡|ݕሻ, required to perform 
MPM restoration, affordable even when Z is not Markovian. 
This quickly shows the greater generality of TMC over PMC, 
which is itself more general than HMC. Hence, TMCs were 
used to model switches of the hidden process X [3], Dempster-
Shäfer fusion in the Markovian context [4], etc.  

III. SWITCHING PAIRWISE MARKOV CHAINS 
In this section, we develop our new TMC considered for 

unsupervised segmentation of switching data and its 
corresponding restoration processing. Throughout this paper, 
this model will be called switching PMC in contrast to the 
TMC proposed in [3] that will be called switching HMC. 

A. Model Presentation 
Let ܺ ൌ ሺܺ௡ሻ௡ୀଵே  be an unobservable process that is to be 

estimated from its noisy version ܻ ൌ ሺ ௡ܻሻ௡ୀଵே . According to 
TMC formalism, one can set up an underlying process to model 
the regime switches of ܼ ൌ ሺܺ, ܻሻ. Let  ܷ ൌ ሺܷ௡ሻ௡ୀଵே  be such a 
process. ܶ ൌ ሺܷ, ܺ, ܻሻ  is then a TMC with transition 
probabilities given by ݌ሺݐ௡|ݐ௡ିଵሻ ൌ ,௡ିଵݑ|௡ݑሺ݌ ,௡ݑ|௡ݖሺ݌௡ିଵሻݖ ,௡ିଵݑ  ௡ିଵሻ       ሺ7ሻݖ

The process Z is then called a switching PMC that 
generalizes the switching HMC governed by the simpler 
formula ݌ሺݐ௡|ݐ௡ିଵሻ ൌ ,௡ିଵݑ|௡ݑሺ݌ ,௡ݑ|௡ݔሺ݌௡ିଵሻݔ ,௡ିଵݑ  ௡ሻ    ሺ8ሻݔ|௡ݕሺ݌௡ିଵሻݔ

In this paper, we consider U Markovian. We then deal with 
the particular S-PMC with transition probabilities given by ݌ሺݐ௡|ݐ௡ିଵሻൌ ,௡ݑ|௡ݔሺ݌௡ିଵሻݑ|௡ݑሺ݌ ,௡ିଵݔ ,௡ݔ|௡ݕሺ݌௡ିଵሻݕ ,௡ିଵݔ  ௡ିଵሻ  ሺ9ሻݕ

Dominance of PMC over HMC has been already shown in 
previous works [2]. This remains true when dealing with 
switching data because Z remains a PMC, only its parameters 
change along the signal.  

Let us consider the distributions ݌௠ሺ݅, ݆ሻ ൌ ௡ିଵݔ൫݌ ൌ ߱௜, ௡ݔ ൌ ௝߱หݑ௡ ൌ ௠൯ߣ  and ௜݂,௝൫ݕ௡ିଵ,ݕ௡൯ ൌ ,௡ିଵݕ൫݌ ௡ିଵݔ௡หݕ ൌ ߱௜, ௡ݔ ൌ ௝߱൯ , the 
distribution of ݌ሺݑ|ݖሻ can then be expressed through ݌ሺݖ௡ିଵ, ௡ݑ|௡ݖ ൌ ௠ሻߣ ൌ ,௠ሺ݅݌ ݆ሻ ௜݂,௝൫ݕ௡ିଵ,ݕ௡൯ ሺ10ሻ 

The distribution of ݌ሺݑ|ݖሻ can be equivalently determined 
in the classical way through the initial probabilities (11) and 
the transition probability (12). 



ଶݑ|ଵݖሺ݌ ൌ ௠ሻߣ ൌ ෍ ,௠ሺ݅݌ ݇ሻఠೖאΩ ௜݂,௞ሺݕଵሻ  ሺ11ሻ 

where  ௜݂,௞ሺݕଵሻ ൌ ׬ ௜݂,௞ሺݕଵ, ଶሻݕ  .ଶݕ݀

,௡ିଵݖ|௡ݖሺ݌  ௡ݑ ൌ ௠ሻߣ ൌ ௣൫௭೙షభ,௭೙ห௨೙൯௣ሺ௭೙షభ|௨೙ሻ ൌ ௣೘ሺ௜,௝ሻ௙೔,ೕ൫௬೙షభ,௬೙൯∑ ௣೘ሺ௜,௞ሻഘೖאΩ ௙೔,ೖሺ௬೙షభሻ  ሺ12ሻ 

B. Switching Gaussian PMC Simulation 
A switching PMC is said to be Gaussian if the noise 

densities ௜݂,௝൫ݕ௡ିଵ,ݕ௡൯ are Gaussian. Such a model is specified 
through the ²ܯ  distributions given by the transition matrix ܣఒ,ఒᇱ ൌ ൣܽఒ,ఒᇱ൧ఒ,ఒᇱאஃ  where ܽఒ,ఒᇱ ൌ ௡ݑሺ݌ ൌ ௡ିଵݑ|Ԣߣ ൌ ሻߣ , the ²ܭܯ bi-dimensional densities ݌ఒሺ݅, ݆ሻ given by the M transition 
matrices ሺ ௠ܲሻ௠ୀଵெ  and the Gaussian noise densities given by 
the means ߤଵ௜,௝, ,ଵ௜,௝ߪ ଶ௜,௝, the standard deviationsߤ ଶ௜,௝ߪ  and the 
correlation coefficient  ߩ௜,௝. All the parameters being given, we 
can simulate a realization of a the corresponding switching 
PMC sequential as follows 

1) The realization of U is simulated independently: ݑଵ is 
sampled by drawings from eigenvectors of ܣఒ,ఒᇱ  and 
the following realizations are obtained by drawings 
from the transition matrix ܣఒ,ఒᇱ.  

2) The simulation of ݖଵ is obtained by drawings from the 
following distributions ݌ሺݔଵ|ݑଵሻ ൌ ෍ ,௠ሺ݇݌ ݅ሻఠೖאΩ   ሺ13ሻ 

,ଵݔ|ଵݕሺ݌ ଵሻݑ ൌ ෍ ,௠ሺ݇݌ ݅ሻఠאΩ ௞݂,௜ሺݕଵሻ  ሺ14ሻ 

Notice that ௞݂,௜ሺݕଵሻ is a Gaussian density with mean ߤଵ௞,௜  
and standard deviation ߪଵ௞,௜ . The simulation of ݕଵ  is then 
obtained by a drawing from a Gaussian mixture. 

3) The simulation of the next realizations of z are 
obtained by drawings from the following distributions ݌ሺݔ௡|ݑ௡, ௡ିଵሻݖ ൌ ,௠ሺ݅݌ ݆ሻ ௜݂,௝ሺݕ௡ିଵሻ∑ ,௠ሺ݅݌ ݇ሻఠೖאΩ ௜݂,௞ሺݕ௡ିଵሻ  ሺ15ሻ 

,௡ݔ|௡ݕሺ݌ ௡ିଵሻݖ ൌ ௜݂,௝ሺݕ௡ିଵ, ௡ିଵሻݕ௡ሻ௜݂,௝ሺݕ   ሺ16ሻ 

It can be shown that ݌ሺݕ௡|ݔ௡,  ௡ିଵሻ is a Gaussian densityݖ
with mean ߤଶ௜,௝ ൅ ௡ିଵݕଵ௜,௝൯൫ߪ/ଶ௜,௝ߪ௜,௝൫ߩ െ ଵ௜,௝൯ߤ  and standard 
deviation ߪଶ௜,௝ඥ1 െ ሺߩ௜,௝ሻ² . The simulation of ݕ௡ is then 
obtained by a drawing from a Gaussian mixture. 

C. MPM Restoration 
To achieve segmentation, one has to compute the posterior 

distributions ሻݕ|௡ݔሺ݌ . Since ܶ ൌ ሺܷ, ܺ, ܻሻ  is a TMC, ܶ ൌሺܸ, ܻሻ  is then a PMC with ܸ ൌ ሺܷ, ܺሻ . Consequently, the 
marginal posterior distributions ݌ሺݒ௡|ݕሻ are computable via the 
modified forward function ߙ௡ሺݒ௡ሻ ൌ ,ଵݕሺ݌ … , ,௡ݕ ௡ሻݒ  and 
backward function  ߚ௡ሺݒ௡ሻ ൌ ,௡ାଵݕሺ݌ … , ,௡ݕ|ேݕ ௡ሻݒ  that can 
be computed iteratively using (17) and (18). ߙଵሺݒଵሻ ൌ ,ଵݕሺ݌  ;ଵሻݒ

௡ାଵሻݒ௡ାଵሺߙ ൌ ෍ ,௡ିଵݖ|௡ݖሺ݌௡ିଵሻݑ|௡ݑሺ݌௡ିଵሻݒ௡ିଵሺߙ ௡ሻ  ሺ17ሻ௩೙షభݑ  

ேሻݒேሺߚ ൌ ௡ሻݒ௡ሺߚ ;1 ൌ ෍ ,௡ݖ|௡ାଵݖሺ݌௡ሻݑ|௡ାଵݑሺ݌௡ାଵሻݒ௡ାଵሺߚ ௡ାଵሻ௩೙శభݑ    ሺ18ሻ 
The posterior distributions of V, X and U may then be 

derived: ݌ሺݒ௡|ݕሻ ן ሻݕ|௡ݔሺ݌ ௡ሻ     ሺ19ሻݒ௡ሺߚ௡ሻݒ௡ሺߙ ൌ ෍ ሻ௨೙ݕ|௡ݒሺ݌          ሺ20ሻ 

ሻݕ|௡ݑሺ݌ ൌ ෍ ሻ௫೙ݕ|௡ݒሺ݌          ሺ21ሻ 

D. Parameters Estimation 
In this section, we show how to estimate the switching 

Gaussian PMC parameters when these latter are unknown. Let ܣఒ,ఒᇱ , ሺ ௠ܲሻ௠ୀଵெ , ,ଵ௜,௝ߤ ,ଶ௜,௝ߤ ,ଵ௜,௝ߪ  ଶ௜,௝ߪ   and ߩ௜,௝ be such 
parameters. In this paper, we propose to use the Expectation-
Maximization algorithm (EM). Accordingly, the parameters are 
estimated iteratively in the following manner 

1) Choose an initial set of parameters ߆଴ ൌ ൫ܣఒ,ఒᇱ, ሺ ௠ܲሻ௠ୀଵெ ,ଵ௜,௝ߤ, ,ଶ௜,௝ߤ ,ଵ௜,௝ߪ  ,ଶ௜,௝ߪ  ௜,௝ ൯଴ߩ
. 

2) For each iteration, we compute ߰௡ሺݒ௡, ௡ାଵሻݒ ൌ݌ሺݒ௡, ሻݕ|௡ାଵݒ  and ߦ௡ሺݒ௡ሻ ൌ ௤߆ ሻ according toݕ|௡ݒሺ݌  
thanks to: ߰௡ሺݒ௡, ௡ାଵሻݒ ן ,௡ݖ|௡ାଵݖሺ݌௡ሻܽ௨೙,௨೙శభݒ௡ሺߙ ௡ሻݒ௡ሺߦ ௡ାଵሻሺ22ሻݒ௡ାଵሺߚ௡ାଵሻݑ ൌ ෍ ߰௡ሺݒ௡, ௡ାଵሻ             ሺ23ሻ௩೙శభݒ  

 Then we derive ߆௤ାଵ as follows 

൫ߤଵ௜,௝൯௤ାଵ ൌ ∑ ∑ ߰௡ሺݒ௡, ∑௡1ൣሺ௫೙,௫೙శభሻୀ൫ఠ೔,ఠೕ൯൧௩೙,௩೙శభேିଵ௡ୀଵݕ௡ାଵሻݒ ∑ ߰௡ሺݒ௡, ௡ାଵሻ1ൣሺ௫೙,௫೙శభሻୀ൫ఠ೔,ఠೕ൯൧௩೙,௩೙శభேିଵ௡ୀଵݒ       ሺ24ሻ 

൫ߤଶ௜,௝൯௤ାଵ ൌ ∑ ∑ ߰௡ሺݒ௡, ∑௡ାଵ1ൣሺ௫೙,௫೙శభሻୀ൫ఠ೔,ఠೕ൯൧௩೙,௩೙శభேିଵ௡ୀଵݕ௡ାଵሻݒ ∑ ߰௡ሺݒ௡, ௡ାଵሻ1ൣሺ௫೙,௫೙శభሻୀ൫ఠ೔,ఠೕ൯൧௩೙,௩೙శభேିଵ௡ୀଵݒ  ሺ25ሻ ൫ߪଵ௜,௝൯௤ାଵ
ൌ ∑ ∑ ߰௡ሺݒ௡, ௡ݕ௡ାଵሻ൫ݒ െ ଵ௜,௝൯ଶ1ൣሺ௫೙,௫೙శభሻୀ൫ఠ೔,ఠೕ൯൧௩೙,௩೙శభேିଵ௡ୀଵߤ ∑ ∑ ߰௡ሺݒ௡, ௡ାଵሻ1ൣሺ௫೙,௫೙శభሻୀ൫ఠ೔,ఠೕ൯൧௩೙,௩೙శభேିଵ௡ୀଵݒ       ሺ26ሻ 

൫ߪଶ௜,௝൯௤ାଵ
ൌ ∑ ∑ ߰௡ሺݒ௡, ௡ାଵݕ௡ାଵሻ൫ݒ െ ଶ௜,௝൯ଶ1ൣሺ௫೙,௫೙శభሻୀ൫ఠ೔,ఠೕ൯൧௩೙,௩೙శభேିଵ௡ୀଵߤ ∑ ∑ ߰௡ሺݒ௡, ௡ାଵሻ1ൣሺ௫೙,௫೙శభሻୀ൫ఠ೔,ఠೕ൯൧௩೙,௩೙శభேିଵ௡ୀଵݒ  ሺ27ሻ 

 

ሺߩ௜,௝ሻ௤ାଵ ൌ ∑ ∑ ట೙ሺ௩೙,௩೙శభሻቀ௬೙ିఓభ೔,ೕቁቀ௬೙శభିఓమ೔,ೕቁଵቂሺೣ೙,ೣ೙శభሻసቀഘ೔,ഘೕቁቃೡ೙,ೡ೙శభಿషభ೙సభ ∑ ∑ ట೙ሺ௩೙,௩೙శభሻଵቂሺೣ೙,ೣ೙శభሻసቀഘ೔,ഘೕቁቃೡ೙,ೡ೙శభಿషభ೙సభ    (29) 

ܽఒ,ఒᇱ௤ାଵ ൌ ∑ ∑ ߰௡ሺݒ௡, ௡ାଵሻ1ሾሺ௨೙,௨೙శభሻୀሺఒ,ఒᇱሻሿ௩೙ேିଵ௡ୀଵݒ ∑ ∑ ௡ሻ1ሾ௨೙ୀఒሿ௩೙ேିଵ௡ୀଵݒ௡ሺߦ      ሺ30ሻ 



௠ܲ,ఠ,ఠᇱ௤ାଵ ൌ ∑ ∑ ߰௡ሺݒ௡, ∑௡ାଵሻ1ሾሺ௨೙శభ,௫೙,௫೙శభሻୀሺఒ೘,ఠ,ఠᇱሻሿ௩೙ேିଵ௡ୀଵݒ ∑ ߰௡ሺݒ௡, ௡ାଵሻ1ሾሺ௨೙శభ,௫೙ሻୀሺఒ೘,ఠሻሿ௩೙ேିଵ௡ୀଵݒ          ሺ31ሻ 
3) We repeat the previous step until an end criterion is 

reached. 

 

IV. EXPERIMENTS 
In this section, we apply our proposed model to segment 

two types of data: synthetic ones that we generate according to 
the switching Gaussian PMC formalism and real ones that we 
noise in different ways. More explicitly, we consider image 
segmentation as illustrative application field. For this purpose, 
one-dimensional signals are converted from and to images 
using the Hibert Peano scan [2]. Experiments are achieved on 256 ൈ 256 images. The results of MPM segmentation using 
the EM estimation algorithm are provided. 

 

A. Experimental Images 
Let us consider the case where Ω ൌ ሼ߱ଵ, ߱ଶሽ. Experiments 

are achieved on the following images sets: 

 

• Images set 1: We generate 256 ൈ 256  synthetic 
images using the following parameters: 

ఒ,ఒᇱܣ ൌ 110ଷ ൥998 1 11 998 11 1 998൩ 

ଵܲ ൌ ቂ0.49 0.010.01 0.49ቃ, ଶܲ ൌ ቂ0.39 0.110.11 0.39ቃ , 
 ଷܲ ൌ ቂ0.29 0.210.21 0.29ቃ. ߤଵ ൌ ቂെ1.25 െ0.75   0.75    1.25ቃ, ߤଶ ൌ ቂ െ1.25 0.75  െ0.75    1.25ቃ. ߪଵ ൌ ଶߪ ൌ ቂ1 11 1ቃ. 

Three different values of ߩ are considered: 

Experiment 1.1: ߩ ൌ ቂ0.1 0.10.1 0.1ቃ 
Experiment 1.2: ߩ ൌ ቂ0.5 0.50.5 0.5ቃ 
Experiment 1.3: ߩ ൌ ቂ0.9 0.90.9 0.9ቃ 
 

• Images set 2: We generate 256 ൈ 256  synthetic 
images using the same parameters except the noise 
ones that are replaced as follows: 

Experiment 2.1: ߤଵ ൌ ቂെ5 െ3   3    5ቃ, ߤଶ ൌ ቂെ5 3െ3 5ቃ ߪଵ ൌ ቂ4 48 8ቃ, ߪଶ ൌ ቂ4 84 8ቃ , ߩ ൌ ቂ0.99 0.990.99 0.99ቃ 
 

 

 

Experiment 2.2: ߤଵ ൌ ቂെ5 െ3   3    5ቃ, ߤଶ ൌ ቂെ5 3െ3 5ቃ ߪଵ ൌ ቂ14 79 20ቃ, ߪଶ ൌቂ14 97 20ቃ , ߩ ൌ ቂ0.99 0.990.99 0.99ቃ 
 

• Images set 3: We consider the zebra non stationary 
image (Fig. 2) that we noise in three different 
ways:  

Experiment 3.1: the image is noised according to a classical 
Gaussian HMC with ߤ ൌ ሾ1 3ሿ and ߪ ൌ ሾ1 1ሿ. 

Experiment 3.2: a correlated noise is introduced using the 
following parameters:  ߤଵ ൌ ቂെ2 െ1   1    2ቃ, ߤଶ ൌ ቂെ2 1 െ1 2ቃ , ଵߪ ൌ ଶߪ ൌ ቂ1 11 1ቃ, ߩ ൌ ቂ0.99 0.990.99 0.99ቃ. 

Experiment 3.3: the same as Experiment 3.2 with ߤଵ ൌ ቂെ2 െ1   1    2ቃ, ߤଶ ൌ ቂെ2 1 െ1 2ቃ , ଵߪ ൌ ଶߪ ൌ ቂ1 11 1ቃ, ߩ ൌ ቂ0.5 0.50.5 0.5ቃ. 
The aim of the first experiment is to check whether the new 

model permits to segment the image when this latter is noised 
according to a classical switching hidden Markov chain. In the 
next experiments, a correlated noise is introduced to the image 
in order to assess our new model (S-PMC) against the classical 
S-HMC. 

For image sets 1 and 2, restoration is performed using real 
and estimated parameters. For the last image set, it is achieved 
according to S-HMC and S-PMC formalisms. For parameters 
estimation, EM algorithm is initialized via K-means algorithm. 

B. Experimental Results 
In this section, we show the results of the experiments 

described above. Segmentation results are given in TAB. I 
(images sets 1 and 2) and TAB. II (images set 3). Some of 
them are illustrated in Fig. 1, Fig. 2 and Fig.3. 

TABLE I.  MISCLASSIFICATION RATIOS OF SYNTHETIC IMAGES 
RESTORATION 

Experiment Images set 1 Images set 2
Exp. 1 Exp. 2 Exp. 3 Exp. 1 Exp. 2 ߬௫ොഇ ሺ%ሻ 9.72 9.07 2.69 14.38 6.67 ߬௫ොഇ෡ ሺ%ሻ 9.73 9.11 2.73 14.42 6.70 ߬௨ෝഇ ሺ%ሻ 5.19 6.05 1.77 7.30 5.84 ߬௨ෝഇ෡ ሺ%ሻ 5.45 8.40 1.72 8.54 6.05 

 
The experimental results of experimental sets 1 and 2 show 

that EM algorithm provides comparable results with those 
given by real parameters (TAB. I). Notice that, other 
algorithms (Stochastic EM and ICE [2]) that provide 
comparable results can be used for the parameters estimation. 

 



 ܷ ൌ ܺ                         ݑ

 
         ܻ ൌ ෠ܺ          ݕ ൌ ොݔ

Figure 1.  MPM restoration of a synthetic non station

 
On the other hand, the segmentation resu

demonstrate the dominance of S-PMC ov
applied to images presenting different hom
(stationarities). In fact, as shown in TAB. II, 
better recover the hidden process realizati
HMC. 

 

 
       ܺ ൌ ܻ            ݔ ൌ

 
   ෠ܺ ൌ ܵ ොఏ෡ݔ െ ߬ ܥܯܪ ൌ 22.68           ෠ܺ ൌ ܵ ොఏ෡ݔ

Figure 2.  MPM restoration of Zebra image

 

ܺ ൌ                      ݔ

ොఏ෡ݔ   ߬ ൌ 2.73 
nary image (exp. 1.3) 

ults of image set 3 
ver S-HMC when 
mogeneous classes 

S- PMC allows to 
ion ܺ ൌ ݔ  than S-

 ൌ  ݕ

 ܵ െ ߬  ܥܯܲ ൌ 0 
e (exp. 3.2) 

        ܺ ൌ  ݔ

    ෡ܺ ൌ ܵ ොఏ෡ݔ െ ߬ ܥܯܪ ൌ 3.39    
Figure 3.  MPM restoratio

 

TABLE II.  MISCLASSIFICATION R

Experiment E߬௫ොഇ෡ ܵ െ ܥܯܪ ሺ%ሻ ߬௫ොഇ෡ ܵ െ ܥܯܲ ሺ%ሻ 
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