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The design of a nuclear power plant is proved to be safe enough in various

hypothetical operation scenarios after strict safety assessment. One of the

important tasks of operational risk management in a nuclear power plant is to

evaluate whether any configuration change of the nuclear power plant can still

achieve its expected safety and economic goals. This paper proposes a system

reliability modeling and analysis method based on two-layers hierarchical GO-

FLOW model. By flexibly adjusting the parameters of a GO-FLOW model, the

model can adapt to the changes of success criteria and various configuration of

the modeled system, thus avoiding the extra workload brought by re-modeling

and improving the efficiency of risk management in nuclear power plants.
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Introduction

Ensuring nuclear safety is the premise and foundation of nuclear power development

(Wang et al., 2021). Before a nuclear power plant is put into commercial operation, it must be

confirmed by safety review that the nuclear power plant is well designed to be safe enough

under various hypothetical operation scenarios, even under accidents. However, in the process

of operation, a nuclear power plant will inevitably experience various changes in configuration,

success criteria, and even system design, resulting in various assumptions made in the safety

analysis at the design stage may not remain valid and the operational risk in the actual

operation of the nuclear power plant may rise and exceed the limit (Kafka, 1997).

Risk management is an activity which integrates recognition of risk, risk assessment,

developing strategies to manage it, and mitigation of risk using managerial resources

(Berg, 2010). One of the important tasks of operational risk management in a nuclear

power plant is to evaluate whether any configuration change of the nuclear power plant

can still achieve its expected safety and economic goals. Probabilistic Safety Assessment

(PSA) is an effective means to assist nuclear power plants in risk management. Different
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from the PSA in the design stage, the PSA used in the operation

stage of the nuclear power plant is called living PSA (Johanson

and Holmberg, 1994).

The PSA in nuclear industry mainly relies on the so-called

Fault Tree/Event Tree (FT/ET) method (Ibáñez-Llano et al., 2010).

A fault tree conducts deductive analysis around the unexpected

events of a system, such as system failure or loss of function, and

identifies the causes of the unexpected events of the system level by

level until the analysis boundary or the lowest level is reached

(Lambert, 2004). One of the major advantages of this deductive

analysis is that it is not easy to omit any failure modes, which

ensures the transparency of the analysis process and the credibility

of the analysis results. However, one disadvantage is that a FTA

model in engineering is generally large, and different people may

understand and describe the fault logic of a system in different

ways, which is not easy to be understood by others. For this reason,

each nuclear power design company generally forms a special

department, and the works of PSA modeling and analysis are

performed by professional personnel and it is difficult for operators

of a nuclear power plant tomodify the PSAmodel according to the

changes of the nuclear power plant.

In recent years, some studies (Zhang et al., 2015; Chen

et al., 2020) have attempted to establish PSA models that can

be updated automatically or semi automatically according to

the changes in a nuclear power plant. These studies use the

modular approach to construct fault trees, and each module

contains a group of states of a component. When a component

state changes, only the corresponding component module

needs to be updated, without changing the logical structure

of the overall fault trees. In other words, these studies are

based on a common basic assumption that the changes of a

component state or system configuration will not affect the

success/failure criteria of the system. This assumption is valid

in most cases, but not always. When the system success/failure

criteria or functional requirements change, the fault tree needs

to be rebuilt manually.

GO-FLOW methodology is a success-oriented system

reliability analysis method (Matsuoka and Kobayashi, 1991a;

Matsuoka and Kobayashi, 1991b). GO-FLOW methodology

was developed from GO methodology (Williams, 1978; Keley,

1983). However, GO-FLOW introduces the concept of signal

which describes various flows in the industrial systems including

mass, energy and control commands and the phased missions of

a system at different time points can be described and analyzed.

Therefore, a GO-FLOWmodel is to calculate the probability that

a system can provide a specific flow at a specific time. This

characteristic is particularly suitable for risk analysis of nuclear

power plants, because the safety of nuclear power plants is closely

related to the ability of relevant systems to provide and transfer

coolant. Furthermore, because GO-FLOW describes the nature

of flow in the system, a GO-FLOW model is very similar to the

system structure, which lays a foundation for this paper to

propose updating the GO-FLOW model to calculate the

system reliability/risk under different scenarios.

The following sections are arranged as follows: section II

provides a brief introduction of GO-FLOW methodology;

section III introduces a new updating method of GO-FLOW

model; section IV presents a case study for demonstrating the

proposed GO-FLOW model update method, and summary and

main conclusions are given in last section.

GO-FLOW methodology and its
applications in nuclear industry

Basic principle of GO-FLOWmethodology

The GO-FLOW (Matsuoka and Kobayashi, 1993; Matsuoka

and Kobayashi, 1997; Matsuoka, 2009) analyzes the reliability/

availability of a system according to the GO-FLOW diagram of

the system. As shown in Figure 1, a GO-FLOW diagram is

composed of standard GO-FLOW operators and signal lines for

connecting GO-FLOW operators.

A GO-FLOW operator indicates a function of a physical

component, or a logic gate or a signal generator. A signal line

represents the input-output relationship of two GO-FLOW

operators. A signal flow represents a physical quantity or

information, such as water flow, current, trigger signal, time

interval, etc.

A GO-FLOW method measures a signal by intensity which

represents the probability of the actual or potential existence of a

physical quantity/information. In addition to indicating the

probability of signal existence, an intensity can also indicate

time information, such as the sub-input signals of GO-FLOW

operators 35, 37, and 38 where the meaning of signal flow

indicates the time interval between two time points.

GO-FLOW modeling approach

The steps of system analysis by GO-FLOWmethodology are

as follows (Matsuoka and Kobayashi, 1997):

1. System modeling with GO-FLOW chart;

2. Set relevant GO-FLOW operator parameters;

3. Perform GO-FLOW program analysis;

4. System result analysis.

GO-FLOW modeling assumptions include:

1. Systems and components have two states;

2. Component states are statistically independent;

3. Failure rate of a component is constant;

4. Repair rate of a component is constant
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During the GO-FLOW modeling of a system, first one or

more GO-FLOW operators are selected according to the

characteristics of each element of the system. For example,

Operator 21 is used for the transmission type of components,

Operator 26 is used for the normally closed type of

components and Operator 27 is used for the normally

open type of components. Then corresponding logical

operators are selected according to the structure of the

system and the functional requirements of the system

under a specific scenario to connect the components

together to form a GO-FLOW chart. A GO-FLOW chart is

therefore similar to the structure of the system. Next, a GO-

FLOW operator is connected to a final signal, indicating that

the output of the component corresponding to this operator

is an object of system reliability/risk analysis. Finally, time

points are set for operators. The sequence of time points

reflects the dynamic time sequence characteristics of the

components. The number of time points can be set

according to the needs of analysis.

Applications of GO-FLOWmethodology in
reliability/risk monitoring of nuclear
industry

In the field of reliability analysis and riskmonitoring of nuclear

power plants, the authors proposed a hierarchical modeling

method to improve the efficiency of GO-FLOW method in

modeling, model updating and model calculation (Xinyu et al.,

2017). Yang et al. (June 2016) proposed a dynamic PSAmethod for

modeling and updating the typical states of components, including

operation, standby, fault, maintenance, and test. The state of

components can be updated as appropriate without changing

the model. Lu et al. (Hongxin et al., 2019) extended the GO-

FLOWmethodology by introducing new GO-FLOW operators to

describe the control functions for the usage of GO-FLOW for

reliability/risk monitoring of nuclear power systems. Further, Lu

et al. proposed a method to update the uncertainty states of

component according to the human operator’s cognitive

process (Hongxin et al., 2021). Yang et al. (Jun et al., 2022)

FIGURE 1
Basic GO-FLOW operators.
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recently proposed a comprehensive operation feasibility analysis

framework based on GO-FLOW, in which a pattern matching

algorithm based on process action library is used for operation

monitoring and potential human error pattern recognition.

Table 1 Provides an evolution process of the GO-FLOW model.

The traditional GO-FLOW models focus on the systems

operating in a single scenario based on the following two

assumptions:

a) the goal of a system is fixed: in other words, the change of

success criteria does not need to be considered;

b) the components that achieve the system goal are also fixed,

that is, the model does not include any components that do

not contribute to the system objectives.

However, when the operating scenario changes, the above

two modeling assumptions may change.

Moreover, with the development of nuclear power

technology, the new generation of nuclear power plant is

developing towards miniaturization and modularization.

Some nuclear power systems are designed to be more

compact and provide different functions for different

operation conditions and scenarios. How to update the

system reliability/risk model in time to reflect the scenario

changes of a nuclear power plant has become a current

research interest on the online reliability/risk analysis and

monitoring of nuclear power plants.

Taking the Residual Heat Removal (RHR) system of a typical

pressurized water reactor nuclear power plant as an example, it

provides the different functions under the following typical

scenarios (Matsuoka and Kobayashi, 1997):

■ Providing cooling during reactor startup and shutdown

under normal operation conditions, and provides

temperature regulation function for the reactor coolant

system under low pressure operation conditions.

■ providing the redundant low-temperature overpressure

protection channel for RCS.

■ Cool down the core by Recirculation Water Storage Tank

(RWST) in the early state of Loss of Coolant Accident

(LOCA).

■ Cool down the core using the water from the sump in

LOCA after the RWST becomes empty.

■ Providing core cooling during refueling outage (mid-loop

operation).

Because the temperature and capacity of water source are

different in different scenarios, the RHR system is designed to use

different components to provide cooling water with different

flows and temperatures in different scenarios to ensure the safe

operation of the nuclear power plant. If a system such as RHR is

modeled separately by scenario in the reliability/risk monitoring

model of the nuclear power plant, the following technical

problems will arise.

■ The scale of the overall reliability/risk monitoring model

will increase significantly.

■ When the design of a system changes or the state of a

component changes, all relevant models need to be

updated, which will make more efforts in the

maintenance of GO-FLOW models.

In view of this, this paper proposes a general GO-FLOW

modeling method to adapt the GO-FLOW model to various

working conditions.

GO-FLOW modeling for scenario
change

For a system, the following typical changes may occur when

the scenario changes:

TABLE 1 Representative GO-FLOW model updating method.

Reference no. Updating method with scenario
change

Research characteristics

16 Change the model and parameters Use for basic modeling. But not consider scenario change

17 Change the parameters Use for component change (operation, standby, fault, maintenance, and test). But not consider
scenario change

18 Change the model and parameters Use for control functions by modular model. But not consider scenario change

19 Change the model and parameters Use for update uncertain by Bayesian method. But not consider scenario change

20 Change the model and parameters Use for operation monitoring and potential human error pattern recognition. Change the model
when the scenario changes

This paper Change the parameters Use for scenario changes
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■ Configuration change: refers to the change of system

configuration, including any component being out of

service (e.g., in fault or maintenance state), switching

from running to standby or vice versa, however, the

success criteria of the system have not changed.

■ Success criteria change: refers to the change of the

functional requirements of a system. For example, the

components or ways of realizing the system functions

have changed.

Assumed that the reliability (success probability) of a system

to realize a specific task i is Ri:

Ri t( ) � f i C1 t( ),C2 t( ), · · ·,Cn t( )[ ] (1)

where Ci(t) refers to the i component of the system, t is the

operation time of the system, fi is the reliability logic (function)

of the components to realize the task i. The configuration

change of the system refers to the change of Ci(t), but Ri or

fi has not changed. The change of success criteria corresponds

to the change of Ri or fi, and therefore includes the following

two categories:

Category I: corresponds to the change of fi, i.e., the changes in

system tasks.

Category II: corresponds to the change of Ci(t), i.e., the

changes of the reliability logic of the components to realize a

specific system task.

At present, most of the research on the application of GO-

FLOW to the reliability/risk monitoring of nuclear power plants

is focused on the configuration changes (June 2016; Xinyu et al.,

2017; Hongxin et al., 2019). This paper focuses on how to build a

GO-FLOW model to make it adaptable for the scenarios where

the success criteria have changed.

In this paper, a two-layer structure GO-FLOW method is

proposed, which corresponds to the change of the success criteria

of Category I (at Layer I) and Category II (at Layer II)

respectively. Figure 2.

Category I success criteria change

Without losing generality, the task change of a system

composed of two components A and B is studied below, such

as Figure 3. The output of component A is OA and the output

of component B is OB. The system may be used for the

following five scenario tasks.

■ Only component A is required to function.

■ Only component B is required to function.

■ Both components A and B are required to provide to

function.

■ Either component A or B is required to function.

■ No component is required to function.

The GO-FLOW model of the system at Layer I is shown in

Figure 4. The GO-FLOW operators 101 and 102 are two user-

defined modules, respectively corresponding to components A

and B, and the component characteristics of components A

and B are defined by the models at Layer II. The final signal of

the model integrates three intermediate signals, namely a, b

and c. According to different scenarios, the final signal

provides 0 (corresponding to no output), OA (The

probability that only component A works), OB (The

probability that only component B works), OA·OB. (The

probability that both A and B work), and OA + OB. (The

probability that either A or B works). In this model, five signal

generators (Operators 25) are used to adjust the logic of the

final signal generation. The signal combinations of the five

signal generators and the corresponding final signals are

shown in Table 2. Other signal combinations listed in the

table are considered repetitive or meaningless. Since most

complex logic can be combined by AND and OR logic, the

change of the system success logic under the condition that the

system configuration is unchanged can be controlled through

the change of the signal combination.

Category II success criteria change

The 2nd layer of the model describes the changes of the

success criteria caused by the characteristics and reliability

FIGURE 2
Two layers of GO-FLOW structure corresponding to the
success criteria changes.

FIGURE 3
Two components system composed of (A) and (B).
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logic of the components. Taking the GO-FLOW operator

101 in Figure 4 as an example, a model describing the

characteristics of its component is shown in Figure 5. In

this model, it is assumed that the operator 101 describes a

conductive component, such as a pump. The characteristics

of the component are described by the on a GO-FLOW

operator 21, an AND gate, an OR gate and two signal

generators (corresponding to the GO-FLOW operators

25). The signal combinations of the two signal generators

and the corresponding final signals are shown in Table 3. It

can be seen from the table that the model provides three

FIGURE 4
GO-FLOW model at Layer I.

TABLE 2 Final signal under various signal combinations at the 1st layer.

Outputs of signal generators Intermediate signals Final signal

1 2 3 4 5 a b c

0 0 0 — — 0 0 0 0

1 0 0 — — OA 0 0 OA

0 1 0 — — 0 OB 0 OB

1 1 — — — OA OB — OA + OB

0 0 1 1 0 0 0 OA·OB OA·OB

FIGURE 5
Modelling component characteristics at the second layer.
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states of the component, namely blocked, running and
bypassed. “Running” is the working state of the
component. “Blocked” means that the component blocks
the flow. For example, when a pump is stuck, the function
of the pump is changed from transport to barrier, resulting in
cutting off the flow path. “Bypassed” means that the
component is bypassed or the function of the component
is ignored. For example, after a pump loses power supply, its
function of providing the pressure head of fluid is lost, but
the fluid can still pass through.

Case study

Scenario analysis of residual heat removal
system

A RHR system of Pressurized Water Reactor (PWR) is taken

as a study case to show the modeling and analysis of a system for

reliability/risk analysis based on proposed new technology. The

RHR is expected to be put into operation to provide cooling water

for removing the heat from the Reactor Coolant System (RCS) in

the case that the reactor is over-heating during the reactor

shutdown.

The structure of the RHR is shown in Figure 6. The system is

composed of one RWST, one RHR pump, one RHR Heat

Exchanger, six Motorized Valves (MV), two Check Valves

(CV), and two Isolation Valves (IV). The RHR system may

experience the following three scenarios:

■ Scenario 1: during the normal operation of nuclear power

plant, water is taken from the hot leg of RCS, which is

powered by the RHR pump and cooled by the RHR heat

exchanger, and finally injected into the RCS cold leg. In

this scenario, three Motorized Valves (MV1, MV2, MV6),

one Isolation Valve (IV2) and one Check Valve (CV2) are

put into use.

■ Scenario 2: After LOCA occurs, low temperature water is

provided from RWST and directly injected into the cold

leg of RCS by the RHR pump. In this scenario, two

Motorized Valves (MV3, MV6), one Isolation Valve

(IV1), and two Check Valve (CV1, CV2) are put

into use.

■ Scenario 3: In case that the water supply from RWST is

insufficient, water is taken from the sump and injected into

the cold leg of RCS by the RHR pump for the purpose of

24 h cooling. In this scenario, Two Motorized Valves

(MV4, MV6), one Isolation Valve (IV1), and one Check

Valve (CV2) are put into use.

If too much water flow into the cold leg of RCS, the cooling

water can be refluxed by opening MV5 to slow down the cooling

rate.TA
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GO-FLOW modeling in traditional way

In this case study, the following assumptions are made for

modeling the RHR system with the GO-FLOW methodology.

The water source will supply enough cooling water during each

situation.

■ The failures of all pipelines are not considered.

■ The failures of the start signal for pumps and valves are not

considered.

■ MV5 is only involved in system regulation and is

considered to be available at any time.

The GO-FLOW model parameters of RHR system are listed

in Table 4. In order to demonstrate the application of GO-FLOW

model in different scenarios, the following time points are set in

the GO-FLOW model.

■ Time point 1: The RHR system works in scenario 1. No

accident occurred in the reactor. The MV1, MV2, IV2, and

MV6 are open, while the other valves are closed.

■ Time point 2: The RHR systemworks in scenario one for 10 h.

■ Time point 3: LOCA accident occurs. The RHR system

works in scenario 2. The MV3 and IV1 are open, and the

MV1, MV2 and IV2 are closed.

■ Time point 4: The RHR system work in scenario two

for 1 h.

■ Time point 5: The RHR system works in scenario 3. The

water in RWST becomes insufficient to supply the coolant

of reactor. The MV4 is open and the MV3 is closed.

■ Time point 6: The RHR system works in scenario three

for 24 h.

Figure 7 Figure 8 Figure 9 present the GO-FLOWmodels built

in a traditional way for each different scenario. The GO-FLOW

TABLE 4 User-defined operators and corresponding components.

User-defined operator Component User-defined operator Component

101 MV1 107 RHR Exchanger

102 MV2 108 IV2

103 CV1 109 MV6

104 MV3 110 CV2

105 MV4 111 IV1

106 RHR pump

FIGURE 6
Structure of the RHR system.
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model established by the adaptive system success criterion updating

method proposed in this paper is shown in Figure 10, where

Figure 10A is the first layer model and Figure 10B is the

MV1 model as an example of the component model at the

second layer. Table 4 shows the user-defined operators and

corresponding components in the first layer GO-FLOW model.

Table 5 shows the control signals (2–2) of MV1 at each time point

and the corresponding component states. Table 6 provides the

reliability data for the RHR system reliability calculation and the

calculation results by the traditional modeling way and new way are

given in Table 7. In the traditional modeling way, the result of

time1,2 come from scenario one; the result of time3,4 come from

scenario two; the result of time5,6 come from scenario 3.

Discussion

Nuclear power plants include more compact designs and can

perform a variety of tasks depending on the scenarios. A recent

area of research on the online reliability/risk analysis and

monitoring of nuclear power plants is how to update the

system reliability/risk model in time to reflect scenario changes

of a nuclear power plant. For modeling a system operating in

multiple scenarios by the traditional GO-FLOW method, each

scenario needs to be modeled separately, which often leads to an

annoying repetitive modeling and analysis burden. This paper

provides a practical GO-FLOWmodeling approach to describe the

variation of the model probability in different scenarios.

FIGURE 7
GO-FLOW model for scenario 1.

FIGURE 8
GO-FLOW model for scenario 2.

FIGURE 9
GO-FLOW model for scenario 3.
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While convenient, this model adopts several issues. The

method will be examined further in this research by looking at

its applicability, flexibility, uncertainty, and consistency.

Since this method is based on the GO-FLOW model for

modeling, the overall direct reliability calculation in conjunction

with a quick fault tree algorithm is used to address the shared signal

problem. As a result, the model can be configured to match the

system configuration without the need to describe the system failure

logic starting from various equipment failuremodes as in a fault tree,

preventing the model from growing out of control. The flexibility of

utilizing hierarchical modeling, which does not need to reevaluate

the overall system dependability logic while making local alterations,

is another advantage of the technique. With this model, just the

parameters need to be changed when the scenario changes rather

than having to re-construction the layer. The model provides

flexibility while increasing its complexity of the model. Its model

FIGURE 10
New GO-FLOW model.

TABLE 5 Changes with time of signal.

Time point Operator 2–2 Operator 2–4 Component state

1 0 1 Off

2 0 1 Running

3 1 0 Off

4 1 0 Off

5 1 0 Off

6 1 0 Off

Frontiers in Energy Research frontiersin.org10

Xinyu et al. 10.3389/fenrg.2022.1034835

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1034835


TABLE 6 Parameters of the GO-FLOW model.

Number Type Parameter Explanations

1 25 R (1.2) = 1,R(t) = 0 (t≠1.2) Provide cooling water via RHR hot leg

2 39 Po = 0.999,998, Pc = 0.99835, Pp = 0.0001 Reliability of MV1

3 39 Po = 0.999,998, Pc = 0.99835, Pp = 0.0001 Reliability of MV2

4 25 R (3.4) = 1,R(t) = 0 (t≠3.4) Provide cooling water by RWST

5 22 Pg = 0.999,996 Reliability of CV1

6 39 Po = 0.999,998, Pc = 0.99835, Pp = 0.0001 Reliability of MV3

7 25 R (5.6) = 1,R(t) = 0 (t≠5.6) Cooling water of sump

8 39 Po = 0.999,998, Pc = 0.99835, Pp = 0.0001 Reliability of MV4

9 35 λ � 1.71 × 10−5/h Failure rate of RHR pump

10 22 Pg = 0.999,987 Initial reliability of RHR Heat Exchanger

11 39 Po = 0.999,994, Pc = 0.99831, Pp = 0.0002 Reliability of IV1

12 39 Po = 0.999,998, Pc = 0.99835, Pp = 0.0001 Reliability of MV6

13 22 Pg = 0.999,996 Reliability of CV2

14 39 Po = 0.999,994, Pc = 0.99831, Pp = 0.0002 Reliability of IV2

15 25 R (1) = 1,R(t) = 0 (t≠1) signal of starting scenario 1

16 25 R (3) = 1,R(t) = 0 (t≠3) signal of ending scenario 1

17 25 R (3) = 1,R(t) = 0 (t≠3) open signal of MV3

18 25 R (5) = 1,R(t) = 0 (t≠5) close signal of MV3

19 25 R (5) = 1,R(t) = 0 (t≠5) open signal of MV4

20 25 R(t) = 0 close signal of MV4

21 25 R (1) = 0,R (2.3) = 10,R (4.5) = 11,R (6) = 35 time of RHR pump running

22 25 R (3) = 1,R(t) = 0 (t≠3) open signal of IV1

23 25 R(t) = 0 close signal of IV1

24 25 R (1) = 1,R(t) = 0 (t≠1) open signal of MV6

25 25 R(t) = 0 close signal of MV6

26 99 End of RCS Cold leg

TABLE 7 Final result.

Time Existed GO-FLOW method New GO-FLOW method

1 0.99997 0.99997

2 0.9998 0.9998

3 0.999,896 0.999,896

4 0.999,709 0.999,709

5 0.999,892 0.999,892

6 0.999,297 0.999,297
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size is larger than the original model in any single scenario but

smaller than the sum of all original models. So, the approach is more

suitable for modeling systems with variable scenarios.

Probabilistic estimates used in risk assessment do not accurately

capture the system’s utmost reality. The nature of various situations

has led to a variety of definitions for uncertainty. Simply said, there are

three primary places where uncertainties might come from quality

uncertainty, model uncertainty, and data uncertainty. While

“Parameter Uncertainties” depend on the type of calculations and

study parameters, “Model Uncertainty,” and “Completeness

Uncertainty” depend on the expert’s experience, knowledge, and

attitude (Lim, 2018; Mohammad, 2022). On the one hand, this

paper offers a procedural GO-FLOW modeling approach that

standardizes the modeling process for staff and may be utilized to

reduce “ModelUncertainty” and “CompletenessUncertainty.”But on

other hand, complex modeling will increase the uncertainty of the

model. As the methods can be logically equivalent to the traditional

model, “Parameter Uncertainties” are essentially equivalent to the

traditional GO-FLOW method, which is taken into account in Ref.

14 and is not extensively discussed in this study. (He andMohammad,

2022).

As a whole, In Table 8, a benchmarking with the traditional

GO-FLOW method is provided.

Conclusions

In this paper, a new GO-FLOW modeling approach is

proposed to analyze the reliability of a system of which

success criteria may change in different scenarios. A two-

layer hierarchical modeling framework is adopted. The first

layer uses user-defined operators to avoid the model being

too complicated due to the detailed description of

component characteristics. At the same time, the main

line of the model is highly similar to the system schematic

diagram. The second layer describes the dynamic

characteristics of the elements. Because of the

independence of the components, independent calculation

can be carried out for each element, and the calculation

results are summarized into the first layer model, which will

significantly improve the calculation efficiency. The

consistency of the calculation results of the new and old

methods is verified by a case. The method proposed in this

paper is suitable for online system reliability/risk analysis

based on the GO-FLOW method. It is possible to avoid

difficulties in model modification and upgrading caused

by using multiple models.
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TABLE 8 Benchmarking with the traditional GO-FLOW method.

Attribute New method VS. traditional

Applicable Variable scenario. Its model size is larger than the original model in any single scenario but smaller than the sum of all original models. So the
approach is more suitable for modeling systems with variable scenarios

Flexibility Easier to update and maintain. The flexibility of utilizing hierarchical modeling, which does not need to reevaluate the overall system
dependability logic while making local alterations, is another advantage of the technique. With this model, just the parameters need to be

changed when the scenario changes rather than having to re-construction the layer

Uncertainty Both increase and decrease. On the one hand, this paper offers a procedural GO-FLOW modeling approach that standardizes the modeling
process for staff and may be utilized to reduce “Model Uncertainty” and “Completeness Uncertainty.” But on other hand, complex modeling

will increase the uncertainty of the model

Consistency Logical equivalence, and same results. As the methods can be logically equivalent to the traditional model, the Calculation results such as
critical parameters will be similar to traditional
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