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ABSTRACT 

The creation of new technologies poses many technical obstacles in the Oil and Gas 

(O&G) industry, including disruptive developments. The process of estimating reliability in the 

design process is not trivial and includes several factors of uncertainty, especially in Research and 

Development (R&D). Thus, the Bayesian methodology has been widely used in these cases where 

a broad background of information is not available. The maximum entropy method (ME) is a 

technique used for estimating the parameters of a Bayesian prior probability distributions of failure 

events. Therefore, this paper aims to perform a systematic literature review to identify the main 

optimization methods used for solving ME in the Bayesian context and in the O&G industry. 

Among the gaps identified, it can be seen that the O&G context is a vast application area to be 

explored. Thus, opening a broad possibility of studies of optimization methods to be tested on this 

problematic. 

 

KEYWORDS. Bayesian Prior Distribution. Oil and Gas. Reliability.  
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1. Introduction 

In the development phase of technologies, estimating reliability is critical for ensuring 

predictability in the life of equipment and technologies installed in oil wells. However, data, 

especially for technologies being developed in the Oil and Gas (O&G) companies, may be limited 

and/or expensive to acquire. Expert opinion and general databases are often available sources of 

knowledge [Maior et al. 2022]. Bayesian inference is increasingly used to combine multiple types 

of information and to evaluate the reliability of new techniques, as it allows updating prior 

knowledge as new information is obtained [Cai et al. 2012], [Afshari et al. 2022], [Shafiee; 

Elusakin; Enjema 2020], [Wu et al. 2015], [Yaez; Joglar; Modarres 2002]. 

According to Bayesian methodology, the phase of obtaining prior knowledge is crucial 

for effective reliability estimation. Data generally comes from similar equipment or expert 

knowledge in the initial stages. Documents such as FMECA (Failure Modes, Effects, and 

Criticality Analysis) can be used as a basis for the detection and sequencing of failure events. Each 

major event can be assigned to the top of a fault tree (FT), which combines failures of basic 

components. For the calculation of the prior distribution, different approaches can be used 

[Fernández & Pérez-González 2012], [Wang et al. 2018], [Zhong et al. 2022]. [Maior et al. 2022], 

for example, combine expert opinion with the Method of Moments (MM) to discrete probability 

models and with the Maximum Entropy (ME) method to continuous distributions. The ME seeks 

to maximize a measure of entropy to estimate the parameters of the reliability model represented 

by continuous probability distributions (e.g., Weibull). The related optimization problem is not 

simple to solve analytically, as it entails objective function and constraints involving integrals with 

no closed expressions. 

Therefore, this paper this article is motivated by the research question: "how to obtain 

optimal parameter estimates for the a priori distributions of failure events to provide a successful 

Bayesian model for reliability estimation of new equipment in the O&G industry?”. To this end, a 

systematic literature review will be conducted to investigate optimization methods have already 

been used in this context. 

The remainder of this paper is organized as follows. Section 2 provides a brief theoretical 

background about the Bayesian approach and the ME method. Section 3 addresses the research 

method when conducting the literature review. Section 4 presents the main results and gaps found. 

Finally, Section 5 presents the conclusive aspects. 

 

2. Theoretical Background 

2.1. The Bayesian Approach 

The Bayesian approach is a probability formulation that calculates the possibility of an 

event happening based on the knowledge related to the event. As new evidence becomes available, 

the method updates the original estimates for the set of parameters of a probability distribution, θ. 

The parameter of interest of a reliability function, such as the alfa and beta parameters of Weibull 

distribution, can be represented as θ. The Bayes' theorem (Eq. 1) is used to update the prior 

distribution with evidence [Bhardwaj; Teixeira; Soares 2022], [Shafiee; Elusakin; Enjema 2020]. 

𝜋1(𝜃) = 𝜋0(𝜃) ×
𝐿(𝐸|𝜃)

∫ 𝜋0 × 𝐿(𝐸|𝜃)𝑑𝜃
 (1) 

The prior distribution (𝜋0(𝜃)) is defined using the information available. To truly reflect 

the first ideas, prior distributions must be carefully chosen. Because likelihood functions can be 

weak when there is minimal data, choosing a non-informative prior distribution can result in a 

biased posterior distribution with significant uncertainty. As a result, it is critical to compile all 

accessible data in order to construct the prior distributions. From the view of Bayesian estimating 

inference, expert opinion is a source of evidence. Experts can either provide direct parameter 
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estimations of past distributions or present important values from these distributions, such as 

expected failure probability or dependability, or a lower or upper percentile [Maior et al. 2022]. 

 

2.2. Maximum Entropy 

After selecting a technology to be developed, from a reliability standpoint, the collection 

of information begins to estimate the updates of the failure events in each of the stages of project 

development. In this way, it is possible to compare the level of maturity in parallel to the decrease 

in the probability of failure. Before the development stages of the project itself, it is necessary to 

estimate the priori distribution of the failure events that make up the FT. This estimation can be 

based on expert opinions and data from previous equipment [Maior et al. 2022].  

In FT, the basic events have their relative influence on the top events according to certain 

weights. These weights allow the construction of relationships between the top and bottom events 

used to estimate the reliability of equipment [Kabir; Sadiq; Tesfamariam 2016], [Ong et al. 2022]. 

The system's reliability can be represented by a multilevel reliability model (MRM), 

which comprises unique probabilistic models to characterize the failure of basic components, due 

to the complexity of analyzing a multilevel hierarchical structure [Maior et al. 2022]. 

Parametric reliability distributions, such as Bernoulli, Exponential, Weibull, and others, 

can be used as the MRM. They can also be based on physics, such as Arrhenius-Weibull. The 

problem of this research project is based on the FT logic gates, where each event “i” has parameters 

(𝜃𝑖) that represent the probability of occurrence of the relevant failure mechanism, according to 

[Maior et al. 2022]. 

The reliability function of the system as a whole is a function of (𝜃𝑖), as follows: 

𝑓[𝑅𝑖(𝑡|𝜃𝑖)], ∀𝑖 (2) 

This equation represents the various paths that can lead to equipment failure, such as 

during installation or throughout the course of a mission. [Maior et al. 2022] dealt with two types 

of methods depending on the distribution. The MM was used for the discrete distribution cases 

(success/failure event) and the ME for the continuous distribution cases. 

The maximum entropy method is the core of this work for parameter optimization. The 

occurrence of an event "i" is described by a continuous distribution. This method involves 

maximizing the entropy measure H (Eq. 3), where 𝜋(𝜃𝑖) is the probability density function (PDF) 

for the parameters of event i and 𝜃𝑖  is the parameter space of 𝜃𝑖. The constraints (Eq. 4 - Eq. 6) are 

related to the percentiles of the reliability function, R(t). Here, we consider that the expected value 

and the 5th and 95% percentiles of each event i must equal the expected value, 5th and 95th 

percentiles of the reliability Rt of the top event weighted (exponentially) by its specific contribution 

[Lei et al. 2010], [Maior et al. 2022], [Wang et al. 2018]. 

𝑀𝑎𝑥𝑖𝑚𝑖𝑧𝑒 𝐻 =  ∫ −𝜋(𝜃𝑖) ∗ log[𝜋(𝜃𝑖)]𝑑𝜃𝑖

Θ

 (3) 

𝐸[𝑅𝑖(𝑡|𝜃𝑖)] = 𝐸[𝑅𝑇(𝑡)𝑤𝑖
′
] (4) 

𝑃5[𝑅𝑖(𝑡|𝜃𝑖)] = 𝑃5[𝑅𝑇(𝑡)𝑤𝑖
′
] (5) 

𝑃95[𝑅𝑖(𝑡|𝜃𝑖)] = 𝑃95[𝑅𝑇(𝑡)𝑤𝑖
′
] (6) 

Then, for each event, solve Eq. 3 subject to constraints 4 to 6 to define the model 

parameters. It is worth noting that analytically solving such an optimization problem is not 

straightforward, and it gets more difficult as the number of hyperparameters grows. Thus, to 

improve classical methods and efficiently obtain parameters’ estimates, it is necessary to 

investigate different optimization methods and identify possible modifications, such as adding 
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local search processes or quantum increments. From this, the probability of failure will be updated 

at each development milestone. These updates are beyond the scope of this article. 

 

4. Materials and Methods 

A useful method for assessing the status of knowledge in regard to a particular issue is a 

systematic literature review. It differs from a traditional review in that it is accomplished using a 

repeatable, scientific, and transparent procedure, eliminating the possibility of bias and lacking in-

depth analysis [Forcina et al. 2020]. For conducting systematic literature reviews, various methods 

are utilized [Xiao and Watson 2019]. In this paper the review is conducted based in three main 

steps: (1) planning the review; (2) gathering and choosing articles; and, (3) reporting).  

In the step (1) Web of Science (WoS) was the database chosen. It combines numerous 

catalogues into a single search engine [Wang and Waltman 2016]. We chose this base because it 

is the oldest, most popular, and reliable database of research publications and citations in the world 

[Birkle et al. 2020]. However, there are other options that could be used such as Scopus and IEEE. 

The second step consists on (2) gathering and choosing articles. The language of publication was 

one criterion for filtering the articles. Only English-language publications were chosen. The 

investigation was undertaken from 1945 to 2022, that is the WoS default. Only publications from 

high-impact journals were selected when the type of articles was filtered. 

Also, in (2), the main keywords were also assumed to conduct the study. A large group of 

more generic keywords were combined. These terms are: "Maximum entropy", "Prior" and 

"Bayesian". In this group, 203 articles were found. Restricting the scope of the search for our main 

focus, we added in separate searches "Reliability", "Oil and Gas", "R&D", and "Equipment", which 

returned 13, 1, 3 and 4 articles, respectively. This restricted our analysis to 21 papers. Other 

combinations were tested, but did not return significant results. Finally, after a thorough reading of 

the articles, our sample was reduced to a number of 5 papers that are somehow connected with our 

research question. Table 1 summarizes the combination of keywords, as well as, the number of 

papers resulting from each of the filtering performed. 
Table 1 - Keywords Combination on Step (2) 

STEP (2) PROCEDURE Number of papers 

Filter 1: "Maximum entropy" AND "Prior" AND "Bayesian" 203 

Filter 2: "Maximum entropy" AND "Prior" AND "Bayesian" AND 

("Reliability" OR "Equipment" OR "R&D") 
19 

Filter 3: Complete Reading 5 

Search: Authors (2022) 

Finally, step (3) consists in the presentation of the results obtained through the review, 

amongst which, descriptive analyses, discussions and gaps found. These are presented in this 

article. 

 

4. Results 

The VOSviewer®, a free freeware program, was used to do the descriptive analysis of the 

papers. Network maps can be used to link the keywords and important terms found in the article 

portfolio [Jan and Ludo 2010]. As a result, Figure 1 provides an overview of the main aspects of 

the publications. We can identify that, as expected, the "Bayesian approach" is at the center of the 

keywords, being the main point that correlates the articles. "Information" and "Reliability" are also 

terms that have larger spheres, being, therefore, the focus of the articles. The cluster in green 

presents terms quite congruent with our research theme. That is, it is related to the development of 

equipment. In this network we can already highlight an optimization method, which is the Particle 
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Swarm Optimization (PSO). We can also see that an analyzed distribution in this sample is the 

lognormal (red cluster). 
Figure 1 – Articles Keywords co-ocurrence network visualization. 

 
Search: Authors (2022). 

 

 Table 2 below shows a summary of the papers found. One can see that most of the papers 

have no description of the optimization method used. Note that the works do not focus on the 

optimization method itself, but on the modeling of the method to obtain the Bayesian a priori 

distribution. Furthermore, applications for some specific equipment can be seen, such as an 

equipment form an automobile plant [Kim 2017], a low-voltage switchgear [Wang et al. 2018], 

and an oil well packer [Maior et al. 2022]. However, there are more theoretical and generalist 

applications [Guikema 2007], [Mazzuchi et al., 2000]. Among the continuous distributions popular 

in the reliability field, there are the Weibull, Log-normal, and Exponential distributions for 

parameter estimation. 
Table 2 – Papers resume 

Paper Optimization Method Application Distribution 

[Maior et al. 2022] PSO Oil Well Equipment 
Weibull, Arrhenius-

Weibull, Exponential 

[Kim 2017] No description 
Equipment from 

Automobile plant 
Log-normal 

[Guikema 2007] 
Fmincon from 

MATLAB 
Generic Application Binomial 

[Wang et al. 2018] No description 
Low-voltage 

switchgear 

Exponential, Normal, 

Weibull 

[Mazzuchi et al., 

2000] 
No description Generic Application 

Weibull, 

Exponential, Pareto, 

Gamma, Log-normal 
Search: Authors (2022). 
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Only one study focused on the area of equipment development in the O&G industry. 

[Maior et al. 2022] presented a procedure for defining the Bayesian prior distribution 𝜋0(𝜃|𝐸) based 

on experts' knowledge and generic data that does not require direct elicitation of parameters to 

define informative distribution for Fault Trees (FT) basic events (component level), but instead 

relies on expert opinion (the system level). The proposed methodology is appropriate for equipment 

that is constantly in use. For the optimization of the hyperparameters he used the metaheuristic 

PSO. The drawbacks of the PSO method are that it is easy to fall into a local optimum in a high-

dimensional space and that the iterative process has a low convergence rate [BHATTACHARYEE, 

2021]. 

As a main gap, it is perceived that the O&G area needs more studies that focus on 

alternatives for the optimization of these parameters from the maximum entropy method. In terms 

of processing, depending on the distribution, this process can take a considerably large computing 

time. Thus, justifying the search for alternatives that are more efficient than the PSO. 

 

5. Conclusions 

This paper aimed to perform a literature review to identify the main optimization methods 

used for solving ME in the Bayesian context and in the O&G industry. Given the discussions and 

gaps found, it is possible to identify a research agenda to be carried out in a practical way to the 

O&G industry: 

- to investigate different metaheuristic methods to be applied in this context, evolutionary 

algorithms such as Genetic Algorithm and Differential Evolution; 

- to apply quantum-inspired algorithms that can speed up the process of parameter 

estimation; 

- to mix different methods and techniques of local search that improve the traditional 

methods; 

- to test the parameter estimates of different probability distributions of different 

equipment. 

In conclusion, there are a variety of research options. Notably, extending this research area 

will make it possible for managers, reliability engineers, maintenance experts, and other decision-

makers to handle these challenges using more computationally effective techniques. We highlight 

that our study's limitation is that not all approaches found in the literature were covered in detail. 

In order to learn more about them, one must consult the references. Additionally, it is essential to 

broaden the search to include other databases like Scopus. Despite the aforementioned drawbacks, 

this study can fill in the gaps that have already been discovered, produce new ideas for reviews and 

empirical studies, and offer pertinent information about the issue.  
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