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Abstract 
Uncertainty in reservoir models poses significant challenges to decision-making in exploration and production 

(E&P), where accurate predictions of subsurface behavior are critical. Traditional deterministic approaches often 

fail to capture the complexities and inherent variability of geological formations, making uncertainty 

quantification (UQ) essential for improving risk management strategies. This review proposes a conceptual 

framework that combines Bayesian networks and stochastic modeling to address uncertainty in reservoir models. 

Bayesian networks are employed to incorporate prior knowledge, integrate multiple data sources, and iteratively 

update the uncertainty estimates as new data becomes available. Stochastic modeling, through methods like Monte 

Carlo simulations and geostatistical realizations, is used to generate multiple scenarios of reservoir properties 

and performance. By integrating these approaches, the framework enables dynamic uncertainty quantification, 

providing more robust forecasts and a comprehensive understanding of risk. The proposed framework also offers 

new perspectives on managing uncertainties in key E&P decisions, such as well placement, production 

optimization, and risk assessment. Bayesian networks facilitate the quantification of conditional dependencies 

between reservoir variables, allowing for real-time adjustments and better predictions. Meanwhile, stochastic 

simulations enable the exploration of a wide range of possible reservoir behaviors under uncertain conditions. 

Together, these approaches form a powerful toolset for optimizing operational strategies and mitigating risks in 

reservoir management. This review highlights the advantages, challenges, and future potential of Bayesian and 

stochastic approaches for uncertainty quantification, offering a transformative view on how they can enhance the 

reliability of reservoir models and improve decision-making in E&P operations. 
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I. Introduction 

Reservoir modeling plays a critical role in the exploration and production (E&P) phases of the oil and 

gas industry (Shah et al., 2022). These models provide a three-dimensional representation of the subsurface, 

allowing operators to estimate the size, shape, and characteristics of reservoirs. Accurate reservoir models are 

essential for optimizing the placement of wells, predicting production rates, and designing effective extraction 

strategies (Bassey and Ibegbulam, 2023). In addition to maximizing hydrocarbon recovery, these models help in 

minimizing operational costs and reducing environmental impacts. However, the complexity of subsurface 

conditions and the inherent geological variability pose significant challenges to developing accurate reservoir 

models (Madsen et al., 2022). Geological formations are often heterogeneous, with properties such as porosity, 

permeability, and fluid saturation varying significantly across different locations. This variability introduces 

uncertainty into the predictions made by reservoir models, making it difficult to forecast reservoir performance 

reliably (Agupugo et al., 2024). Factors like the availability of incomplete or noisy data from seismic surveys, 

well logs, and core samples further compound the problem. As a result, uncertainty in reservoir modeling can lead 

to suboptimal decision-making, operational inefficiencies, and increased financial risk. 

Given the critical role that reservoir models play in E&P operations, managing uncertainty is essential 

for improving decision-making and risk management (Asgharzadeh et al., 2022). Uncertainty quantification (UQ) 

refers to the process of identifying, characterizing, and reducing the uncertainty associated with reservoir models. 

UQ enables operators to account for variability in geological properties and incomplete data, providing a more 

realistic range of possible reservoir behaviors. The value of UQ extends beyond technical predictions; it directly 

influences financial decisions, resource allocation, and project feasibility assessments (Pettit et al., 2020). UQ also 

allows operators to assess and manage the risks associated with reservoir performance, ensuring that they are 
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prepared for a wide range of operational scenarios. Despite its importance, traditional deterministic approaches to 

reservoir modeling often overlook uncertainty, relying on a single "best-case" or "most-likely" scenario. These 

methods fail to capture the full range of possible outcomes, leading to inaccurate forecasts and potentially costly 

mistakes. Therefore, there is a pressing need for more robust frameworks that incorporate UQ into reservoir 

models, ensuring that uncertainty is addressed explicitly and systematically (Xu et al., 2022). 

This review proposes a conceptual framework that integrates Bayesian networks and stochastic modeling 

techniques to quantify and manage uncertainty in reservoir models. Bayesian networks are powerful tools that 

allow for the incorporation of prior knowledge and the integration of diverse data sources, such as geological, 

geophysical, and production data. They enable the dynamic updating of uncertainty estimates as new information 

becomes available, making them particularly well-suited for managing uncertainty in the complex and evolving 

context of E&P operations. Stochastic modeling, on the other hand, generates multiple realizations of reservoir 

properties, capturing the range of possible outcomes. Techniques such as Monte Carlo simulations and 

geostatistical methods provide a probabilistic assessment of reservoir behavior, enabling operators to explore 

various scenarios and optimize decision-making under uncertainty (Hamdi et al., 2021). By combining Bayesian 

networks and stochastic approaches, this framework offers a comprehensive methodology for quantifying 

uncertainty, providing more reliable predictions and enhancing risk management. 

The proposed framework aims to offer new perspectives on risk management in E&P by shifting the 

focus from deterministic predictions to probabilistic analyses. This approach not only improves the accuracy of 

reservoir forecasts but also allows for a more proactive and informed management of risks associated with 

hydrocarbon recovery. The insights derived from this framework have the potential to transform reservoir 

management, contributing to more efficient, cost-effective, and environmentally responsible practices in the oil 

and gas industry. 

 

II. Theoretical Foundations of Uncertainty in Reservoir Models 

Reservoir models are crucial for predicting the behavior of subsurface reservoirs, aiding in decision-

making during exploration and production (E&P) activities (Esan et al., 2024). However, these models are 

inherently uncertain due to a variety of factors. The uncertainties in reservoir models can be broadly categorized 

into three types: geological uncertainty, operational uncertainty, and predictive uncertainty.  

Geological uncertainty refers to the variability in subsurface properties such as porosity, permeability, 

and structural geometry. These properties significantly influence fluid flow within reservoirs, but they are often 

difficult to measure precisely due to the limited number of wells and indirect measurement techniques like seismic 

surveys. Geological formations are complex and heterogeneous, meaning that reservoir characteristics can vary 

drastically within short distances (Mogensen and Masalmeh, 2020). This variability introduces significant 

uncertainty into reservoir models, as the exact nature of subsurface formations can only be estimated based on 

limited data. Porosity, for instance, controls the amounts of hydrocarbons that can be stored in the reservoir, while 

permeability determines how easily fluids can move through the rock. Any inaccuracy in estimating these 

properties directly impacts the accuracy of reservoir models and can lead to suboptimal production strategies. 

Operational uncertainty arises from factors related to data collection, measurement errors, and the 

assumptions made during the modeling process (Bassey, 2023). Reservoir models rely on data obtained from well 

logs, core samples, and seismic surveys, but these data sources are often incomplete or noisy. Measurement errors 

can occur during data acquisition, leading to inaccurate representations of subsurface conditions. Additionally, 

models must make simplifying assumptions about the reservoir, such as assuming uniform rock properties or 

idealized fluid behavior. These assumptions introduce uncertainty, as real-world reservoirs often deviate from the 

idealized conditions assumed by the model. The limited availability of data also poses a significant challenge, as 

reservoir models must extrapolate subsurface properties based on a few scattered data points, which increases the 

potential for error (Bi et al., 2022). 

Predictive uncertainty pertains to the uncertainty involved in forecasting future reservoir performance, 

including production rates, recovery factors, and reservoir life expectancy (Agupugo et al., 2024). Even with 

detailed models and extensive data, predicting the future behavior of a reservoir is inherently uncertain due to the 

dynamic and evolving nature of subsurface conditions. Factors such as changes in pressure, fluid movement, and 

geomechanically interactions can alter reservoir performance over time. Predictive uncertainty also arises from 

the limitations of the models themselves, which are often based on historical data and may not accurately capture 

future trends. As a result, production forecasts often have a significant range of possible outcomes, and operators 

must manage the associated risks when making decisions about field development and production strategies. 

Uncertainty quantification (UQ) has long been a challenge in reservoir modeling, and traditional 

approaches have relied on either deterministic or probabilistic methods to address uncertainty. Deterministic 

models attempt to represent reservoir properties using a single “best guess” scenario, often based on average or 

most likely values of key parameters such as porosity, permeability, and fluid saturation. While these models 

provide a simplified view of reservoir behavior, they do not account for the full range of possible variations in 
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subsurface properties. As a result, deterministic models are inherently limited in their ability to handle uncertainty 

(Esan et al., 2024). They often fail to capture the complexity and variability of real-world reservoirs, leading to 

inaccurate forecasts and suboptimal decisions. By focusing on a single scenario, deterministic models can 

overlook less likely but still plausible outcomes, which can have significant financial and operational 

consequences. 

Probabilistic models, in contrast, embrace uncertainty by considering a range of possible outcomes and 

assigning probabilities to different scenarios (Enebe, 2019). This approach is crucial for effective uncertainty 

quantification, as it allows for a more comprehensive understanding of the risks and uncertainties involved in 

reservoir management. Probabilistic models use statistical techniques, such as Monte Carlo simulations and 

geostatistical methods, to generate multiple realizations of reservoir properties, each representing a different 

possible scenario. These realizations are then analyzed to produce probability distributions for key outcomes, such 

as production rates and recovery factors. By accounting for the full range of geological, operational, and predictive 

uncertainties, probabilistic models provide a more robust framework for decision-making. Operators can use these 

models to assess the likelihood of various outcomes and to develop risk management strategies that account for 

uncertainty. For example, probabilistic models can help determine the range of possible recovery factors for a 

reservoir, allowing operators to plan for both best-case and worst-case scenarios. This approach ensures that 

decisions are based on a more realistic assessment of the uncertainties involved, reducing the risk of unforeseen 

issues during production. Understanding and addressing the various types of uncertainty in reservoir models is 

crucial for improving decision-making in exploration and production (Huang et al., 2022). While traditional 

deterministic models offer limited insight into uncertainty, probabilistic approaches provide a more 

comprehensive framework for managing risks and optimizing resource recovery in the face of subsurface 

variability and operational challenges. 

 

2.1 Bayesian Networks for Uncertainty Quantification 

Bayesian networks (BNs) are powerful probabilistic graphical models that represent a set of variables 

and their conditional dependencies using directed acyclic graphs as illustrated in figure 1 (Hall et al., 2021; 

Bassey, 2023). They are built on the principles of Bayesian probability, which allows the incorporation of prior 

knowledge and the updating of beliefs as new evidence becomes available. In a Bayesian network, each node 

represents a random variable, while the edges between nodes represent the conditional dependencies between 

those variables. The strength of the relationships is quantified by conditional probability tables (CPTs), which 

assign probabilities to each possible state of a variable, given the states of its parent nodes. 

The core principles of Bayesian networks revolve around three main concepts: conditional probability, 

prior knowledge, and evidence. Conditional probability refers to the probability of an event occurring, given the 

occurrence of another related event. Prior knowledge is the existing information or beliefs about a system before 

any new data is introduced, and it plays a central role in Bayesian reasoning (Wojtowicz and DeDeo, 2020). 

Evidence is the new information that is used to update prior knowledge, resulting in a revised belief, or posterior 

probability. Bayesian inference, the process of updating beliefs with new evidence, enables decision-makers to 

adjust their predictions as more data becomes available, leading to more accurate and reliable models. Bayesian 

networks offer several advantages in handling uncertainty. First, they provide a structured framework for 

incorporating prior knowledge and updating it with new evidence. Second, they allow for the explicit 

representation of uncertainty through probability distributions, rather than relying on deterministic values. This 

makes Bayesian networks particularly well-suited for systems where uncertainty is inherent, such as reservoir 

models in the oil and gas industry. Additionally, Bayesian networks can integrate information from multiple 

sources, making them ideal for complex systems that rely on various types of data (Agupugo and Tochukwu, 

2021). 

In the context of reservoir modeling, Bayesian networks provide a robust framework for integrating 

geological, geophysical, and engineering data, all of which may have varying degrees of uncertainty. Reservoir 

models rely on data from seismic surveys, well logs, production data, and core samples to estimate critical 

subsurface properties, such as porosity, permeability, and fluid saturation (Radwan, 2022). However, these data 

sources often contain errors, inconsistencies, or incomplete information, making it difficult to accurately predict 

reservoir behavior. Bayesian networks offer a systematic way to combine these diverse datasets while explicitly 

accounting for uncertainty. One of the key applications of Bayesian networks in reservoir modeling is the ability 

to update reservoir models dynamically as new data becomes available. This is achieved through Bayesian 

inference, which allows operators to revise their understanding of reservoir properties as more information is 

gathered during exploration and production (Grana et al., 2022). This continuous updating process ensures that 

the model remains relevant and reflects the most up-to-date understanding of the reservoir, improving decision-

making and reducing the risk of unforeseen issues during production. 
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Figure 1: BN, or Bayesian Network (Hall et al., 2021) 

 

Building a Bayesian network for uncertainty quantification (UQ) in reservoir modeling involves several 

key steps.  The first step is to identify the key variables that influence reservoir behavior, such as porosity, 

permeability, fluid properties, and pressure. These variables form the nodes of the Bayesian network. Next, the 

conditional dependencies between these variables must be established (Améndola et al., 2022). For example, 

permeability may depend on porosity, and fluid flow properties may depend on both permeability and pressure. 

These dependencies are represented by the directed edges in the Bayesian network, creating a graphical 

representation of how reservoir properties interact with each other. Once the variables and dependencies are 

defined, prior probability distributions must be assigned to each variable. These prior distributions reflect the 

initial beliefs about the reservoir properties, based on historical data, expert judgment, or geological analogs. For 

example, prior distributions for porosity and permeability might be based on previous well data or regional 

geological studies. These priors serve as the starting point for the Bayesian network and will be updated as new 

data becomes available. As new data is collected during exploration and production (e.g., production rates, well 

test results), the Bayesian network uses likelihood functions to update the prior distributions. Likelihood functions 

describe how likely the observed data is, given certain values of the reservoir properties. The Bayesian network 

applies Bayesian inference to combine the prior distributions with the likelihood functions, resulting in updated 

posterior distributions that reflect the revised probabilities for each variable. The iterative nature of Bayesian 

networks allows reservoir models to adapt as new information is obtained, providing a continuously improving 

representation of subsurface conditions. By systematically incorporating uncertainty into the modeling process, 

Bayesian networks enable operators to make more informed decisions and reduce the risks associated with 

reservoir development (Zhang et al., 2021). Bayesian networks offer a flexible and powerful approach to 

uncertainty quantification in reservoir modeling. They provide a systematic way to integrate diverse data sources, 

account for uncertainty, and update models as new data becomes available. This makes Bayesian networks an 

invaluable tool for improving decision-making and risk management in the exploration and production of 

hydrocarbons. 

2.2 Stochastic Modeling for Reservoir Uncertainty Management 

Stochastic modeling refers to the application of random processes and probability theory to simulate 

systems that exhibit inherent uncertainty and variability, such as reservoir behavior in oil and gas exploration 

(Oyindamola and Esan, 2023). Unlike deterministic models, which provide a single, fixed prediction based on 

initial conditions, stochastic models account for multiple possible outcomes by incorporating the randomness 

associated with subsurface characteristics and reservoir dynamics In the context of reservoir modeling, stochastic 

processes help represent the variability in subsurface properties such as porosity, permeability, and fluid saturation. 
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This is crucial for making accurate predictions about reservoir performance and managing the uncertainty that 

arises from incomplete or imprecise data. The distinction between deterministic and stochastic models is key to 

understanding the value of stochastic methods in reservoir simulation. Deterministic models assume that the 

system’s behavior can be predicted precisely if the initial conditions and governing equations are known (Reichert 

et al., 2021). In contrast, stochastic models recognize that uncertainties in data, measurements, and model 

assumptions mean that predictions should be expressed probabilistically. This shift from a single "best guess" 

solution to a range of possible outcomes enables better decision-making in reservoir management, as operators 

can assess the likelihood of different scenarios and plan accordingly. 

Several stochastic methods are used in reservoir simulation to account for uncertainty in subsurface 

properties and operational decisions (Benetatos and Giglio, 2021). Among the most widely used techniques are 

Monte Carlo simulations, geostatistical models, history- matching approaches [as illustrated in figure 2 (Santoso 

et al., 2021)] and random walk models, each offering unique advantages in managing uncertainty. Monte Carlo 

Simulations are one of the most commonly employed stochastic methods in reservoir modeling. This technique 

uses random sampling to propagate uncertainty through the model by repeatedly simulating the system with 

different sets of inputs. By generating a large number of realizations of the reservoir model, each with slightly 

different input parameters (e.g., porosity, permeability), Monte Carlo simulations produce a distribution of 

possible outcomes, allowing operators to quantify the range of uncertainty in key metrics such as production rates 

or recovery factors. The results of these simulations can be used to estimate confidence intervals, enabling risk 

assessments and more informed decision-making. Geostatistical Models are another important stochastic tool, 

particularly for representing spatial variability in reservoir properties. Geostatistics uses statistical methods to 

generate multiple realizations of the reservoir’s geological properties based on spatial correlations observed in 

available data (Adeli and Emery, 2021). For example, variograms and random fields can be used to describe how 

reservoir properties such as porosity and permeability vary across space, accounting for geological structures and 

heterogeneities. Multiple realizations generated through geostatistical models help capture the uncertainty in the 

spatial distribution of reservoir properties, which can significantly impact fluid flow and recovery. By analyzing 

the different realizations, operators can explore a wide range of possible reservoir configurations and assess the 

associated risks. Random Walk Models are particularly useful for analyzing fluid flow and reservoir connectivity. 

In a random walk model, the movement of particles or fluids through the reservoir is treated as a stochastic process, 

where the direction and distance of each step are determined probabilistically. This method is especially helpful 

in reservoirs with complex or poorly understood connectivity between different zones, where deterministic flow 

models may fail to capture the true dynamics. Random walk models allow for more flexible and realistic 

representations of fluid flow, making them valuable for simulating processes like oil migration, waterflooding, or 

enhanced oil recovery (Kumar et al., 2021). 

 
Figure 2: Reservoir model uncertainty utilizing various history-matching techniques as a function of reservoir 

model accuracy (Santoso et al., 2021) 

 

Stochastic approaches to reservoir modeling offer several key advantages over deterministic methods, 

particularly in the context of uncertainty management. One of the main benefits is the ability to quantify 

uncertainty in predictions, rather than providing a single, potentially misleading outcome. By generating 
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probability distributions for key reservoir parameters, stochastic models allow operators to assess the likelihood 

of different scenarios, providing a more comprehensive understanding of the risks and uncertainties involved in 

reservoir development. Another significant advantage of stochastic modeling is the ability to explore a wide range 

of reservoir scenarios (Enebe et al., 2019). This is crucial for decision-making in the oil and gas industry, where 

the cost of drilling and development is high, and the consequences of inaccurate predictions can be substantial. 

Stochastic models allow operators to test multiple realizations of the reservoir, each representing a plausible 

configuration of subsurface properties, to determine how different factors might influence production outcomes 

as illustrated in figure 3 (Ortiz-Partida et al., 2019) This exploration of possible scenarios enhances risk assessment 

and enables more robust decision-making in both exploration and production phases. Stochastic modeling 

provides a powerful framework for managing uncertainty in reservoir models by incorporating randomness and 

variability into the simulation process (Sakki et al., 2022). Techniques such as Monte Carlo simulations, 

geostatistical modeling, and random walk models allow for a more realistic representation of subsurface variability 

and reservoir dynamics, offering critical insights into risk and uncertainty. By quantifying uncertainty and 

exploring different reservoir scenarios, stochastic approaches improve the reliability of reservoir predictions and 

help optimize decision-making in exploration and production. 

 

 
Figure 3: Workflow for stochastic optimization models (Ortiz-Partida et al., 2019) 

 

2.3 Integrating Bayesian and Stochastic Approaches: A Conceptual Framework 

The integration of Bayesian networks with stochastic modeling provides a powerful framework for 

uncertainty quantification (UQ) in reservoir models. Bayesian networks, with their ability to model relationships 

between variables and update predictions dynamically as new data becomes available, can be combined with 

stochastic methods to create a more robust approach for reservoir performance forecasting (Kocian et al., 2020; 

Bassey, 2023).  Bayesian networks enable the definition of prior distributions for key reservoir parameters such 

as porosity, permeability, and fluid saturation. These priors represent the initial understanding of the reservoir 

based on historical data or expert knowledge. In stochastic simulations, these priors serve as the foundation for 

generating multiple realizations of the reservoir. By sampling from the prior distributions, stochastic models 

simulate a variety of reservoir scenarios, allowing for a comprehensive analysis of possible outcomes. As new 

data is gathered from well tests, production data, or seismic surveys, Bayesian inference plays a critical role in 

updating the uncertainty within the model. Bayesian networks can incorporate this new evidence to adjust the 

prior distributions, creating posterior distributions that reflect the updated knowledge of the reservoir. This 

updated information is then fed into the stochastic models to refine future simulations. The combination of these 

approaches allows for dynamic forecasting, where the model evolves iteratively as new data becomes available, 

leading to more accurate predictions over time (Agupugo et al., 2022). This integration offers a significant 

advantage over traditional static models, where uncertainties are often treated as fixed. By leveraging the 
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adaptability of Bayesian networks and the probabilistic nature of stochastic modeling, this framework allows for 

real-time updates to the reservoir model, providing more reliable forecasts and improved decision-making in 

exploration and production (E&P). 

A conceptual workflow for integrating Bayesian networks with stochastic modeling involves several key 

steps to achieve effective uncertainty quantification and risk management (Olivier et al., 2021). The process begins 

with the construction of a Bayesian network that captures the relationships between critical reservoir variables. 

Prior distributions for each variable are defined based on available geological, geophysical, and engineering data. 

These distributions represent the initial uncertainty in the model, reflecting what is known about the reservoir 

prior to production or exploration activities. Once the Bayesian network has been established, stochastic 

simulations are conducted to evaluate reservoir performance under uncertainty. These simulations generate 

multiple realizations of the reservoir, each representing a different possible configuration based on the prior 

distributions. Monte Carlo simulations, geostatistical models, or random walk methods can be employed to 

propagate uncertainty through the system and quantify the impact of various reservoir characteristics on 

production performance (Tso et al., 2021). The results offer insights into the range of possible production 

outcomes and associated risks. As new data from wells, production operations, or other sources are gathered, the 

Bayesian network is updated using Bayesian inference. The prior distributions are adjusted to reflect the new 

information, producing posterior distributions that provide a more accurate representation of the reservoir. These 

updated distributions are then fed back into the stochastic simulations, ensuring that future predictions are based 

on the most current knowledge of the system. This iterative process continues throughout the lifecycle of the 

reservoir, enhancing the accuracy of the model over time. The integration of Bayesian and stochastic approaches 

has direct applications to decision-making in the E&P process (Steineder and Clemens, 2021). Furthermore, the 

framework supports risk assessment by providing probabilistic insights into the likelihood of achieving specific 

production targets, helping operators make informed decisions that balance hydrocarbon recovery with operational 

and financial risks. 

To illustrate the integration of Bayesian and stochastic approaches, consider a hypothetical reservoir 

where the operator needs to make a decision about the placement of a new production well. Initial geological and 

seismic data suggest variability in porosity and permeability across the reservoir, introducing significant 

uncertainty into predictions of well performance (Adepoju and Esan, 2023). Using a Bayesian network, the 

operator defines prior distributions for porosity and permeability based on the available data, capturing the 

uncertainty in these key reservoir parameters. Next, the operator runs stochastic simulations using a Monte Carlo 

approach, generating multiple realizations of the reservoir’s properties. These simulations yield a range of 

potential outcomes for production rates and recovery factors, providing insight into the risks associated with 

different well locations. As the operator gathers new data from well tests and production logging, the Bayesian 

network updates the prior distributions, reflecting the improved understanding of subsurface conditions (Enebe et 

al., 2022). This updated information is then used to refine the stochastic simulations, narrowing the range of 

possible outcomes and providing more precise guidance on optimal well placement. By continuously updating the 

model as new data becomes available, the operator is able to make a well-informed decision that maximizes 

production potential while minimizing the risk of drilling in less productive areas (Abili and Hemeda, 2023; 

Stadtmann et al., 2023). This case study highlights the power of integrating Bayesian networks with stochastic 

modeling to manage uncertainty and optimize decision-making in reservoir management. 

Integrating Bayesian networks with stochastic modeling provides a comprehensive framework for 

uncertainty quantification and risk management in reservoir models (Bassey et al., 2024). By combining the 

dynamic updating capabilities of Bayesian inference with the probabilistic nature of stochastic simulations, this 

approach enables more accurate forecasting and better decision-making in exploration and production, ultimately 

improving the balance between resource recovery and risk mitigation. 

 

2.4 New Perspectives on Risk Management in Exploration and Production 

Bayesian networks offer a powerful tool for risk assessment in exploration and production (E&P) by 

quantifying the probability of failure or underperformance under uncertain conditions (Esan, 2023). In the context 

of reservoir modeling, they can be used to capture the relationships between various subsurface parameters such 

as porosity, permeability, and fluid saturation and operational performance. By incorporating expert knowledge 

and historical data, Bayesian networks can estimate the likelihood of various adverse events, such as low 

production rates, drilling failures, or unexpected reservoir behavior (Xiao et al., 2020). A key advantage of 

Bayesian networks is their ability to update probabilities dynamically as new information becomes available. In 

E&P operations, data is continually collected from wells, seismic surveys, and production logs. This ongoing data 

collection allows Bayesian networks to revise prior assumptions, producing more accurate, real-time risk 

assessments. For instance, if initial geological models suggest a high chance of encountering low-permeability 

zones, but new well logs indicate better-than-expected permeability, the Bayesian network updates the model 

accordingly, lowering the perceived risk of underperformance. This dynamic risk management enhances decision-
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making during critical phases of exploration and production by providing updated risk profiles based on the most 

current data. By offering a probabilistic view of uncertainties, Bayesian networks provide operators with a clear 

understanding of the potential risks associated with specific actions (Yu et al., 2021). This helps E&P companies 

prioritize interventions, allocate resources effectively, and minimize the impact of adverse outcomes on overall 

project success. 

Stochastic models complement Bayesian networks by providing detailed simulations that can identify 

high-risk scenarios in reservoir development (Carriger and Parker, 2021). These models account for the inherent 

variability in reservoir properties by generating multiple realizations of the subsurface, each representing a 

different possible configuration of the reservoir. Using methods such as Monte Carlo simulations, stochastic 

models propagate uncertainty through the system, producing a range of possible outcomes for production rates, 

recovery factors, and well performance. By analyzing these outcomes, operators can identify which scenarios 

present the highest risk and develop strategies to mitigate them. For instance, stochastic simulations may reveal 

that certain regions of the reservoir are more likely to experience early water breakthrough, which could limit oil 

recovery. With this knowledge, engineers can adjust the drilling plan to avoid these regions, or optimize production 

rates to delay water breakthrough, thereby minimizing the risk of underperformance (Halim et al., 2021). 

Stochastic models also allow for the optimization of operational strategies under uncertain conditions. For 

example, they can be used to test different production strategies, such as varying production rates or altering well 

placement, to identify which approaches are most likely to succeed under various reservoir conditions. This 

enables operators to make informed decisions that balance the pursuit of optimal recovery with the need to mitigate 

risks, improving overall project outcomes. 

The combination of Bayesian networks and stochastic models enables real-time uncertainty quantification 

and risk assessment during critical phases of E&P operations, such as drilling and production (Enebe et al., 2019). 

This integration allows operators to continuously evaluate the evolving risk profile of the project as new data 

becomes available, enabling rapid adjustments to operational strategies. During the drilling phase, for instance, 

real-time data from measurement-while-drilling (MWD) and logging-while-drilling (LWD) tools can be 

incorporated into the Bayesian network, updating the probability of encountering high-risk geological formations. 

Stochastic simulations can then be run in real-time to evaluate different drilling scenarios, helping to adjust the 

well trajectory and avoid potential drilling hazards. In the production phase, real-time reservoir monitoring data 

can be used to update both Bayesian networks and stochastic models, enabling predictive models to identify early 

warning signs of potential issues, such as pressure drops, water breakthrough, or unexpected changes in fluid 

composition. Operators can then take proactive measures to prevent costly production losses, such as adjusting 

production rates or implementing enhanced recovery techniques. The ability to perform real-time risk assessments 

and decision-making is a significant advancement in E&P, as it allows for the continuous adaptation of strategies 

in response to evolving conditions (Bravo and Hernandez, 2020). This not only improves the likelihood of 

achieving production targets but also reduces the operational and financial risks associated with subsurface 

uncertainties. 

Bayesian networks and stochastic models provide a robust framework for improving risk management in 

exploration and production (Kammouh et al., 2020). By enabling dynamic, real-time risk assessments and offering 

probabilistic insights into potential failure modes, these approaches allow operators to better manage uncertainties 

and optimize decision-making throughout the lifecycle of a reservoir. The integration of these techniques into 

E&P operations offers new perspectives on how to balance the pursuit of resource recovery with the need to 

mitigate risks, ultimately leading to more efficient and sustainable reservoir management practices. 

 

2.5 Challenges and Future Directions 

Implementing Bayesian networks and stochastic approaches for uncertainty quantification (UQ) in 

reservoir models presents several challenges (Enebe et al., 2024). One of the most significant is data limitations 

and model complexity. Reservoir models require high-quality data, such as porosity, permeability, and fluid 

properties, which can be sparse or uncertain. Geological heterogeneity and subsurface variability make it difficult 

to collect accurate, comprehensive data. Moreover, integrating geological, geophysical, and engineering data into 

a unified Bayesian-stochastic framework can be complex. The need for expert judgment to define prior 

distributions, along with the potential for subjective bias, further complicates the process. Another key challenge 

is computational complexity, particularly in large-scale reservoir simulations. Bayesian networks, while powerful, 

can become computationally demanding as the number of variables and dependencies increases. Similarly, 

stochastic methods like Monte Carlo simulations and geostatistical modeling require significant computational 

resources to generate and analyze multiple realizations of the reservoir. In large or highly heterogeneous 

reservoirs, these methods may lead to high processing times, creating bottlenecks in decision-making processes. 

Advanced parallel computing and optimization techniques are often required to handle the scale of modern 

reservoir simulations, but these come with additional costs and technical requirements. A third challenge is the 

integration with real-time data streams for continuous model updates. While Bayesian networks allow for dynamic 
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updates as new data becomes available, integrating these updates in real-time into ongoing stochastic simulations 

remains difficult. Real-time data collection technologies, such as those used in logging-while-drilling (LWD) or 

production monitoring, must interface seamlessly with the Bayesian and stochastic models, necessitating 

advanced data management and processing capabilities (Pandey et al., 2020; Enebe and Ukoba, 2024). This 

requires robust data pipelines and fast computational processes to ensure that real-time updates inform operational 

decisions without delay. 

To address these challenges, several avenues for future research are emerging. One promising area is the 

development of more efficient algorithms for Bayesian inference and stochastic simulations. Traditional Bayesian 

inference methods, such as Markov Chain Monte Carlo (MCMC), can be computationally expensive. Research is 

focusing on more efficient algorithms, such as variational inference or approximate Bayesian computation, which 

can deliver faster results while maintaining accuracy (Dhaka et al., 2021). Similarly, advances in sampling 

techniques for stochastic simulations, including improved Monte Carlo methods, will help reduce computational 

demands. Another area of interest is the application of machine learning techniques to improve uncertainty 

quantification. Machine learning models can process large volumes of complex, multidimensional data more 

efficiently than traditional methods. By training on historical data, machine learning algorithms can learn patterns 

in reservoir behavior, which can then be incorporated into Bayesian and stochastic frameworks. For example, deep 

learning techniques may be used to estimate prior distributions or optimize sampling strategies in stochastic 

simulations. Machine learning can also aid in automating the process of updating models as new data becomes 

available, improving real-time decision-making capabilities (Skordilis and Moghaddass, 2020). 

Further research is also needed in enhancing the integration of geophysical and geological data into 

Bayesian-stochastic frameworks. Advances in geophysical imaging techniques, such as 4D seismic surveys, offer 

new sources of data that can improve the accuracy of reservoir models. However, incorporating this data into 

existing UQ frameworks is non-trivial. Researchers are exploring methods to better fuse different data types—

such as well logs, seismic data, and production data—into unified Bayesian-stochastic models. By improving the 

way these data sources are combined, future models will offer more reliable uncertainty estimates and better 

predictions of reservoir performance. 

The potential for broader industry adoption of Bayesian and stochastic approaches in reservoir 

management depends largely on the ability to scale these frameworks to different reservoir types and E&P 

environments (Salem et al., 2022; Misra et al., 2022). Currently, these methods are often applied to high-cost, 

high-complexity reservoirs, where the benefits of uncertainty quantification and risk management justify the 

computational and technical investments. However, for smaller or less complex reservoirs, the perceived cost of 

implementation can be a barrier. Future advancements in algorithmic efficiency and computational power could 

help reduce these costs, making the approach more accessible to a wider range of E&P projects. Additionally, 

increasing industry familiarity with these methods will be key to broader adoption. As Bayesian and stochastic 

approaches demonstrate success in real-world applications, particularly in areas such as real-time decision-making 

and risk mitigation, their utility will become more apparent to industry professionals. Expanding training 

programs, developing user-friendly software tools, and showcasing case studies from diverse reservoir 

environments will all contribute to increasing the adoption of these methods across the industry (Hussain et al., 

2023). While challenges remain in data limitations, computational demands, and real-time integration, the future 

of Bayesian and stochastic approaches in reservoir management looks promising. With ongoing research into 

more efficient algorithms, machine learning integration, and improved data fusion, these techniques will play an 

increasingly critical role in enhancing uncertainty quantification, risk management, and decision-making in the 

exploration and production of hydrocarbons. 

 

III. Conclusion 

In summary, uncertainty quantification (UQ) in reservoir models plays a critical role in managing the 

inherent uncertainties of subsurface conditions, leading to improved risk management in exploration and 

production (E&P). The integration of Bayesian networks with stochastic modeling offers distinct advantages for 

handling uncertainty, as Bayesian networks allow for dynamic updates with new data, while stochastic simulations 

provide robust probabilistic insights into potential reservoir scenarios. Together, these methods enable a more 

comprehensive understanding of reservoir performance and mitigate risks in critical decisions such as well 

placement, production optimization, and resource allocation. 

By applying this combined framework, E&P decision-making can become more informed and responsive 

to changing conditions, improving operational efficiency and minimizing potential failures or underperformance. 

The ability to continuously update models with real-time data further enhances its value, ensuring that risk 

assessments remain accurate and current throughout the lifecycle of a reservoir. 

Looking ahead, the future of UQ in reservoir modeling lies in further advancements in computational 

methods and integration with real-time data streams. As algorithms become more efficient and machine learning 

techniques are increasingly integrated into these frameworks, the potential to drive more adaptive and robust E&P 
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operations will only grow. This approach can not only reduce uncertainties but also enhance the sustainability and 

economic viability of oil and gas projects by enabling more precise forecasting and risk mitigation. In this way, 

Bayesian-stochastic UQ frameworks represent a key frontier in the evolution of reservoir modeling and risk 

management in the energy sector. 

 

Reference 
[1]. Abili, N. and Hemeda, S., 2023, October. Insight-Driven Digital Engineering–A Key Enabler Driving Operational Intelligence in the 

Energy Industry. In SPE Annual Technical Conference and Exhibition? (p. D031S039R006). SPE. 

[2]. Adeli, A. and Emery, X., 2021. Geostatistical simulation of rock physical and geochemical properties with spatial filtering and its 
application to predictive geological mapping. Journal of Geochemical Exploration, 220, p.106661. 

[3]. Adepoju, O.O. and Esan, O., 2023. RISK MANAGEMENT PRACTICES AND WORKERS SAFETY IN UNIVERSITY OF 

MEDICAL SCIENCES TEACHING HOSPITAL, ONDO STATE NIGERIA. Open Journal of Management Science (ISSN: 2734-
2107), 4(1), pp.1-12. 

[4]. Agupugo, C.P. and Tochukwu, M.F.C., 2021. A model to assess the economic viability of renewable energy microgrids: A case study 

of Imufu Nigeria. 
[5]. Agupugo, C.P., Ajayi, A.O., Nwanevu, C. and Oladipo, S.S., 2022. Policy and regulatory framework supporting renewable energy 

microgrids and energy storage systems. 

[6]. Agupugo, C.P., Ajayi, A.O., Nwanevu, C. and Oladipo, S.S., 2024. Advancements in Technology for Renewable Energy Microgrids. 
[7]. Agupugo, C.P., Kehinde, H.M. and Manuel, H.N.N., 2024. Optimization of microgrid operations using renewable energy sources. 

Engineering Science & Technology Journal, 5(7), pp.2379-2401. 

[8]. Améndola, C., Klüppelberg, C., Lauritzen, S. and Tran, N.M., 2022. Conditional independence in max-linear Bayesian networks. The 
Annals of Applied Probability, 32(1), pp.1-45. 

[9]. Asgharzadeh, M.F., Mamghaderi, A. and Mehdipour, V., 2022, November. Utilizing Advanced Reservoir Exploration Technologies 

to Improve the Development of Hydrocarbon Fields. In International Field Exploration and Development Conference (pp. 1012-
1029). Singapore: Springer Nature Singapore. 

[10]. Bassey, K.E. and Ibegbulam, C., 2023. Machine learning for green hydrogen production. Computer Science & IT Research Journal, 

4(3), pp.368-385. 
[11]. Bassey, K.E., 2023. Hybrid renewable energy systems modeling. Engineering Science & Technology Journal, 4(6), pp.571-588. 

[12]. Bassey, K.E., 2023. Hydrokinetic energy devices: studying devices that generate power from flowing water without dams. 

Engineering Science & Technology Journal, 4(2), pp.1-17. 
[13]. Bassey, K.E., 2023. Solar energy forecasting with deep learning technique. Engineering Science & Technology Journal, 4(2), pp.18-

32. 

[14]. Bassey, K.E., Opoku-Boateng, J., Antwi, B.O. and Ntiakoh, A., 2024. Economic impact of digital twins on renewable energy 
investments. Engineering Science & Technology Journal, 5(7), pp.2232-2247. 

[15]. Benetatos, C. and Giglio, G., 2021. Coping with uncertainties through an automated workflow for 3D reservoir modelling of carbonate 

reservoirs. Geoscience frontiers, 12(6), p.100913. 
[16]. Bi, Z., Wu, X., Li, Y., Yan, S., Zhang, S. and Si, H., 2022. Geologic-time-based interpolation of borehole data for building high-

resolution models: Methods and applications. Geophysics, 87(3), pp.IM67-IM80. 
[17]. Bravo, O. and Hernandez, D.F., 2020, July. Risk management strategies required for unconventional oil and gas exploration and 

development in Latin America. In SPE International Conference and Exhibition on Health, Safety, Environment, and Sustainability? 

(p. D041S017R003). SPE. 
[18]. Carriger, J.F. and Parker, R.A., 2021. Conceptual Bayesian networks for contaminated site ecological risk assessment and remediation 

support. Journal of environmental management, 278, p.111478. 

[19]. Dhaka, A.K., Catalina, A., Welandawe, M., Andersen, M.R., Huggins, J. and Vehtari, A., 2021. Challenges and opportunities in high 
dimensional variational inference. Advances in Neural Information Processing Systems, 34, pp.7787-7798. 

[20]. Enebe, G.C. and Ukoba, K., 2024. 11 Review of Solar Cells. Localized Energy Transition in the 4th Industrial Revolution, p.191. 

[21]. Enebe, G.C., 2019. Modeling and Simulation of Nanostructured Copper Oxides Solar Cells for Photovoltaic Application. University 
of Johannesburg (South Africa). 

[22]. Enebe, G.C., Lukong, V.T., Mouchou, R.T., Ukoba, K.O. and Jen, T.C., 2022. Optimizing nanostructured TiO2/Cu2O pn 

heterojunction solar cells using SCAPS for fourth industrial revolution. Materials Today: Proceedings, 62, pp.S145-S150. 
[23]. Enebe, G.C., Ukoba, K. and Jen, T.C., 2019. Numerical modeling of effect of annealing on nanostructured CuO/TiO2 pn 

heterojunction solar cells using SCAPS. AIMS Energy, 7(4), pp.527-538. 

[24]. Enebe, G.C., Ukoba, K. and Jen, T.C., 2019. Numerical modeling of effect of annealing on nanostructured CuO. TiO2 pn 
heterojunction solar cells using SCAPS. 

[25]. Enebe, G.C., Ukoba, K. and Jen, T.C., 2024. 4 A Review of Numerical Tools. Localized Energy Transition in the 4th Industrial 

Revolution, p.68. 
[26]. Esan, O., 2023. Addressing Brain Drain in the Health Sector towards Sustainable National Development in Nigeria: Way Forward. 

[27]. Esan, O., Nwulu, N. and Adepoju, O.O., 2024. A bibliometric analysis assessing the water-energy-food nexus in South Africa. 

Heliyon, 10(18). 
[28]. Esan, O., Nwulu, N.I., David, L.O. and Adepoju, O., 2024. An evaluation of 2013 privatization on Benin Electricity Distribution 

technical and workforce performance. International Journal of Energy Sector Management. 

[29]. Grana, D., Azevedo, L., De Figueiredo, L., Connolly, P. and Mukerji, T., 2022. Probabilistic inversion of seismic data for reservoir 
petrophysical characterization: Review and examples. Geophysics, 87(5), pp.M199-M216. 

[30]. Halim, M.C., Hamidi, H. and Akisanya, A.R., 2021. Minimizing formation damage in drilling operations: A critical point for 

optimizing productivity in sandstone reservoirs intercalated with clay. Energies, 15(1), p.162. 
[31]. Hall, E.J., Taverniers, S., Katsoulakis, M.A. and Tartakovsky, D.M., 2021. Ginns: Graph-informed neural networks for multiscale 

physics. Journal of Computational Physics, 433, p.110192. 

[32]. Hamdi, H., Clarkson, C.R., Esmail, A. and Sousa, M.C., 2021. Optimizing the huff ‘n’puff gas injection performance in shale 
reservoirs considering the uncertainty: a Duvernay shale example. SPE Reservoir Evaluation & Engineering, 24(01), pp.219-237. 

[33]. Huang, X., Xu, B., Zhong, P.A., Yao, H., Yue, H., Zhu, F., Lu, Q., Sun, Y., Mo, R., Li, Z. and Liu, W., 2022. Robust multiobjective 

reservoir operation and risk decision-making model for real-time flood control coping with forecast uncertainty. Journal of Hydrology, 
605, p.127334. 



Theoretical Insights into Uncertainty Quantification in Reservoir Models: A Bayesian and .. 

997 

[34]. Hussain, M., Zhang, T. and Seema, M., 2023. Adoption of big data analytics for energy pipeline condition assessment. International 

Journal of Pressure Vessels and Piping, p.105061. 

[35]. Kammouh, O., Gardoni, P. and Cimellaro, G.P., 2020. Probabilistic framework to evaluate the resilience of engineering systems using 
Bayesian and dynamic Bayesian networks. Reliability Engineering & System Safety, 198, p.106813. 

[36]. Kocian, A., Massa, D., Cannazzaro, S., Incrocci, L., Di Lonardo, S., Milazzo, P. and Chessa, S., 2020. Dynamic Bayesian network 

for crop growth prediction in greenhouses. Computers and electronics in agriculture, 169, p.105167. 
[37]. Kumar, N., Verma, A. and Mandal, A., 2021. Formation, characteristics and oil industry applications of nanoemulsions: A review. 

Journal of Petroleum Science and Engineering, 206, p.109042. 

[38]. Madsen, R.B., Høyer, A.S., Andersen, L.T., Møller, I. and Hansen, T.M., 2022. Geology-driven modeling: A new probabilistic 
approach for incorporating uncertain geological interpretations in 3D geological modeling. Engineering Geology, 309, p.106833. 

[39]. Misra, S., Liu, R., Chakravarty, A. and Gonzalez, K., 2022. Machine learning tools for fossil and geothermal energy production and 

carbon geo-sequestration—a step towards energy digitization and geoscientific digitalization. Circular Economy and Sustainability, 
2(3), pp.1225-1240. 

[40]. Mogensen, K. and Masalmeh, S., 2020. A review of EOR techniques for carbonate reservoirs in challenging geological settings. 

Journal of Petroleum Science and Engineering, 195, p.107889. 
[41]. Olivier, A., Shields, M.D. and Graham-Brady, L., 2021. Bayesian neural networks for uncertainty quantification in data-driven 

materials modeling. Computer methods in applied mechanics and engineering, 386, p.114079. 

[42]. Ortiz-Partida, J.P., Kahil, T., Ermolieva, T., Ermoliev, Y., Lane, B., Sandoval-Solis, S. and Wada, Y., 2019. A two-stage stochastic 

optimization for robust operation of multipurpose reservoirs. Water Resources Management, 33, pp.3815-3830. 

[43]. Oyindamola, A. and Esan, O., 2023. Systematic Review of Human Resource Management Demand in the Fourth Industrial Revolution 

Era: Implication of Upskilling, Reskilling and Deskilling. Lead City Journal of the Social Sciences (LCJSS), 8(2), pp.88-114. 
[44]. Pandey, Y.N., Rastogi, A., Kainkaryam, S., Bhattacharya, S. and Saputelli, L., 2020. Machine learning in the oil and gas industry. 

Mach Learning in Oil Gas Industry. 

[45]. Pettit, C., Shi, Y., Han, H., Rittenbruch, M., Foth, M., Lieske, S., van den Nouwelant, R., Mitchell, P., Leao, S., Christensen, B. and 
Jamal, M., 2020. A new toolkit for land value analysis and scenario planning. Environment and Planning B: Urban Analytics and City 

Science, 47(8), pp.1490-1507. 

[46]. Radwan, A.E., 2022. Three-dimensional gas property geological modeling and simulation. In Sustainable geoscience for natural gas 
subsurface systems (pp. 29-49). Gulf Professional Publishing. 

[47]. Reichert, P., Ammann, L. and Fenicia, F., 2021. Potential and challenges of investigating intrinsic uncertainty of hydrological models 

with stochastic, time‐ dependent parameters. Water Resources Research, 57(3), p.e2020WR028400. 
[48]. Sakki, G.K., Tsoukalas, I., Kossieris, P., Makropoulos, C. and Efstratiadis, A., 2022. Stochastic simulation-optimization framework 

for the design and assessment of renewable energy systems under uncertainty. Renewable and Sustainable Energy Reviews, 168, 

p.112886. 
[49]. Salem, A.M., Yakoot, M.S. and Mahmoud, O., 2022. Addressing diverse petroleum industry problems using machine learning 

techniques: literary methodology─ spotlight on predicting well integrity failures. ACS omega, 7(3), pp.2504-2519. 

[50]. Santoso, R., He, X., Alsinan, M., Kwak, H. and Hoteit, H., 2021, October. Bayesian long-short term memory for history matching in 

reservoir simulations. In SPE Reservoir Simulation Conference? (p. D011S014R005). SPE. 

[51]. Shah, V., Shah, J., Dudhat, K., Mehta, P. and Shah, M., 2022. Big data analytics in oil and gas industry. Emerg. Technol. Sustain. 
Smart Energy, pp.37-55. 

[52]. Skordilis, E. and Moghaddass, R., 2020. A deep reinforcement learning approach for real-time sensor-driven decision making and 

predictive analytics. Computers & Industrial Engineering, 147, p.106600. 
[53]. Stadtmann, F., Rasheed, A., Kvamsdal, T., Johannessen, K.A., San, O., Kölle, K., Tande, J.O., Barstad, I., Benhamou, A., Brathaug, 

T. and Christiansen, T., 2023. Digital twins in wind energy: Emerging technologies and industry-informed future directions. IEEE 

Access. 
[54]. Steineder, D. and Clemens, T., 2021, October. Hydrocarbon Field Re-Development in a Bayesian Framework. In SPE Europec 

featured at EAGE Conference and Exhibition? (p. D041S011R001). SPE. 

[55]. Tso, C.H.M., Iglesias, M., Wilkinson, P., Kuras, O., Chambers, J. and Binley, A., 2021. Efficient multiscale imaging of subsurface 
resistivity with uncertainty quantification using ensemble Kalman inversion. Geophysical Journal International, 225(2), pp.887-905. 

[56]. Wojtowicz, Z. and DeDeo, S., 2020. From probability to consilience: How explanatory values implement Bayesian reasoning. Trends 

in Cognitive Sciences, 24(12), pp.981-993. 
[57]. Xiao, Q., Luo, F. and Li, Y., 2020. Risk assessment of seaplane operation safety using Bayesian network. Symmetry, 12(6), p.888. 

[58]. Xu, R., Zhang, D. and Wang, N., 2022. Uncertainty quantification and inverse modeling for subsurface flow in 3D heterogeneous 

formations using a theory-guided convolutional encoder-decoder network. Journal of Hydrology, 613, p.128321. 
[59]. Yu, Q., Teixeira, Â.P., Liu, K., Rong, H. and Soares, C.G., 2021. An integrated dynamic ship risk model based on Bayesian Networks 

and Evidential Reasoning. Reliability Engineering & System Safety, 216, p.107993. 

[60]. Zhang, Y., Chen, Q., Wang, R., Wang, H., Chen, Z., Li, Y. and Liu, H., 2021. A study of operational safety risk identification of a 
cascade reservoir group (I)——Bayesian network-based risk identification for cascade hydropower stations. Sustainable Energy 

Technologies and Assessments, 48, p.101583. 

 
 


