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Abstract  Piecewise constant (PC) is a stochastic 
model that can be applied in various fields such as 
engineering and ecology. The stochastic model contains a 
noise. The accuracy of the stochastic model in modeling a 
signal is influenced by the type of noise. This paper aims to 
propose inverse-gamma noise in the PC model and the 
procedure for estimating the model parameters. The model 
parameters are estimated using the Bayes approach. Model 
parameters have a variable dimension space so that the 
Bayesian estimator cannot be determined analytically. 
Therefore, the Bayesian estimator is calculated using the 
reversible jump Markov Chain Monte Carlo (RJMCMC) 
algorithm. The performance of the RJMCMC algorithm is 
validated using data synthesis. The finding is a new PC 
model in which the noise has an inverse-gamma 
distribution. In addition, this paper also proposes a 
parameter estimation procedure for the model based on an 
RJMCMC. The simulation study shows that the model 
parameter estimators generated by this algorithm are close 
to the model parameter values. This paper concludes that 
inverse gamma noise can be used as an alternative noise in 
the PC model. The RJMCMC is categorized as a valid 
algorithm and can estimate the PC model parameters where 
the noise has an inverse-gamma distribution. The novelty 
in this paper is the development of a new stochastic model 
and the procedure for estimating the model parameters. In 
application, the findings in this paper have the potential to 
improve the suitability of the stochastic model to the 
signal. 

Keywords  Bayes Methods, Inverse-gamma Noise, 

Monte Carlo Methods, Piecewise Constant, Signal 
Detection 

1. Introduction
The Gaussian process model is widely regarded as a 

prominent tool for capturing the inherent characteristics of 
data [1]. The Gaussian process model is a Bayesian 
machine learning model that has been widely applied in the 
pattern recognition domain due to its ability to infer from 
unreliable, noisy or highly idiosyncratic data [2]. Studies 
related to this Gaussian process have been found in various 
studies, for example [2-4]. In [3], a two-phase Gaussian 
process degradation model with a change point, consisting 
of a change point model based on the Wiener process as a 
special case, is proposed to describe the degradation 
pathway with a two-phase pattern. In [4], likelihood ratio 
tests for changes in the mean inverting parameters of a 
first-order autoregressive model with stationary Gaussian 
noise were considered. Therefore, Gaussian noise is often 
used in mathematical modeling. 

One of the mathematical models that are often found in 
signal processing is the piecewise constant (PC) model. A 
search through Google Trends on the topic of PC from 
2004 to 2022 is shown in Figure 1. Figure 1 shows that 
interest in the PC topic is still stable and has not decreased. 
This can be seen from the pattern that has not decreased 
from year to year in the last 18 years. 
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Figure 1.  Search results via Google Trends on PC topics (Source: Google trends) 

Figure 2.  Search results via Google Trends on the topic "non-Gaussian" (Source: Google trends). 

Studies related to signal modeling with PC models can 
be found in various kinds of literature, for example [5-7]. 
Based on the type of noise, some PC models also use 
different types of noise, for example, Gaussian [8], Poisson 
[9], Gamma [10], and Rayleigh [11]. On the other hand, 
inverse-Gamma (IG) is a distribution studied in some 

literature, for example [12,13]. In [12], the authors have 
proposed a mean linear regression model in which the 
response variable is IG. While in [13], the authors have 
also used the IG distribution to describe the dynamics of 
the measurement noise covariance. However, to the 
author's knowledge, no study has been found on PC models 
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that use IG noise. 

1.1. IG Distribution 

A random variable w is said to have an IG distribution 
with parameters 𝛼 > 0 and 𝛽 > 0 if the random variable 
w has a probability function 𝑓(x|𝛼,𝛽) as follows [14]: 

𝑓(w|𝛼,𝛽) = 𝛽𝛼

Γ(𝛼)
w−𝛼−1𝑒𝑥𝑝 − 𝛽

w
    (1) 

for w> 0 and is 0 for other w values. In ( 1 ), if the random 
variable w has an IG distribution, then z = 1/w has a 
Gamma distribution. Inverse Gamma has been used by 
researchers, for example [15]. In [15], inverse Gamma was 
used to reduce the effect of shadows on composite 
statistics. 

1.2. PC Model 

Let 𝑥1, … , 𝑥𝑛 represent data where n is the number of 
observations. This data is said to have a PC model with 
inverse-gamma multiplicative noise if for 𝑡 = 1, … ,𝑛. 
This data satisfies the following stochastic equation [16]: 

𝑥𝑡 = 𝑟𝑡𝑤𝑡  (2) 

In (2), 𝒓𝒕 is a step function and is defined as follows: 

𝑟𝑡 = �

𝑎1, 𝜏1 < 𝑡 ≤ 𝜏2
𝑎2, 𝜏2 < 𝑡 ≤ 𝜏3

…
𝑎𝑘+1, 𝜏𝑘+1 < 𝑡 ≤ 𝜏𝑘+2

   (3) 

In ( 3 ), 𝜏1 = 1 and 𝜏𝑘+2 = 𝑛. In this article, w is a 
multiplicative noise with IG distribution with parameters 
𝛼 > 0 and 𝛽 > 0 . 

In this article, the number of change-points is assumed to 
be unknown. Thus, the PC model can be used to model a 
wider range of data even though computational techniques 
in parameter estimation become more difficult. This is 
because the parameter dimensions are a combination of 
different dimensional spaces. To overcome this problem, 
the reversible jump Markov Chain Monte Carlo 
(RJMCMC) algorithm [17] was adopted to estimate the 
model parameters. This RJMCMC algorithm has been used 
in segmentation and change-point, for example [18]. 

This article aims to: (a) propose a PC model in which the 
noise has an IG distribution and develop a method for 
estimating the model parameters. In the stochastic model, 
there are two types of noise, namely additive and 
multiplicative. This article focuses on multiplicative noise. 
The novelty of this article lies in the use of IG 
multiplicative noise in PC models and the development of 
estimation methods for PC model parameters. 

2. Research Significance
Methods for analyzing data are usually based on a 

specific model. However, this can result in a large bias 

when the assumed model is wrong [19]. On the other hand, 
there are no studies on PC models that use Inverse-Gamma 
noise. The significant research in this article is the 
development of a new PC model in which the noise has an 
inverse gamma distribution and the development of the 
RJMCMC algorithm to estimate the PC model parameters. 
So that the findings in this article contribute to reducing 
errors due to the incompatibility of mathematical models in 
data modeling. A search through Google Trends on the 
topic “non-Gaussian” from 2004 to 2022 is shown in 
Figure 2. 

Figure 2 shows that interest in the “non-Gaussian” topic 
is still stable and has not decreased. One of the 
non-Gaussian noises is IG noise. So the findings in this 
article also contribute to providing solutions to research 
gaps. 

3. Methodology
Estimating PC model parameters is challenging to 

investigate, especially in cases where the number of 
change-points is unknown [11]. If the number of 
change-points is not known, the PC model parameters 
include the number of change-points, change-point 
locations, and signal amplitudes. 

There are two approaches to estimating Bayesian and 
frequentist. In this article, the PC model parameters are 
estimated using the Bayesian approach. The Bayesian 
approach has been used in PC problems, for example [20]. 
The estimation procedure includes determining the 
probability function, selecting the prior distribution, and 
calculating the posterior distribution. The prior distribution 
for the number of change-points is the Binomial 
distribution. 

Bayesian estimators of model parameters cannot be 
determined easily because the posterior distribution has a 
complicated shape. To overcome this, the RJMCMC 
algorithm is used to calculate the Bayes estimator. 

The validity of the estimation procedure was tested 
using synthetic data. In this simulation study, data 
synthesis was created using ( 2 ) in which the parameters 
were defined. Then, these parameters are estimated using 
an estimation procedure using synthetic data. The 
estimation procedure is said to be valid if the parameter 
estimator is close to the parameter value of the PC model. 

4. Results and Discussion

4.1. Model Formulation and Parameter Estimation 

In (1), noise 𝑤𝑡 can be written as 𝑤𝑡 = 1
𝑧𝑡

 where 𝑧𝑡
has Gamma distribution with parameters 𝛼  and 𝛽 . 
Equation ( 2 ) can be written as follows ( 4 ): 

1
xt

= 1
rt

zt (4) 
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Suppose that 𝑦𝑡 = 1
𝑥𝑡

, ℎ𝑡 = 1
𝑎𝑡

, and 𝑚𝑡 = 1
𝑟𝑡

. Equation 
(2) can be written as follows (5): 

𝑦𝑡 = 𝑚𝑡𝑧𝑡 (5) 
where is the step function given by ( 6 ): 

𝑚𝑡 = �

ℎ1, 𝜏1 < 𝑡 ≤ 𝜏2
ℎ2, 𝜏2 < 𝑡 ≤ 𝜏3

…
ℎ𝑘+1, 𝜏𝑘+1 < 𝑡 ≤ 𝜏𝑘+2

(6) 

In (6), let ℎ = (ℎ1, … ,ℎ𝑘+1) , 𝜏 = (𝜏1, … 𝜏𝑘+1) , 
𝑦 = (𝑦1, … ,𝑦𝑛). Here, the value of 𝛼 is set. Meanwhile, 
the parameter values of ℎ, 𝜏, and 𝛽 were estimated using 
data y. Parameter estimation using Bayesian approach with 
the help of reversible jump MCMC. The estimation 
procedure uses the procedure in [10] but needs to be 
modified. Although the procedure is similar, the content is 
very different. 

4.2. Algorithm Validation 

The estimate parameter procedure is validated using a 
simulation study. This simulation study uses synthetic data. 
The parameter values of the PC model are presented in 
Table 1. 

Synthetic data is made based on ( 2 ) using the parameter 
values in Table 1. The resulting synthetic data are 
presented in Figure 3. 

Based on this synthetic data, the reversible jump MCMC 
algorithm is used to find the estimator of the model 
parameters. The algorithm was run for 100,000 iterations 
and a burn-in period of 25,000. The order histogram of the 
PC model is presented in Figure 4. 

The superposition between the data and the parameter 
estimators is presented in Figure 5. The blue color indicates 
the signal while the red color indicates the parameter 
estimation of the signal model. The parameter estimation 
of the PC model is in the form of a step function. 

Table 1.  Model parameter values 

𝒌 𝝉 𝒉 

6 

⎝

⎜
⎜
⎜
⎜
⎛

1
30
80

120
170
200
250
350⎠

⎟
⎟
⎟
⎟
⎞

⎝

⎜⎜
⎜
⎛

0.91
1.25
0.67
1.43
0.67
2.50
1.00⎠

⎟⎟
⎟
⎞

Figure 3.  Signal with Inverse-Gamma Noise (k=6). 
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Figure 4.  Histogram (k=6) 

Figure 5.  Estimated signal (k=6) 
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The model parameter estimators are presented in Table 2 
below. 

Table 2.  Model Parameter Estimator 

𝒌� 𝝉� 𝒉� 

6 

⎝

⎜
⎜
⎜
⎜
⎛

1
31
80

122
172
201
252
350⎠

⎟
⎟
⎟
⎟
⎞

⎝

⎜⎜
⎜
⎛

0.95
1.34
0.71
1.60
0.61
2.58
1.06⎠

⎟⎟
⎟
⎞

4.3. Discussion 

In Figure 3, without using software, it is not visible how 
many change-points, where the location of the change 
points occur, and how high the signal amplitude is between 
change points. However, using the developed RJMCMC 
algorithm, model parameters can be determined (Figure 5). 

In Figure 4 it can be seen that the maximum change 
point value occurs at k = 6. This shows that the estimator 
for the number of change points is 6. 

Table 3.  Euclidean distance for position 

𝝉 𝝉� |𝝉 − 𝝉�| 

⎝

⎜
⎜
⎜
⎜
⎛

1
30
80

120
170
200
250
350⎠

⎟
⎟
⎟
⎟
⎞

⎝

⎜
⎜
⎜
⎜
⎛

1
31
80

122
172
201
252
350⎠

⎟
⎟
⎟
⎟
⎞

3.81 

Table 4.  Euclidean distance for signal amplitude 

𝒉 𝒉� �𝒉 − 𝒉�� 

⎝

⎜⎜
⎜
⎛

0.91
1.25
0.67
1.43
0.67
2.50
1.00⎠

⎟⎟
⎟
⎞

⎝

⎜⎜
⎜
⎛

0.95
1.34
0.71
1.60
0.61
2.58
1.06⎠

⎟⎟
⎟
⎞

1.41 

The distance between the parameter values and the 
parameter estimator of the PC model was calculated using 
the Euclidean distance. The distances are presented in 
Table 3 and Table 4. This distance calculation is carried out 
to determine the validity of the RJMCMC algorithm in 

estimating the parameters of the PC model. The distance 
between the parameter value and the parameter estimator 
shows the accuracy of the RJMCMC algorithm. The 
smaller the distance between the estimator and the 
parameter value, the better the algorithm's performance. 
On the other hand, the larger the distance between the 
estimator and the parameter value, the less good the 
algorithm's performance will be. 

In Table 3 and Table 4, it can be seen that the distance 
between the parameter estimator and the parameter value is 
relatively small. This means that the RJMCMC algorithm 
meets the valid criteria for estimating the parameters of the 
PC model. 

This RJMCMC algorithm has been used in [10]. In [10], 
the PC model assumes that noise has Gamma distribution, 
while in [11], the PC model uses Rayleigh distribution as 
noise. In this article, the noise is assumed to have an 
Inverse-Gamma distribution. So the findings in this article 
complement the results of previous research. 

This study focuses on the signal amplitude modeled by 
the constant function. So if the signal amplitude has a 
model other than a constant function, this algorithm is not 
suitable to be applied. Therefore, further research can be 
developed on other signals amplitude models such as linear 
functions and polynomial functions. 

In this study, a PC model with inverse-Gamma noise has 
been developed and its validity was tested using synthetic 
data. Further research can be done through the application 
of real data such as engineering and ecology. Then, the 
results of applying the algorithm to real data are compared 
with the existing methods to determine their effectiveness. 
A method is said to be effective compared to other methods 
if it gives a smaller error. 

There are two types of noise, namely additive noise (for 
example [21]) and multiplicative noise. In this study, the 
author has discussed the PC model with multiplicative 
noise but the PC model with additive noise has not been 
discussed. The effect of this type of noise is very 
interesting to study. So that the study of PC models with 
additive noise can be studied further and then the results of 
studies on PC models with additive noise are compared 
with PC models with multiplicative noise in order to know 
which type of noise is the most suitable for the data. 

Synthetic Aperture Radar (SAR) signals have been 
studied by several researchers until now, for example 
[22,23]. This new PC model can be applied to model SAR 
signals. While the estimation procedure using reversible 
jump MCMC developed in this paper, this procedure can 
be used to solve problems related to segmentation and 
point change detection. Thus, the findings in this paper 
contribute to the academics' improvement. 
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Figure 6.  Relationship between RJMCMC and other terms 

In this paper, RJMCMC is associated with the terms: 
signal processing, IG noise, and estimation. To see the 
relationship between RJMCMC and other terms, this paper 
also analyzes the relationship between RJMCMC and other 
terms based on the Google Scholar database from 1994 to 
2022. The reference searches that discuss RJMCMC were 
carried out using Publish or Perish software and resulted in 
287 documents. Then these 287 documents were analyzed 
using Vosviewer software to describe the relationship 
between RJMCMC and other terms. A map of the 
relationship between RJMCMC and other terms is 
presented in Figure 6. The relationship between the two 
terms is shown by the line connecting the two terms. The 
two terms that are not directly connected by a line indicate 
novelty for further investigation. 

In the visualization network about the relationship 
between RJMCMC and other terms, there are 31 items 
divided into four clusters. The first cluster contains 7 items 
that discuss convergence and distribution proposal. The 
second cluster contains 7 items that discuss jump and 
Markov chain. The third cluster contains 6 items that 
discuss estimation and Bayesian. The fourth cluster 
contains 4 items that discuss segmentation. The fifth 
cluster contains 4 items that discuss detection. While the 
sixth cluster contains 2 items that discuss the sampling 
approach. 

5. Conclusions
This article proposes a new PC model in which the noise 

has an inverse gamma distribution and develops the 
RJMCMC algorithm to estimate the PC model parameters. 
The developed algorithm has an advantage because this 
algorithm is able to detect the number of change-points and 
change-point locations as well as signal values 
simultaneously. The findings in this article contribute to 
the development of mathematical models so that errors due 
to incompatibility of mathematical models are reduced. In 
this article, the signal value is modeled as a constant 
function over time between two change-points. Further 
research can be developed on more complex signal value 
models, such as linear functions and polynomial functions. 
In addition, this method is applied to real data and then 
compared with other existing methods to determine their 
effectiveness. In terms of noise type, further studies can be 
compared between PC models with additive noise and 
multiplicative noise. 

Acknowledgments 
The authors would like to thank the reviewers for their 

comments and suggestions. These comments and 
suggestions are used as a reference in improving the article 
so that this article becomes of higher quality, both technical 
and content. 



1292 Signal Modeling with IG Noise and Parameter Estimation Based on RJMCMC 

REFERENCES 
[1] F. Berns and C. Beecks, “Automatic Gaussian Process 

Model Retrieval for Big Data,” Int. Conf. Inf. Knowl. 
Manag. Proc., pp. 1965–1968, 2020, doi: 
10.1145/3340531.3412182. 

[2] F. Berns, K. Schmidt, I. Bracht, and C. Beecks, “3CS 
algorithm for efficient Gaussian process model retrieval,” 
Proc. - Int. Conf. Pattern Recognit., pp. 1773–1780, 2020, 
doi: 10.1109/ICPR48806.2021.9412805. 

[3] Z. Chen, Y. Li, D. Zhou, T. Xia, and E. Pan, “Two-phase 
degradation data analysis with change-point detection 
based on Gaussian process degradation model,” Reliab. Eng. 
Syst. Saf., vol. 216, 2021, doi: 10.1016/j.ress.2021.107916. 

[4] A. Brouste, C. Cai, M. Soltane, and L. Wang, “Testing for 
the change of the mean-reverting parameter of an 
autoregressive model with stationary Gaussian noise,” Stat. 
Inference Stoch. Process., vol. 23, no. 2, pp. 301–318, 2020, 
doi: 10.1007/s11203-020-09217-1. 

[5] E. H. S. Diop, A. O. Boudraa, and V. B. S. Prasath, 
“Optimal Nonlinear Signal Approximations Based on 
Piecewise Constant Functions,” Circuits, Syst. Signal 
Process., vol. 39, no. 5, pp. 2673–2694, 2020, doi: 
10.1007/s00034-019-01285-w. 

[6] S. M. Vovk and V. F. Borulko, “Determination of 
amplitude levels of the piecewise constant signal by using 
polynomial approximation,” Radioelectron. Commun. Syst., 
vol. 60, no. 3, pp. 113–122, 2017, doi: 
10.3103/S0735272717030037. 

[7] L. Bergerhoff, J. Weickert, and Y. Dar, “Algorithms for 
piecewise constant signal approximations,” Eur. Signal 
Process. Conf., vol. 2019-Septe, 2019, doi: 
10.23919/EUSIPCO.2019.8902559. 

[8] Z. Wang and P. Willett, “Two algorithms to segment white 
Gaussian data with piecewise constant variances,” IEEE 
Trans. Signal Process., vol. 51, no. 2, pp. 373–385, 2003, 
doi: 10.1109/TSP.2002.806979. 

[9] V. A. Ogorodnikov, O. V. Sereseva, and N. A. Kargapolova, 
“Stochastic models of piecewise-constant and 
piecewise-linear non-Gaussian processes based on Poisson 
flows,” Russ. J. Numer. Anal. Math. Model., vol. 31, no. 3, 
pp. 179–185, 2016, doi: 10.1515/rnam-2016-0018. 

[10] Suparman, “Bayesian estimation in piecewise constant 
model with gamma noise by using reversible jump MCMC,” 
Mathematics and Statistics, vol. 8, no. 2A, pp. 17–22, 2020, 
doi: 10.13189/ms.2020.081303. 

[11] Suparman, M. Toifur, A. D. Minghat, E. Hikamudin, and M. 
S. Rusiman, “Bayesian Detection of Signal Under Rayleigh 
Multiplicative Noise Based on Reversible Jump Mcmc,” Int. 
J. GEOMATE, vol. 22, no. 89, pp. 24–31, 2022, doi: 

10.21660/2022.89.7599. 

[12] M. Bourguignon and D. I. Gallardo, “Reparameterized 
inverse gamma regression models with varying precision,” 
Stat. Neerl., vol. 74, no. 4, pp. 611–627, 2020, doi: 
10.1111/stan.12221. 

[13] K. Li, S. Zhao, C. K. Ahn, and F. Liu, “State estimation for 
jump markov nonlinear systems of unknown measurement 
data covariance,” J. Franklin Inst., vol. 358, no. 2, pp. 
1673–1691, 2021, doi: 10.1016/j.jfranklin.2020.12.017. 

[14] C. P. Robert and G. Casella, Monte Carlo Statistical 
Methods, 2nd ed. New York: Springer, 2004. 

[15] V. K. Upaddhyay and S. K. Chauhan, P S Sanjay Kumar 
Soni, “Effective capacity analysis of SIMO system with 
MRC and SC over Inverse-Gamma shadowing,” Int. J. 
Electron., 2022, doi: 10.1080/00207217.2021.1908622. 

[16] C. Oliver and S. Quegan, Understanding Synthetic Aperture 
Radar Images - Chris Oliver, Shaun Quegan - Google 
Livres. SciTech, 2004. [Online]. Available: 
https://books.google.co.ma/books/about/Understanding_Sy
nthetic_Aperture_Radar_I.html?id=IeGKe40S77AC&redir
_esc=y 

[17] P. J. Green, “Reversible jump Markov chain Monte Carlo 
computation and Bayesian model determination,” 
Biometrika, vol. 82, no. 4, pp. 711–743, 1995. 

[18] F. Sadia, S. Boyd, and J. M. Keith, “Bayesian change-point 
modeling with segmented ARMA model,” PLoS One, vol. 
13, no. 12, pp. 1–23, 2018, doi: 
10.1371/journal.pone.0208927. 

[19] S. Zhou and A. Xu, “Exponential dispersion process for 
degradation analysis,” IEEE Trans. Reliab., vol. 68, no. 2, 
pp. 398–409, 2019, doi: 10.1109/TR.2019.2895352. 

[20] N. Dobigeon, J. Y. Tourneret, and M. Davy, “Joint 
segmentation of piecewise constant autoregressive 
processes by using a hierarchical model and a Bayesian 
sampling approach,” IEEE Transactions on Signal 
Processing, vol. 55, no. 4. New York, NY: Institute of 
Electrical, pp. 1251–1263, 2007. doi: 
10.1109/TSP.2006.889090. 

[21] E. Punskaya, C. Andrieu, A. Doucet, and W. J. Fitzgerald, 
“Bayesian curve fitting using MCMC with applications to 
signal segmentation,” IEEE Trans. Signal Process., vol. 50, 
no. 3, pp. 747–758, 2002, doi: 10.1109/78.984776. 

[22] M. Chen, X. Wang, Y. Yu, and X. Yuan, “Enhancement 
algorithm for separability of inland water body in synthetic 
aperture radar image via sparse representation and image 
fusion,” Int. J. Remote Sens., 2022, doi: 
10.1080/01431161.2021.2006355. 

[23] Y. Huang, Z. Chen, C. Wen, J. Li, X. G. Xia, and W. Hong, 
“An Efficient Radio Frequency Interference Mitigation 
Algorithm in Real Synthetic Aperture Radar Data,” IEEE 
Trans. Geosci. Remote Sens., 2022, [Online]. Available: 
https://ieeexplore.ieee.org/abstract/document/9729704/


	1. Introduction
	2. Research Significance
	3. Methodology
	4. Results and Discussion
	5. Conclusions
	Acknowledgments
	REFERENCES

