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Table 1. The numbers in the first column of Table 3 represent the
cortesponding root causes in Table 1

We organized an expert discussion session to assess the condi-
tional probabilties of the BN model. I addition to the four experts
from NPPs, we also invited an expert from the nuclear safety center
and an expert from training center. For avoiding the problem of
lacking effectiveness in individual inferred information caused by
experts'limited inference ability, we adopted the experts' relative
inference method for deriving the conditional probabiliy tables
(Du et al. 2016).

To use the BN for predictions, we also need the probabiliy of
presence of a factor, given no event. For this, on the one hand,
we resorted to the expers to assess these probabilities based on
their knowledge and experience; on the other hand, we tried to
carry out full-scope simulator experiments to collect relevant data
as a supplement.

‘At the occurrence of a new URT event, once the qualitative anal-
ysis identifies the root causels), the online system updates the

mean values of the posterior contributions p (1 = truelevent) of

Eq.(9), which are fed to the BN-based quantification tool for updat-
ing the estimate of occurrence probability of URT. Fig. 6 records the
updated estimates of occurrence probabiliies of the URT as the
NNSA EF system successively reports the thirty-seven occurred
URT events to the online system.

Statistical analyss of the operational events in the NNSA EF sys-
tem was conducted for comparison, given an overall occurrence
probability of URT of 10.6% during the last five years. This is differ-
ent from the results of Fig. 6. The possible reasons of this difference
are: (i) the number of samples is to0 small to effectively determine
a stable probability of occurrence of URT; (i) in the URT BN model,
only the mean values of beta distributions are used for updating
the estimate of occurrence probability of URT, which affect the
accuracy of the results to some extent. Before the eleventh evi-
dence is fed to the model for updating the occurrence probability
of URT, there i a fluctuation of the posterior probabilty. After that,
the estimate of occurrence probability of URT goes down slowly
and stably. This means that the URT estimate of the BN model
improves in with larger sample sizes for online updating.

“The possible reason for the narrow range of variability in the
Fis. 6 i that the number of samples used for updating i too small
to observe variability. In the future work, we will collect more URT
events for updating, to determine the range of variability. On the
other hand, we will also organize another group of experts to eval-
uate the prior probabilities and conditional probabilities

4. Conclusion and discussion

Operational events have been recognized as a valuable source of
information for improving the safety of NPPs and are important
fole for feedbacking operating experience. The traditional ways
of investigating operational events have been predominantly qual-
itative (Vijaya et al. 2010). Quantitative analysis of operational
events usually separate from qualitative analysis, for example,
many studies are data analysis or statistic analysis on the opera-
tional events in the database which have completed the qualitative
analysis (Zou et al, 2015).

In this study. we propose an integrated framework for analysing
operational events, wherein the qualitative analysis focus on the
identification of root causes and the quantitative analysis provides
the assessment of the contributions of the identified root causes to
the occurrence of operational events. A case study on real operat-
ing cvents (URTs) occurred in Chinese NPPs demonstrates the

online updating postersor probabiisty

[

Fig 6. Online updating o the posterior probabiity of URT occurence
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effectiveness of the framework, which can be embedded within the
NNSA EF system for supporting the control and supervision on the
actions for prevention and reduction of occurrence of operational
events from the perspectives of regulatory authorities. For exam-
ple, based on the trend of the posterior probabiliy of the event,
it can be judged whether the measures taken by the NPPs are cffec-
tive for the prevention and reduction of the event occurrences.
Indeed. it would be better if the BN model could predict the fre-
‘quency of URT, but this issue depends on whether we can get the
comprehensive operational data of Chinese NPPs. With the support
of NNSA, this issue will be addressed in the future work

s a preliminary effort on this research topic, this paper aims fo
propose a generic framework for analysing NPPs operational
events. The accuracy of the BN model (Fiz. ) cannot be guaranteed
for all kinds of operational events. For the analysis of some specific
types of operational event, the structure of the BN model should be
revised and turned to the specific event, possibly including refining
the relationships between the root causes and their dependences.
These issues will be addressed in future research topic and
development.
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1. Introduction concentrated; (2) operators' behaviors, tasks, operation mode

and workload have changed dramatically; and (3) the team

‘The control room (MCR) in advanced nuclear power plants
(NPPs) has changed from analog to digital control system
(DCS) [1,7). The operation and control have become more
automated, centralized, and accurate due to the digitalization
‘of NPPs, which has improved the efficiency and security of the
system [3]. Compared with the traditional control system,
which was based on analog techniques, the digitized system
has led to some new and more complex issues in terms of
human factors, such as: (1) the human-machine interface
(HMD) of the MCR has become more diversified and

* Corresponding author.

E-mail address: zouyanhua®163.com (Y. Zou).
htip://dx.doi org/10.1016/j net 2017.01011

structure and operating mechanism are significantly different
[4). Meanwhile, many NPPs that have adopted DCS have
changed their operating procedures in terms principles and
structural aspects. For example, there are event-oriented
procedures, which are based on a single event that develops
into state-oriented procedures (SOP), which are based on the
physical state of the NPP. New issues related to human reli

ability inevitably arise due to the adoption of new accident
procedures and the digialization of the MCR in NPPs. Al of
these changes have the potential to induce negative impacts

1738-5733/Copyright © 2017, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This is an open access article under
the CC BY-NC-ND license [1itp:/creativecommons org/licenses/by-ne-nd/4 0))
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on operator performance, and new error modes and risks may
appear.

Organizations and experts worldwide have noted problems.
related to human factors after NPPs underwent digitization.
Many studies have been conducted on this problem. For
example, the US Nuclear Regulatory Commission has spon-
sored research at Brookhaven National Laboratory to better
define the effects of changes in human—system interfaces,
brought about by incorporating digital technology, on
personnel performance (5-7]. The Electric Power Research
Institute Human Reliability Analysis (HRA) Users Group sug-
gested that some additional modifications and considerations
must be employed when the current HRA approach and
‘models are applied to systems with digital controls [£]. The
Korea Atomic Energy Research Institute has studied some
sues related to soft control, situation awareness, cognitive
workload and human error probability in NPP advanced MCRs
[5-12]. Reference [13] provides a detailed overview of the
Halden benchmarking study, which discussed the applica-
bility to DCS.

By contrast, compared with traditional NPPs, digital NPPs
incorporate many changes, such as changes in organizational
structure, characteristics of human factors, the HMI and the
System features of DCS + SOP. The methods of HRA for analog
MCRs cannot meet the requirements of HRA for DCS and
DG + SOP. Hence a new HRA method that can consider the
characteristics of DCS and SOP needs to be proposed.

‘The LingAo Il NPP is the first digital NPP in China to apply
‘SOP. This study was initiated in January 2010 to address issues
related to human reliability. This project lasted for 5 years and
ended in December 2014, This project had three purposes. The
frst was to establish 2 methodology and model of HRA for
DG + SOP. The second was to identify possible new human
reliability issues and to determine potential unknown risks for
operators under accident conditions. The last purpose was to
propose an HRA model for the LingAo Il NPP and to complete
the HRA.

‘This paper s a brief introduction to the project. In section 2,
we introduce the framework, methods, and design of this
research. In section %, we present some results of this project.
Section 4 includes the discussion and conclusion.

Research framework and methods
21, Research framework

According to the main objective of this project, there were
theoretical and applied research work that needed to be
completed. This included five tasks. The first was to analyze
operators' behavior characteristics in a digital MCR, such as
the changes and features of human cognitive behavior, team
cooperation and communication, operators' error mode
change, and oot cause analysis of typical human factor
events. Al of these tasks helped in the identification of
possible human factor issues related to DCS + SOP technique
application. The second task was a series of specialized
simulation experiments and laboratory experiments that
were conducted to verify the results obtained in the tasks just
mentioned and to collect data. The third was to develop

methodologies of DCS + SOP-HRA, which included the
method and model of DCS-HRA, the method and model of
DDCS + SOP-HRA, the database system of DCS-HRA, and the
analysis software system of DCS-HRA. The fourth was to
prepare the HRA report for the LingAo Il NPP. Finally, a pro-
posal was submitted for a comprehensive program o prevent
human error.

22, Research methods

‘The research methods included qualitative analysis, experi-
mental research, and quantitative analysis. The specific
technical methods included investigation of operator
behavior patterns and characteristics via behavioral obser-
vation, questionnaire survey, and comparative analysis.
Simulation experiments and human factors engineering ex-
periments were carried out to investigate the factors and
mechanisms  affecting operators' cognitive behavior. An
operator cognitive behavioral model was constructed using
qualitative analysis, modeling, and simulation techniques.
Human reliability data were obtained using a testing method,
statistics method, expert judgment, review of original data,
and extrapolation.

In order to reflect the operator's cognitive changes in the
digital MCR, and in order to model the operator cognitive
behavior models, we integrated several different modeling.
techniques. For example, we applied the Markov Chain for the
‘modeling of the operators' monitoring model; the Bayesian
belief network and fuzzy cognitive map were used to
construct the operators situation assessment model and
response planning model; and the operators' response
implementation model was based on the event tree.

For the purpose of ensuring the applicability of the
research results, this project emphasized use of the simulator
of the Ling/Ao Il NPP MCR as a reference. The new HRA method
we developed has been applied to this project,

3. Results

‘This paper presents results only with respect to the operators'
behavioral characteristics in the digital MCR and the meth-
odology of DCS-HRA. We discussed the changes in and fea-
tures of human cognitive behavior, team cooperation and
communication, operator error mode change, and the
DGS + SOP-HRA model.

Behavioral observation is a basic method for studying
human behavioral characteristics. The purposes of behavioral
observation in this project were to determine changes of oper-
atorbehavior with respect to the traditional MCR and toidentify
possible enor modes. The research team completed
behavioral observation for more than 10 operating crews in the
LingAo I NPP MCR, for a total of approximately 50 hours.
Recording and behavioral observation for a total of 600 hours
was done for 20 operating crews n a full-scope simulator of the
LingAo II NPP during requalification training. The scenarios
included normal operation and accident scenarios. We con-
ductedinterviews for the operating crew after each observation.

During normal operation, operator behaviors contain a
Targe number of skill-based (58) and rule-based (RB) behaviors.
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Al of these behaviors are basic units of plant operator
behavior. Meanwhile, these basic units form the basis of
knowledge-based (KB) behavior. Therefore, collecting and
studying human factor events with respect to SB and RB was
the first step to developing a human error prevention pro-
gram. In addition, we needed to analyze more complex
human factor events with respect to KB. Analyzing these
types of human factor events helped us to understand the
transformation from events led by SB and RB personnel be-
‘haviors to events led by KB personnel behaviors. Furthermore,
the study provided a basis for developing a higher-level
‘human error prevention program,

Although there were many SB and RB personnel behaviors
during normal operation, it was very hard to observe and re-
cord them. The researchers initially tried to obtain these data
by analyzing the event reports, but there was not much
valuable information found after analyzing about 100 reports,
because these reports were not focused on human factor is-
sues. Later, we found small deviation reports that seemed like
diary reports written by operating personnel. This type of
report recorded the consequences of failures that were
observed by operators during operation, such as when they
pressed the wrong button, input the wrong number, or
directed the system to the wrong screen. These diary reports
also recorded situational factors and operators’ own psycho-
Togical process. After group discussion, we believed that these
small deviation reports were very useful for studying human
error mode and mechanisms. We collected more than 400
reports. The following were the main results.

31, Changes of operator behavioral characteristic

HMis have changed dramatically after the digitalization of
MCRs; the ways in which operators access information, and
the display of information, have also changed. These factors
have changed the ways in which operator access, store, pro-
cess, and outputinformation, which means operator cognitive
behavior has changed greatly.

« The main impacts of digitalization on MCR operators were
the following: operators' cognitive load has gone througha
great change compared with that for traditional MCRs;
operator roles and functions have changed in the operating
erew; the mechanisms of communication have changed
among team members; operator behavior patterns have
changed in performing procedures.

« The HMI of a digital MCR has expanded the sources of
available data and provided operators with more available
information about the system. Operators can combine this
information in a more flexible way to determine the system
state. Thus, the DCS has helped operators to reduce the
cognitive load in collecting and integrating information.

« Operators have changed their roles in the total system
from manual controllers to supervisors of an automated
system. In the digital MCR, operators' primary tasks have
changed from operation to monitoring and decision-
making, The cognitive characteristics of tasks have been
increasing.

« Operators’ cognitive behavioral process consists of four
stages: monitoring and detection, situation assessment,

response planning, and response implementation. In order
to complete these tasks, operators needed to perform
interface management tasks, which increase the cognitive
load and working load of operators. This has increased the
chance of human error occurring, such as loss of situation
awareness and mode confusion.

« Due to the increase of cognitive load, operators have usu-

ally implemented some operational strategies, which have

brought new risks during performance of primary tasks,
such as decreasing information verification and focusing
on specific operations,

Errors of commission (EOC) have seen a significant in-

crease. The display and distribution of information in the

igital MCR more easily lead to errors of omission (EOO)

« The operators have strong preferences, such as ignoring
some procedures habituall.

« The DCS has had significant impacts on operating crews in
five aspects: team performance, communication, situation
awareness, electronic procedures and secondary task
‘management

+ When the operators were performing the SOP, the work-
Toads of monitoring and response implementation were
both significantly higher than were those of situation
assessment and response planning, There was no signi
cant difference between monitoring and response imple-
‘mentation, or between situation assessment and response
planning.

« In the LingAo II NPP MCR, each operator has their own
workstation. Operating behaviors are hard to observe by
other operators (unless the mistake leads to feedback). The
number of human factor events has relatively increased
due to the lack of supervision.

« The main factors influencing operator performance were
found to be interface management, the complesity of the
system, communication, the limited presentation of the
procedures and system screen, familiarity with the system
and the operating experience of the operators and crew.

« During the recording process, we observed 13,276 in-
stances of monitoring transfer in total. Operator moy
toring behavior mainly includes three types of transfer:
procedure transfer, abnormal transfer, and communica-
tion transfer. Procedure transfer indicates an operator
‘monitoring transfer caused by system procedures; the
percentage of this type was 36%. Abnormal transfer in-
dicates an operator monitoring transfer caused by an
alarm or parameter change when the system showed an
abnormity; the percentage of this type was 14%. Commu-
nication transfer indicates an operator monitoring transfer
caused by a reminder from another operator; the percent-
age of this type was 29%. The percentage of other types of
transfer, which could not be grouped into these three
types, was 21%

+ We investigated the process of operator cognitive behavior,
and the factors and mechanisms that influence operator
cognitive behavior. The cognitive behavior model MAPI-B
was constructed for operators in the DCS. This model in-
tegrated a monitoring model, a situation assessment
model, a response planning model and a response imple-
‘mentation model. Fig. 1 illustrates the process of operator
monitoring behavior. Fig. 2 s the operator monitoring
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Fig. 1 - Process of operator monitoring behavior.

model. ¥ig. 3 is the operator situation assessment model.
Fig. 4 is the operator response planning model,

32
MCR

Team cooperation and communication in digital

‘The DC resulted in changes of organizational structures and
operating mechanisms for the crew operating in the MCR;
these changes included operating crew constitution, rela:
tionship between operators, task allacation mechanism, etc.
This project was focused on problems in the digital MCR
associated with crew structure, operator responsibilit,
network and frequency of communication, characteristics of
communication content, communication patterns, commu-
nication failure distribution, and features and impact on
human error of communication patterns.

Based on the observation and on the analysis results, the
frequency of communication between operators might be
reduced in a digital MCR, but the efficiency of communication
‘might be higher. There was more communication among the
operating crews when important decisions had to be made.
Operators received system information from different per-
spectives and formed a good team. Fig. 5 is a schematic of the
network and frequency of communication among operating
erew members.

‘We carried out experiments in a full-scale simulator of the

communication content, the communication patterns, the
communication failure distribution and features, and the
impact on human error of the communication patterns. The
experimental scenario was a main steam line break super-
position of a steam generator tube rupture. Five operating
crews were involved in the experiment. Video equipment and
audio capture devices were used to record the whole experi-
mental process. Tools and software were used to analyze
these materials. We found that the timeliness of communi-
cation, means of communication and content of communi-
cation were three important factors that influenced the
efficiency of the communication of the operating crew mem-
bers. The state parameter of the NPP, the system function, the
equipment and the procedures were the main contents of
communication when operators were performing the SOP.
Communication about the parameters took up the largest
proportion among the types of communication; this reflected
the characteristics of the state-oriented and nonspecific ac-
cident of the SOP. The main pattems of communication were
inquiry, statement, reply, suggestion, and call. The inquiry
‘mode was associated with the parameter, procedure, system
function, and equipment; the call mode was associated with
the procedure. Lack of communication with respect to inquiry
and judgment of parameters increased the burden on operator
attention resources, This affected the decision-making of the
operating crews.

Lingto 1l NPP to investigate the characteristics of
[r— -
[ | % Cognne vy !
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Fig. 2 - Operator monitoring model.
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Fig. 3 - Operator situation assessment model.

3.3, Human error mode changes in digital MCR

We studied seven types of personnel behavior that had low
cognitive level, including operation error, procedure perfor-
mance, communication, panel surveillance, HMI, input ervor
and alanm response. Meanwhile, we also investigated KB
behavior that had a higher level of consciousness in the DCS,

« Each stage of monitoring, situation assessment, response
planning and response implementation may involve
human error. This project divided the 39 types of human
ertor into five categories. There were seven types of
‘monitoring error, five types of situation assessment error,
three types of response planning error, six types of
response implementation error, and 18 types of interface
management error.

Trinng

+ Among 500 event reports, there were 428 event reports.
related to human error and small deviation reports. The
type and proportion of errrs are shown in Table 1.

 Some operators' SE behavior in the traditional MCR (such
as pressing the button) might have changed to KB behavior,
which requires a higher level of consciousness. Ertors
related to this type of behavior could not be attributed to
slips or lapses [14]. In this project, we called this new
human error mode KB-SLIP. Other new human error modes
were also found in digital MCR, such as errors of page
configuration, mistaken clicks of the mouse, data entry
errors, errors of target identification, and errors of infor-
mation gathering.

 According to the THERP [15], when the operator was per-
forming tasks, the main error mode was EQO. However,
based on the research data, EOC had a more significant

Gramizaion s

[ |

o coopertin

and commuicsion T

Fig. 4 - Operator response planning model.
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Fig. 5 - Network and frequency of communication among operating crew members.

contribution due to the display control features of DCS.
EOCs accounted for 59% of overall errors and the percent-
age of EOOs was 21%.

« Most of the reasons that EOOs occurred in the DCS were
procedures take too long to perform or complex form for per-
forming procedures.

« Interface management tasks had a big impact on human
error. If an interface was mismanaged, the enormous infor-
mation with limited display area would be changed to enor-
mous information with limited acquisition for operators, and
this led to some information being missed that operators
had needed to obtain when performing the tasks. Cognitive
Toad and working load were increased because of interface
management tasks, which resulted in a rise in the possi-
bility of both E0O and EOC.

34, DCS + SOP-HRA methodology

Considering the features of DCS, SOP, and DCS + SOP, we
established the DCS-HRA methodology, which included the

‘Type Proportion
Work preparstion 9%
File management 158%
Work practice 188%
Operation error 7%
Procedure performing, 1%
Communication 107%
Panel surveillsnce: am
Human-machine interface se%
Input error 1%
Alamm response 21%
Others 191%

operator cognitive behavioral model MAPI-B, the reliability
quantitative model of operator cognitive behavior MAPI-Q,
the behavioral model of the operating crew MAPLT, and
the behavioral reliability quantitative model of the oper-
ating crew MAPLTQ. The MAPL-B model was used for
qualitative analysis of operator behavior. The MAPLQ
model is a quantitative analysis model for operator
behavior. The MAPLT model was used for qualitative anal-
ysis of behavioral of operating crews. The MAPI-TQ model
was used for quantitative calculation of behavioral reli-
ability of operating crews. The MAPI-T and MAPI-TQ model
were an engineering application model specialized for
DCS + S0P,

3.5, Engineering application

For the LingAo II NP, this project used the MAPL-T and MAPL-
‘TQmodel to analyze 37 human factor events. The HRA report
for the LingAo I NPP for the construction design phase used
the Standardized plant analysis risk-human reliability
analysis (SPAR-H) method (15). Comparing the results of the
SPAR-H method and the MAPI method, we found that the
human error probability calculated using the MAPI method
was lower than that calculated using the SPAR-H method,
which means that the new method overcomes the disad-
vantages of the overly conservative SPAR-H method. The new
approach reflects differences in human error probability for
the same human factor event at different accident back-
grounds. The new approach that we have proposed includes
a more comprehensive analysis of operator cognitive pro-
cesses. It can reflect cognitive weaknesses of operators
when they deal with accidents. Based on our results, we also
provide specific advice for operator training and plant
improvement.
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Discussion and conclusion

Digital control systems are being used in new, advanced nu-
clear power plants in China, such as Generation I (e.g, CNP-
600), I+ (e.g., CRP-100) reactors, and Generation Il reactors
(e:2. AP1000) [17]. In addition, DCS is being implemented in
older plants as these are upgraded. Since DCSs were adopted
in NPPs, some features related to these newer systems have
presented challenges for the HRA. The current HRA models
were developed before the development of these digital sys-
tems, and thus may require new analysis models to properly
assess the impact and risk of the digitalization of NPPs.

“This project first systematically studied human reliability
issues associated with the DCS; then, it investigated the
impact of DCS + SOP on the operators. To date, certain results
have been applied at the LingAo Il NPP as a case study.
Compared with traditional NPPs, there were some significant
changes in the LingAo Il NPP, such as that the operator
‘monitoring model changed from one that was knowledge-
driven to one that was data-driven. As we described earlier,
the characteristic of the LingAo Il NPP is DCS + SOP; all results
were based on this model. 5o, if we wish to extend the results
to the other NPPs, for example an NPP adopting DCS + event
oriented procedure, we believe some of the results should be
revised. We will continue to improve the theories, methods,
and models during the engineering application process.
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Abbreviations
DCs  Digital control system

EOC  Error of commission

EOO  Error of omission

HMI  Human-machine interface
HRA  Human reliability analysis

KB Knowledge-based

MCR  Main control room
NPP Nuclear power plant
RB  Rule-based
S8 Skill-based

S0P  State-oriented procedure
SPAR-H Standardized plant analysis risk-human reliability
analysis
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Nociear poverplnt (7).

Probabiiaic srecing methd

Hmanscion ik achievemnt woth (1RAY)
Human foctorsengincerin ()

For the refabiliy and safty of nuclar power plants (NPPs), thlr design and opeation st follow the relevant
princples of human factorsengincering (HFE). As various human actons are involved in the opration of NPPs,
there is 8 need 1o sereen human sctons fist an, then, focus the analysis on the crtical ones, I the past,
iferent NPPs have adopted diferen standards in creening human actions and many of these standards lack
thearetical suppor. I this sty theconcept of human action ik achievement worth (HRAW) i ntroduced to
support probabilstic sreening. A new probsbilistic method for scrcening safey-related human sctions in NPPs
is proposed. The resulls of a case study indicat tha the proposed method peforms wel and better than the
previous probabilsi sereening method typicaly used, it also implies that his method can provides metho-
dologicalsupport t th probabilsi screening method of human actions. On th one hand, uilzing this method
toscreen human actons can help identifying those actions that ar citcl forthe safty of NPPs. On th other
hand, it can reduce the workload and improve work efficiency. The method s traceable and easy to use. It not
only can b used nthe design of NPPs, but also can provide guidelines forreviewers 0 evaluate the NPPs safety.

1. Introduction

Afer the accidents at the Three Mile Island and Chernoby nuclear
power plants (NPPs), the influence of human errors on NPPs has
aroused wide concern (Dhillon, 2013; Liu and Li, 201.4). For ths reason,
Human Factors Engineering (HFE) has become important in the design
‘and operation of NPPs (Zhang, 2002). Inthe design of NPPs, the twelve
clements of HFE must be taken into consideration, particularly the
human reliability analysis (HRA) (Ming et al 2017; Zou ec al, 2017)
In 2012, the U.S. Nuclear Regulatory Commission (NRC) amended the
section of HRA i the Human Factors Engincering Program Review
Model (NUREG-0711), Version 3, and renamed it as Treatment of Im-
portant. Human Actions, which emphasizes the detailed analysis of

Abbrevations: ASG, Aus

human actions to reduce human errors (O'Hara et l,2012)

In the past, during the design of NPPs, analysis of human actions
usually adopred the quaitative analyss of HRA. As an essential part of
the HFE review, human actions have drawn the attention again after
NUREG-0711 upgrade. For example, the Office for Nuclear Regulation
(ONR) proposed that detailed explanations on the contribution of
human actions to system risk should be provided (ONF, 2014); the
National Nuclear Safety Administration of China (NNSA) also put for-
ward the requirement of detailed analysis of human actions during
project review. Considering the numerosity and variety human actions
in the operation of NPPs, it is necessary to sreen for the criical human
actions and identify the corresponding risk contributions.

‘The present ways aim at reducing the workload of designers by

feedwate system; CDF, Core damage frequency; EPRI, Elctric Power Research Insctute; FV, Fussll-Vesel; HEP, Human ertor

probabilty: HFE, Human foctors engineering: HRA, Human relabilty analysis; HRAW, Human action ik achievement wordh; IAEA, International Atomic Energy
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removal system; RRW, Risk reducton worth; SDP, Significance determination process; SGTR, Seam generato tube rupture
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providing a theoretical basis for human-system interface (FS1) design,
procedure development and improvement of waining program. The
screening of human actions adopts the concept of importance measures
sed to rank components based on their contributions 1o system risk,
within a probabilistic safety assessment (PSA) framework. Importance
measures e often used in the selection of critical components, for
relabilty design and maintenance optimization, etc. (Sallak et ..
2013; 710 and Luca, 2003). Typical importance measures include risk
achievement worth (RAW), Fussell-Vesely (FV) and risk reduction
worth (RRW) (Vesely et al., 1994; Higgins et al, 2007; Mancuso et al.

2017, 26, 2007). For a probabilistc method to screen human actions, it
is important to use the appropriate value of importance measure as the
risk boundary, so as to ensure that the screening results are con-
servative. In previous studics, the risk boundary selected fo screening
human actions was usually set the same as the value used for the se.
lection of critical components. For example, the Nuclear Energy In-
sttute (NEI) and the Electric Power Research Insttute (PRI) adopt 2.as
the risk boundary of the screening of RAW and 0.005 is considered as
the isk boundary of the screening of FV (NEI, 200 True et.al, 1995).
“This standard had also been recognized by the International Atomic
Energy Agency (IAEA) (IAEA, 2001). However, there are significant
differences between human actions and components funcions, s0 it
may not be appropriate to apply the standard for components direetly
o the screening of human actions. For example, operators are different
from components, and when a certain threshold is exceeded, the com-
ponent will be unavailable, but the operator still has the possibility to
successfully perform the actions. For this reason, Westinghouse made
adjustments to the value of risk boundary when screening human ac-
tions for the design of AP600 and AP1000 units. For the bascline PSA, 3
is setas the risk boundary of the RAW and 0.1 isset s th risk boundary
of the RRW; for the focused PSA, 2 is et as the risk boundary of the.
RAW and 0,05 is set as the risk boundary of the RRW (Kerch et ol
1097; Schul et al., 2006). Unfortunately, Westinghouse did not provide
the scientific bass for the selection of the values. Higzins et al. (2002)
have established a screening method of human actions by using the
significance determination process (SDP). But this method has not been
verified in practice, and still remains in the theoretical research stage.

In this paper, we introduced the human action risk achievement
‘worth (HRAW) to support the probabilstic screening method for safety-
elated human actions. A case study indicates that this method performs
el and better than the previous probabilstc sereening method typi
cally used. On the one hand, the adoption of this method can provide.
methodological support for the probabilistic screening of human ac-
tions. On the other hand, it can also provide the basis for the design of
NPPs,

The rest of this paper isstructured as follows. In Section 2, we recall
the PSA important measures and, then, propose the approach for HRAW.
determination and the probabilisti screening method. In Section 7, we.
present a case study related to a NP under construction in China. The
screcning resuls based on the HRAW and FV are presented and com-
pared with the results of the commonly used probabilisic screening
method. In Section 4, we discuss the main results and the significance of
the method proposed in this paper.

2. Probabilistic method for screening safety-related human
actions

2.1 PsA importance measures

Core damage frequency (CDF) and large early release frequency
(LERF) are the main indicators used for evaluating the design safety of
NPPs (5 t al, 2016). Both CDF and LERF are obtained through a PSA.

“To obtain these values, the accident sequences from initial events must
be defined and, then, thei consequences and frequencies of occurrences
must be quantified on the basis of the event frequency and compared at
human reliability data. CDF s a value obtained from Level 1 PSA, while

NilearEngneing and Design 340 2018) 415420

LERF is a value obtained from Level 2 PSA (Zhu, 2004; Chen et al,
2015). CDF and LERF have similar meaning within the probabilistic
method for screening human actions, for ease of discussion, in this
study we refer only to CDF.

Importance measures are ofien used in PSA for the safety anlysis of
NPPs. Different importance measures have different definitions and
‘meanings (Borst and Schoonakker, 2001). RAW represents the con-
ibution of a component to avoiding system failure. For this reason,
some authors refer to RAW as a safety importance measure (Prasal
etal 2014). 1t s defined as follows:

x.
A0 = e ®
where T, i the alu of GDF when the probabiliy of component i
e s 1.

FV (Rebaiaia et al, 2015 and RRW rasad et 2014 reresent
e sysem i cotibutions of the falue of the componcn, 30 hey
are als called sk importance measures They are defind s follows

coF

RRWG)

@

@
where Ry is the CDF contributed by the cut sets excluding the com-
ponent ; R, i the CDF contributed by the minimal cut sets including the
‘component .

CDF and R, can be expressed in terms of R, and R, as:

CDF =R 4R @

R

(L= 1)+ Ry [0}

‘Then, there is a mathematical relationship between RRW and FV,
V = 1-1/RRW (ki et al 2017), In view oftheir wide application
in NPPs safety analysis, in this paper we look at FV and RAW for
screening human actions

In the calculation of RAW, R, is based on the assumption that the
falure probability of component i is 1. The designers can consider this
‘assumption in the design of NPPs, because during the life cycle of NPPs,
‘components may indeed be unavailable due to maintenance or failure.
Bt for human actions, assuming that error probabilty of performing
actions is 1 is at least arguable, as consideration should be given the
operators” physiological limits, for performing actions. Then, for the
screening of human actions, FV is applicable whereas RAW is in-
applicable and we put forward the concept of HRAW for human actions
screcning, HRAW is defined as the increase in the risk to the system
caused by humans in the performance of an action i under extreme
conditions. Under extreme conditions, the human eror probability
(HEP) can be high but it is nappropriate to assume that it 1, because
of the operators'stress characteristics. So, the definition of HRAW is as
follows:

R+ R
CDF

HRAW() = Iim

©

Considering the definition of R and R, Eq. (6) can be rewritten as
Eq. (7).

B+ lmE

o

BB _

HRAWO) = lim
o #io=1 CDF

@

By comparing Eqs. (5) and (7), we can establish a relaionship be-
ween HRAW and RAW for human action i, n terms of an infintesimal
ofa:

HRAW() = RAWG)-0(a)

®

@) represent the possibility of operator successfully perform ac-
ton f under extreme conditions.
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2.2, Determination of HRAW

From Eq. (5), we have:

Ru—CDF4CDF_

HRAWG) =

©
where AR = R -CDF.

Assigning the value of probabilstc safety goal (1E—4) to the R,
and AR in the Egs. (8) and (9) respectively, referring to some regula-
tions and regulatory documents, (NNSA, 2006 IAEA, 2012; LS. NRC
2011), we have:

HRAW + (@) = 2 a0
HRAW + o(a) a
Fig. 1 shows these relations in the logarithmic coordinate system.

Curve 1 corresponds to Eq. (10) and curve Il corresponds 10 Eq. (11),
‘and the human actions can be mapped into the points in Fis. 1. For
CDF = 1E-5, the curves I and 11 are basically coincident; when
1E=5 < CDF < 1E—d, there i a significant difference between the
two curves. We do not consider CDF > 1E~4, it does not satisfy the
requirement of the probabilstc safety goal.

“The points abave curve I represent the fact that when their corre-
sponding actions are performed under extreme conditions, the in
creased risk of the NPPs is greater than the probabilstic safety goal
Also the points above curve Il represent the fact that when thei cor-
responding actions are performed under extreme conditions, the CDF of
the NPPs s greater than the probabisic safety goal. So, for con-
servation the points above curve I should be screened out for serious
consideration.

s the probabilistic method for screening human actions i based on
the results of PSA, it is also affected by the uncertainties of the PSA.
“There are two types of uncertainties typically considered in PSA: one is
uncertainty caused by the stochasticity of some physical events, and the
other is cognitive uncertainty related o the availabilty of human
cognition (Zhens and Zhou, 2011). To account forthis,a certain safety.
margin should be reserved, based on the probabilistic safety goal. For
this, we assign a new value o AR, smaller by an order of magnitude
than the probabilstc safety goa:

0
HRAW 4 0@) = {0+ 1 az
The curve Il in the Fig. 2 corresponds t the Eq. (12). Curve 11l

covers all the regions of curve Il including the uncertainty, thus reser-
ving a margin for the conservation of the screening. Curve Il is then
taken as the risk boundary and the human actions represented by the

cteening of human actios.

points above curve Il are considered safety-critcal. We can further
divide the Fis. 2 into three parts: the area above curve Il s the high-rsk
area, the middle area between curves I and I i the medium.risk arca,
the area below curve I is the low-risk area.

For general practical use, we notice that the values of R,.. and AR
an be changed according to the different probabilistic safety goals
performed by different NPPs. R, in Eq. (5) should be assigned the
value of probabilstic safty goal, and AR in Eq. (9) should be assigned
a value smaller by an order of magnitude than the probabilisti safety
goal. Also, the risk boundary value of HRAW should be an integer, to
avoid misunderstanding, because this value is based on estimated re-
sultsfrom a PSA rather than deterministic calculations.

2.3, Probabilstic screening method

10 order o ensure the completenes o the screening resuls, i ad-
diton to wilizng the HRAW fo scrcening human actions, i is neces-
sary to perform the sreening again by using the FV. When e utilizing
the BV, the value of isk boundary adopts the value used i the selection
ofciicl components, FV < 0.005 represnts the human action s low
isk; 0.005 < FV < 0.1 represents the human acton is medium isk;
FV > 0.1 represents the human acton is igh risk.

Aler conducting the human actons sczcening by using the HRAW
and FV respectivel, we need to make a comprehensive assessment o
determine shich isk arca the actions belon to. For the same human
action,if the results screne by the HRAW and FV are diffren, tis
sction should be classified into the arca with higher isk. For example if
a human action vas identifed as medium risk based on the value of
HRAW, while it was identifed as high rsk based on the value of FY,
then finally this human acton should be identified as high risk. For
liminating the uncertainty causd by PSA, the screening resuls need to
be submited 1o the expert for review. Tis. 3 s the framework of
probabilisc screening method.

“The dependency among human actions is an important factor in the
analysis (Cepin, 2005), and this part of work has been considered inthe
preliminary safety analysis report. This paper emphasize on the
sreening of safety-elated human actions based on the results of pre-
liminary safety snalysis report. So, we do not have specific elevant
contentsabout dependency among human actionsinthis paper. n tis
work, these aze two possible source of uncertainty. One is from trun.
caion limit i probablstic safety assessmen, th other s the appro-
priatencss of the value of AR and . we used in the paper
Capostolakis, 1959; Cepin, 2005). The value of uncerainty will be
analyzed in the further work.
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Fig. 3. Framework of probabilisic screening method.

3. Gase study
3.1, Background

“The PSA for a NPP under construction in China has been conducted
and the preliminary safety analysis report has been submitted o the
Nuclear Safety Center (NSC). In light of the design and construction
process of NPPs, the screening and analysis of human actions are re-
quired at this stage. We take this NPP as an example, using the prob-
abilisie screening method to analyze the human actions. The pre-
liminary safety analysis report gives a CDF for this NPP equal to
478E-7 per reactor year. As required by Chinese regulations
HAD102/17 “Assessment and Validation on the Power and Safety of
Nuclear Power Plant”, the probabilistic safety goal is CDF < 15 per
eactor year for existing NPPs and the CDF of the probabilisic safety
08l for new NPPs should be 1E 5 per reactor year.

Then, for Eq. (8), we set Ry, as 1E—5 and CDF as 478E—7, and

then we have the Eq. (1) below; for Eq. (9), we set AR as 1E—6, and
then we have the Eq. (14) below:

10

HRAW + 0@ = 1 20
© AT X 10 as)
1
W o = 1
HRAW + o(6) 478 x 107 3 a4

Based on this calculation, the value of 20 separates medium risk
from high risk, and the value of 3 separates medium risk and low risk,
seen i Fig 4.

3.2 Screening results

Tables 1 nd 2 provide the results of screening by the HRAW and FV
respecively for a number of human actions in the NPP under con-

Among the 11 human actions sorted out by the probabilstic
screening method, “operation possible-fixed-line operation” is an op-
eration of high risk and the other 10 actions are of medium risk. Human
actions of low risk are ot reported in Tables 1 and 2, because of litle
danger to the NPPs safety. The “Manual connection o other ASG water
tanks fail” appears many times in Tables | 2l 2 with differen values,
the reason for this is that the error probability in operations to different
ASG water tanks i different, 5o the values of the importance measures
are correspondingly different.

3.3, Comparative analyss

As discussed in Section 1, in the NPPs engineering practie, the
screening of human actions generally adopts the standard for selection
of the critical components. This standard defines that f the values of
RAW s larger than 2 or the FV s larger than 0.005, the corresponding
human actions are safety-related. Based on this standrd, there are two
extra human actions compared with Tables 1 and 2: one is cooling and
depressurization of the primary system to achieve the conditions for
starting the residual heat removal (RHR) system; the other is starting
the RHR system itelf. The following is the qualitative analysis for these
two human actions

(1) For the first one. Steam Generator Tube Rupture (SGTR) s one of
the design basis accidents of the NPPs. When analyzing this ac-
dent, it was assumed that the NPPs system deals with the accident
automatically in the first 30 min. Aftr, the operators ake over the
system. The main tasks of the operator are 10 identify and isolate
the damaged steam generator frst, and then cool and depressurize
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Table 1
Results o Screcning by HRAW.
Descripion HAW Explanaion
Manwal colation f dioton sourc o coective 1526 + 01 Mediam risk
Oersion ful o swich 0 IR sysem mamlly 1295 + 01 Medium risk
peraion posibl e lin opestion L06E <01 Medium rsk
Resaning secondary cheit e cooling fls 3 7395 £ 00 Medium sk
‘hucdown conditon
Manual st of S80 dse engine il Ses 00 edum sk
Manualconnectonofother ASG-2 sfuls 42200 Modum risk
Manualconnecton ofater ASG-3 wate ks s A01E + 00 Medium risk
Manual srt of o hed mjction sytem-nder 3725 00 Mediom risk
R o
Opersion pasible e lin apeion s 2 20300 Mdium risk

“EBS: Emergency Boraton System; CH: Containment Heat Removal.
SBO: Saron Black Out, ASG: Auxilary Feedvwater System; RHR: Residual Heat
Removal System.

the primary system to achieve the conditions for starting the RHR
systems; finally, to make reactor safe shutdown. If we adopt the
current practice screening methods for analyzing this accident, this
action i classified as a safety-rlated human action. But this is
unreasonable because this action i performed later in the SGTR
accident and the NPP is controllable at that time, the operators'

stress level s low and they have enough time to complete this ac-
tion with low error probabilty. So, this action should not be
identified as safey-related.

(2) For the second one. The RHR system is generally put ino use n the
second phase of the cold shutdown, to exhaust the heat generated
by the remaining power. Whether the reactor is shutdown under
‘normal operation or during an accident, the RHR system is started
at the final stage when the reactor paver is low and the operator
has enough time to perform the necessary actions. Also in this si-
tation the operators can be considered to have low psychological
Ioad and stress load. Thus, this human action should not be clas-
sified as safety-relaed.

Finally, we note that according to the original method, the human
actions are classified only either as safetyrelated or non safety-related.
Differently, in our proposed method, we classify the human actions into
three classes:low risk, medium risk and high risk. The high-risk actions
threaten the safe operation of NPPs f there is any error in these actions,
it willlead the CDF to values higher than the probabilistic saety goal.
‘Therefore, analyzing the human actions with high-risk can lead the
designers to focus on these actions from the very beginning.

4. Discussion and conclusion

‘The screening of human actions should be conducted at the early

Table 2
Results o Screning by FY.

Descripion w Explnaton

Operstion pasible et lne aperation s 2 2z Nediom ik, then e 0 high 7k

Manual Jowprssue coolin ol pesd Fls s3-02 Medium sk

Manual st of S80 dse ngin il o2

Operstor ffs o svlch to CHR ysten manally 957603 Medhum ik

Operstion posible iseln opersion fls 742803 Medium ek

Manual solation of dilaton source o corecive o opecaton s - RS is done. ssie-03 Medium ris

Manualconnecton ofothr ASG-2 wter tanks e e Nedium s

Nanualconnecton ofathr ASG-3 water s i oy Nedium ris

Manualconnection ofothr ASG-1 water s i Sate 03 Nediom s
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stages of NPPs design, as the identification of safety-related human
actions is important for NP safety. This study first analyzed the im-
portance measures in PSA and, then, the HRAW was proposed based on
the RAW; as the basis for  probabilistic method of screening out safety-
related human actions. The method is suitable for engincering appli-
cation and provides methodological support to the probabilistic
screening method of human actions. Asitis traceable and easy to use it
ot only can be used in the design of NPPs, but also to provide guide-
lines in certain aspects for the reviewers to evaluate the NPPs safty.

In addition, there is another significant finding in this study. As
shown in Fiz. 2, when the CDF is < 1E—4, fewer human actions are
lised in the medium-risk range, indicating that the smaller CDF in the
NPPs, the higher tlerance of the NPPs to human errors. When the CDF
is between 1E.and 4 and 1E—5, it i more likely that human actions be
classified as medium risk. When the CDF tends to be 1E—4, it is pos-
sible o classfy human actions s high risk, even if the HRAW value is
small. In ths case, the NP has low tolerance to human errors, and the.
‘potential risks are high. Then, it scems that in order to cnsure that NPPs.
have high tolerance to human errors, the CDF should be at least an
order of magnitude smaller than the value of the probabilstc safety.
goal. Based on this finding, it seems that a relationship between CDF.
‘and tolerance of human error can be deduced. This will be the subject of
future study.
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1. Introduction

ABsTRACT

With the continuous increase in the number of operating nuclear power plants (NPPs) in China, the
amount of operating experience feedback (OEF) increases significantly. O the other hand, the safe oper-
ation of NPPs has become an urgent problem that the National Nuclar Safety Adminisiration (NNSA)
must solve. To this end, NNSA established a nationalwide OFF system to improve the safety level of
NPPs and strengthen the exchange of operating experience. Analyzing the human factors events (HFEs)
5 an important part of OEF and it s significant (o improve human performance and prevent human error
Data mining has been recognized as an effective way to analyze data. With the continuous increase in
operating event reports, data mining related to nuclear safety becomes a new domain of tudy. In this
paper, we propose a data mining framework in support of the OEF system. The framework combines
three statstical approaches (ie., correlation analysis, cluster analysis and association rule mining) for
identifying intinsic orrelations among human factors:correlaion analyss measures thestrength of lin-
ear relationship between human factors;cluster analysis classifes human factors nto relevant groups;
association rule mining identifies associations and causalities among human factors. For illusration.
e apply the proposed ramework to 162 human factors events (screened out from 313 evens collected
from the OFF system), and the results eflect the feasibiity and effectiveness of the framework in iden-
ifying the intrinsic correlations among human factors. Besdes, urther suggestions for improving human
performance and preventing human errors in NPPs are also discussed.

2018 Elsevie Ltd. Al rights reserved.

lect, screen and analyze operating event reports from various
domestic NPPs, providing regulatory suggestions to the NNSA.

Upto January 31,2018, there were 38 operating units of nuclear
power plants (NPPs) and 20 units under construction in mainland
China (World Nuclear Association, 2017). With the continuous
increase in the number of operating NP, the amount of informa-
tion from operating experience feedback (OEF) rses significantly.
OFF s important for maintaining and improving safety in NPPs
(Simic et al. 2015). How to ensure safety in the operation of NPPs
has become an urgent problem that the National Nuclear Safety
Administration (NNSA) must address. In this respect, one of the
most important tasks of the Nuclear Safety Center (NSC) i to col-

" Correspanding author.
E-mal addess: 10875691194 com (2. Xi

apsdotorg/10.1016fj anucene 201802038
0306.4549/0 2018 Elsevir L. Al ights reserved.

“The collection of information on operating experience (OF) is
the responsibility of the NPP operator (Nuclear Energy Agency,
2011). Operating experience with respect to events, incidents and
accidents are very important for nuclear safety (International
‘Atomic Energy Agency, 2010). Lessons from operating experience
can improve emergency procedures and operator training, and
focus more attention on safety culture and human- factors
(breischl and Hellmich, 2013). The practice of collecting and ana-
Iyzing operating experience information has grown over the years,
all over the world. Some international agencies and organizations
have their own programme and systems of operating experience,
such as the operating experience information exchange pro-
gramme of the World Association of Nuclear Operators (WANO)
(Revuelta, 2004), the experience feedback system and incident
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reporting system of the International Atomic Energy Agency (IAEA)
(Intemational Atomic Energy Agency, 2015), and the operating
experience programme of the Organisation for Economic Co-
operation and Development (OECD) (Nuclear Energy Agency,
2008).

NNSA has established a nationalwide NPPs operating experi-
ence feedback system, to improve the safety level of NPPs and
strengthen the exchange of operating experience. This system,
organized and managed by NNSA, is a communication platform
for national experience feedback between nuclear power plants
and related organizations. The members in the system include
NNSA, NPPs, NSC, Regional Nuclear Safety Supervision Station
(RSS) and other Technical Support Organizations (TSOs). The role
of cach member is shown in Fig. 1. NNSA is mainly responsible
for organizing event reactive inspection, informing generic event
and applying significant OF into inspection activities. The depart-
ment of event assessment of experience feedback in NSC, as TSO,
performs technical analyss of significant events and generic even,
then provide recommendation to NNSA. Besides, NSC will partici-
pate to reactive inspection when NNSA needs. RSS is in charge of
local-site OF inspection based on order from NNSA and involve-
ment of reactive inspection.

“The experience feedback platform of NNSA, which is an impor-
tant part of the operating experience feedback system, was online
in November 2014, This platform is mainly used for the collection
and release of operating experience feedback of NPPs, with the
functions of information summary and query, correct action track-
ing, evaluation of safety status, and judgment of abnormal impor-
tance. The members of OFF system can analyze the events which
are reported by the NPPs through the experience feedback plat-
form. The platform enables all NPPs to learn from the operating
experience of other plants. In particular, the platform informs
and alerts NPPs on events that have occurred at other plants.

Analyzing human factors events (HFES) is an important part of
OFF, as it is significant to improving human performance, such as
improving human error prevention activities and increasing sys-
tem safety (Zheng et al,, 2017). Data mining has been recognized
as an effective way to analyze data in the last few years, and it
can be used to reveal the hidden information behind the data
(Han et al. 2011). With the continuous increase in operating event

Subait peidically
nspecorreporsand
Conform locl NPPs

reports, an important application area of data mining techniques is
in nuclear power plants and related data (Toshniwal, 2013). For
example, Park ct al. (2017) applied a big data mining technique
to extract the relative importance of performance shaping factors
(PSFs) from NPPs event reports. Although there were some
attempts to introduce data mining techniques to help human reli-
ability analysis (HRA), none of them studied the intrinsic linkages
and interactions among influencing factors, which exist in the
human factors events. Considering the patterns in the data, they
can be represented in many different forms, in this study, in sup-
port of OEF system, we propose a data mining framework combin-
ing with correlation analysis, cluster analysis, and association rule
mining for identifying intrinsic correlations among human factors.
Data mining are conducted for the 162 human factors events and
the results reflect the feasibility and effectiveness of the frame-
‘work in identifying the inrinsic correlations among human factors
On the other hand, this data mining framework can help to analyze
human factors events, further it can provide a basis for the study of
the relevance of PSFs in HRA and help to develop a systematic
framework of human performance improvement.

“The rest of this paper is structured as follow. In Section 2, we
introduce the coding system of WANO and present the screening
criteria of human factors event. In Section 3, we first analyze 313
operating event reports during 20082017, which were collected
from the experience feedback platform, and the 162 HFEs that
were screened out based on the screening criteria. Then, based
on the proposed data mining framework, the software of statistical
product and service solutions (SPSS) and SPSS Modeler are used to
conduct the data mining, including correlation analysis, cluster
analysis, and association rule mining, In Section 4, we summarize
the results of Section 3 and compare these results with OF of
'WANO. We conclude with a discussion of the importance ofintrin-
sic correlations among human factors for analyzing human factors
events and propose some suggestions for improving human perfor-
mance and preventing human errors.

2. Screening criteria of human factors events

Since the beginning of 1998, a codification system has been set
up for all the event reports provided by the NPPs, and the WANO

Collctand e the
nformation of OFF

Fig 1. 06F ysten.
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experience feedback i codifying all the events previously occurred
(European Commission, 2001). This paper adopted the classifica-
tion criteria of root cause and causal factors provided by WANO
to analyze the operating event reports collected on the experience
feedback platform of NNSA. There were two reasons for choosing
operating event report to analyze. One s that the report has root
cause analysis and the other s that these reports are a very impor-
tant source of NPPs to collect external experience feedback.

‘The root cause and causal factors are divided into three cate-
gories in the coding system of WANO (World Association of
Nuclear Operators, 2016). The first category has ten factors related
to human performance; the second category has eight factors
related to management; and the third category has four factors
related to equipment. The root cause and causal factors with
respect to each category are reported in Table 1. For the conve-
nience of data analysis, we have assigned a specific number to each
oot cause and causal factor.

In this paper, we consider that if the root cause and causal fac-
tors in an operating event report contain factors of the fist or sec-
ond categories, this operating event was a human factors even, In
other words, we consider the root cause and causal factors num-
bered 01-18 were human factors.

3. Data mining,

‘We analyzed 313 operating event reports and 162 human fac-
tors events were screened out based on the screening criteria,
‘The proportion of human factors events i, then, 51.8% The per-
centage of each root cause and causal factor is shown in Fig. 2. Each
number in the horizontal axis represents the corresponding root
cause and causal factor in Table 1.

‘There are 96 human factors events related o the personnel
work practices, the ratio is 59.3%; there are 76 human factors
events related to the witten procedures and documents, the ratio
is 46.9%; there are 32 human factors events related to the supervi-
sory methods, the ratio s 19.8%. These three root cause and causal
factors are the main factors in human factors events.

Table 1
Rootcause and causl fctors.

Caresory NO__ oot cause and cavsal acors

Haman o

Verbal communicatons
performance 02 Personnel wrk practices
elaed 03 Personnelwork scheduling.
04 Envinonmental conditions
05 Manmachine iterface
06 Trinngqulfcion
07 Writen procedures and docoments
08 Supenvsory methods
09 Work organisaton
10 personal factors

Management 11 Management dirction
laed 12 Communiction or co-ordination

13 Management monitoring and asessment

14 Decsion proces

15 Allocaton of resources

16 Change management

17 Safey culareloranistional.

18 Management of ontngencies
Equipment 19 Design confguation and analysis
elsted 20 Equipment

specicationimanufacurefransporation]
instlltion/constuction

21 Maimenance tesungisuneilance

22 Equipment perormance

3.1. Data mining framework

Fig. 3 is the proposed data mining framework combining three
statistcal approaches (i, correlation analysis,cluster analysis and
association rule mining) for identifying intrinsic correlations
among human factors: correlation analysis measures the strength
of linear relationship between human factors; cluster analysis clas-
sifies human factors into relevant groups; association rule mining
identifies associations and causalities among human factors.

32, Correlation analysis

Correlation measures the strength of linear relationship
between two variables, where a strong, or high, correlation means
that two variables have a strong relationship with each other while
aweak or low correlation means that the variables are ltle related
(Ashley. 2017). In most of the existing HRA methods only consider
finding out the influencing factors or PSFs of human factors events,
the correlation of these factors being rarely taken into account in
the ro0t cause analysis. On the contrary, the interaction between
factors is inevitable during the operation of NPPs, and this also
affects the error probability of operators (Zhang et al. 2010).
‘Therefore, we introduced correlation analysis to study the correla-
tion of root cause and causal factors.

Considering the types and characteristis of the variables, we
adopted Pearson correlation coefficient and two-tailed test for cor-
relation analysis (Xue, 2013). The correlation coefficient measures
the strength and direction of a linear relationship between two
variables, and a value of the correlation coefficient between 0.7
and 1.0 or ~1.0 and 0.7 represents the fact that the two variables
have strong positive or negative relationship, respectively
(Tamhane and Dunlop, 2000). Table 2 represents the results of cor-
relation analysis calculated by SPSS. The numbers in the first row
and first column represents the corresponding root cause and cau-
sal factors in Table 1. There are eight variables that have strong
relationship with each other.

“The correlation coefficient indicates that personnel work prac-
tices is the most important factor with respect to human factors
events, and that it has a strong posiive relationship with verbal
communications, personnel work scheduling, man-machine inter-
face, trainingjqualification, written procedures and documents,
supervisory methods, and personal factors. This result s consistent
with the proportion of personnel work practices in human factors
events. Verbal communications has a strong posicive relationship
with man-machine interface, written procedures and documents,
supervisory methods, and personal factors. Man-machine interface
has a strong positve relationship with written procedures and doc-
uments, and supervisory methods. Trainingqualification has a
strong positive relationship with written procedures and docu-
‘ments, Written procedures and documents has a strong positive
relationship with supervisory methods and personal factors.
Results show that the correlation analysis i efficient in prioritizing
the root cause or causal factor contributing most to the human fac-
tors events, and in identifying all the relevant factors strongly
dependent with the identified one.

Further investigations, including root cause analysis and inter-
view with operators, were carried out to study these results. We
found that, (1) for some specific tasks if there were no explicit pro-
cedures or documents to guide the operator and the operator
lacked of personnel work practices, then human factors events
easily occurred, the negative impact of these two factors being
caused by their interaction: (2) poor design of man-machine inter-
face, together with lack of personnel work practices, often caused
human factors events, especially in the digitalized NPP main con-
trol room; (3) in an emergency situation, if there is no explicit pro-
cedures, crew members need lo communicate adequately.
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otherwise this can easily led to an accident; (4) personnel work
practices, written procedures and documents, and man-machine
interface often existed in the same human factors events; (5) no
applicable documents and procedures could accelerate the occur-
rence of human factors events if the operator’s skil is less than
adequate; (6) there was no root cause and causal factors related
to management having strong relationship with other factors.

33, Cluster analysis

Cluster analysis relies on a class of techniques that classifies
cases into groups that are relaively homogeneous within hem-
selves and relativly heterogeneous between each other, and it is
als0 an explorative analysis that ries o dentfy structures within
the data (Yim and Ramdeen, 2015). A main task of exploratory data
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mining is cluster analysis, which is also a common technique for
statistical data analysis (Merrell and Diaz, 2016). Cluster analysis
has been used for analyzing nuclear system level performance
(Teichmann et al. 1985), but few studies applied this technique
for analyzing human factors events. Here we utilized this method
to analyze the similarity of root cause and causal factors. We set
each root cause and causal factors in Table 1 as a case, and the vari-
able s the number of the root cause and causal factors of each year
from 2008 to 2017. This study used hierarchical cluster analysis
and between-group linkage was determined as the clustering.
method (Wang. 2003). The minimum number of clusters was set
to three, while the maximum number of clusters was set to eight
Table 3 reports the resulting case cluster membership. The num-
bers in the first column represents the corresponding root cause
and causal factors in Table 1

Fig. 4 is the dendrogram of the results of running the data
through the Group Average clustering method. The horizontal axis
of the dendrogram represents the distance or dissimilarity
between clusters. The numbers of vertical axis represents the cor-
responding root cause and causal factors in Table 1.

Fig. 4 clearly presents the process of clustering and Table 3 pre-
sents the cluster members when the cases were grouped inio
three, four, five, six, seven and eight clusters. When the number
of clusters was between three and eight, verbal communications
and personal factors were grouped into the same cluster; environ-
mental conditions, communication or co-ordination, decision pro-
cess, allocation of resources, safety cultureforganisational, and
management of contingencies were grouped into the same cluster.
Only when the number of clusters was three, personnel work prac-
tices and written procedures and documents were grouped into
the same cluster. According to Salvador and Chan (2004), the opti-
mal number of clusters in this dataset was six, which means verbal
communications, man-machine interface, training/qualification,
and personal factors were grouped into a cluster: personnel work
practices, written procedures and documents, supervisory meth-
ods, and work organisation was grouped into four clusters, respec-
tively; the others were grouped into another cluster. From the
results, we can sce that the cluster analysis can take appropriate
decisions on the clustering number of human factors, and assign
each factor into a corresponding group. Results also suggest to
the analysts to better assess human relability when the human
factors in a cluster are jointly, rather than separately, considered.

Table 3
Cluster membershin

157
34, Association rule mining

Association rule mining is the data mining process of finding
associations, frequent patterns, or causal structures from data sets
found in various kinds of databases such as transactional data-
bases, relational databases, and other form of data repositories
(Znang and Zhang, 2002). In data mining, it has been proved that
association rule mining was useful for analyzing and predicting
customer behavior (Ngai et al, 2009). In addition, there were
already some studies in the field of HRA by applying association
rule mining. For example, Jiang et al. (2011) assessed support
and confidence degree among human factors events based on a
proposed weight association rule. This inspired us to consider uti-
lizing this technique to study the associations and causal structure
of the influencing factors, which enable us to predict the occur-
rence of a specific influencing factor based on the occurrences of
the other influencing factors. Fiz. 5 is the result of the web node
calculated by PSS Modeler, where each node represents the corre-
sponding root cause and causal factors in Table 1

“The thickness and depth of the fine represent the strength of the
link between two nodes. Ifthe line i very thick or the color is very
deep, it means that the two nodes on the line have a strong link,
such as node 02 (personnel work practices) and node 07 (written
procedures and documents). There were some other nodes that
have a relative strong link with node 02, such as node 08 (supervi-
sory methods), node 01 (verbal communications), node 09 (work
organisation), node 05 (man-machine interface), node 10 (personal
factors), node 06 (training/qualification).

Due to the fact that proportion of personnel work practices was
the highest, we set the node 02 as the consequent. Node 07, 08, 01,
09,05, 10, and 06 were set as the antecedents because these nodes
have a relative strong link with node 02. Table 4 represents the
information from the association rule model. The confidence and
Jift in Table 4 also indicates if  rule is reasonable and meaningful.

For ule 1, if verbal communications were a root cause or causal
factor of a human factors event, then personnel work practices
would also be a 00t cause or causal factor of this event, Table 4
represents that there were 23 human factors events related to ver-
bal communications, the ratio was 14.2%. The confidence was
73.9% and the lift was 1.247 > 1, which means rule 1 was reason-
able and meaningful (Docll ct 4l 2015). For the rule 2, if work
organisation and written procedures and documents were root
cause and causal factors of a human factors event, then personnel
work practices was also a root cause or causal factor of this event.
In table 4, the probability of occurrence of personnel work prac-
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tices was 77.8% when the work organisation and written proce-
dures and documents were root cause and causal factors of a

human factors event, and the lift was 1312 > 1, which means rule
2 was reasonable and meaningful. For the rule 3, f verbal commu-
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nications and written procedures and documents were roof cause
and causal factors of a human factors event, then personnel work
practices was also a root cause or causal factors of this event.
According to the results, the association rule mining approach
can_ efficiently discover the relationships between particular
human factors which are commonly neglected in existing human
factors events, for further use in analyzing and predicting operator
behaviors.

4. Comparison with results from WANO OF

s a technical support organisation, Hunan Institute of Technol-
ogy (HNIT) is responsible for the nuclear and radiation safety reg-
ulatory projects related to human factors started from 2010.
Statistical analysis has been conducted of the 1364 WANO event
reports (WERs) and WANO operating experience annual reports
from 2000 to 2016, which was an important part of annual reports
submitted to the NNSA. In this section, we first summarize the
results of Section 3 and then compare these results with WANO OE.

Fig. 2 clearly indicates that personnel work practices s the most
frequently identified root cause or causal factor for human factors
events. The percentage of events associated with witten proce-
dures and documents is the second most significant contributor
to human factors events. These resuls are consistent with WANO
OF, which indicated that personnel work practices and written
procedures and documents are the two most common foot causes
or causal factors of events reported in the human performance
area. The percentage of root cause and causal factors related to
management is low, and the most significant contributor to
management-related events is management direction. This result
is different from WANO OF, which indicated that the most com-
mon management root causes or causal factors has consistently
been weaknesses in decision making,

‘Table 2 indicates that personnel work practices is the most
important root cause or causal factor, with a very strong positive
relationship with man-machine interface, verbal communications
and written procedures and documents. This result s partly consis-
tent with the correlation analyss results of WERs. The difference
was personnel work practices did not show a very strong positive
relationship with man-machine interface in the dataset of WERS. In
order to investigate the reasons for this difference, we have com-
pared the two datasets and found that the percentage of human
factors events related to digitalized NPPs was much higher than
its percentage in the dataset of WERs. In the digital NPPs, the
man-machine interface changed from analog to digital, and this
could easily led to human factors events.

Personnel work practices, witten procedures and documents,
and supervisory methods were the three important oot causes
or causal factors that significant to the occurrence of human factors
events, and the cluster analysis (Fig. 4) indicates that these three
factors should be grouped into a cluster separately. In the NP
main control room, especially in the digital main control room,
poor design of man-machine interface, together with the inade-
quacy of inter-team communication, insuficient training of opera-
tors and personal factors, could easily cause human factors events.
‘Thatis why verbal communications, man-machine interface, tra
ing/qualification, and personal factors are grouped into a cluster.
Although there was no cluster analysis of WERS, the event trend
analysis in WANO OF annual reports implied that the interaction
between root causes or causal factors easily produces negative
effects, and results in human factors events. This confirms that cor-
relation analysis and cluster analysis could be helpul in analyzing
the intrinsic linkages and interactions of influencing factors related
to human factors events.

“The results of association rules mining (Fig. 5) can be seen as the
evidence for the results of correlation analysi. Personnel work
practices has been identified as the most important variable in
the association rules mining, which has the strongest link with
written procedures and documents. Three effective association
rules were indicated in Table 4, which are useful for analysts to
conduct event analysis. For example, if verbal communications
has been identified as a oot cause or causal factor of the event, rule
1 reminds us that we need to analyze personnel work practices and
determine whether it was also a root cause o causal factor of this
event; if both verbal communications and witten procedures and
documents are identified as the root cause or causal factor of the
operating event, rule 3 reminds us that we need to analyze person-
el work practices and determined whether it was also a root cause
or causal factor of this event. These results also can be reflected in
the statistical analysis of event causes of WERS, and the confidence
was 78.02% for rule 1 and 74.73% for rule 3

5. Discussions

It has been reported that 80% of serious accidents andjor inci
dents in NPPs were caused by human errors (International
Atomic Energy Agency, 2013). With the rapid development of
nuclear power in China, regulatory agencies have recognized the
importance of human factors for the safety of nuclear power. Oper-
ating event reporting and OFF are critical aspects of safe operation
of NPPs (Zheng et 2l 2017). As an important part of the OF sys-
tem of NNSA, the experience feedback platform enables all domes-
tic NPPs to submit their operating events online and learn from the
OE of other plants. To date, this platform has been running for 3
years, and the database is still improving. With the number of
operating events in the database increasing, we can extract effec-
tive HRA-related information from human factors events. For
example, Massaiu (2014) discussed the feasibility of extracting
human reliability information from data collected at different
NPPs. It is widely recognized that human factors events signifi-
cantly challenge the safety of NPPs. How to prevent human errors
and reduce the accurrence of human factors events are always hot
topics in the nuclear industry. Identifying the root causes or causal
factors i the key point when conducting root cause analysis for
human factors events. However, the intrinsic correlations among
human factors were rarely considered. This paper has proposed a
data mining framework, which is embedded within the Chinese
'NPPs OEF system, for identifying the intrinsic correlations among
100t cause and causal factors leading to human factors events.
“The results can provide useful considerations and insights for ana-
Iyzing the human factors events. Through the comparison with the
results from the WANO OE, the advantage and effectiveness of the
data mining framework were verified. The proposed framework
allows a more_robust analysis on intrinsic correlations among
‘human factors, and provides recommendations for further improv-
ing human performance and preventing human errors in NPPs.
Personnel work practices have consistently been the most fre-
quently identified root cause or causal factor for collected operat-
ing events, which means the NP has not taken effective actions
t0 correct weaknesses in personnel work practices. From the per-
spective of NPPs, improving self-checking and questioning attitude
can be effective countermeasures to reduce the occurrence of
human factors event related to personnel work practices. The num-
ber of collected events with a root cause or causal factor of written
procedures and documents has increased significantly over the
past 10 years. Technically incomplete procedure o document is
the most significant contributor to procedure-related events. If
procedures and documents cannot be continuously improved and
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completed, the number of procedure-felated events may continue
to grow.

Al the results in this paper are based on the data analysis of
human factors events which were collected from the experience
feedback platform, Not all NPPs submit the required operating
event reports, and so the authors will continue to track and analyze
the event reports.
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ABSTRACT

Operational events of nuclear power plants (NPPs) are safety-relevant incidents, which may impar the
plant functionality and lead o undesired consequences, Thus, thei analysis is important for the saety
assessment of NPPs. Although several studies have been conducted on NPPs operational events, there
s a lack of an integrated framework that effectively combines qualitative and quantitative analyses of
operational events.In this study. 3 framework for the identification and quantification of root causes
of operational events is proposed. The framework includes the oot causes identification procedures
and an online quantificaion tool based on Bayesian Network modeling. Thirty-seven unplanned reactor
ip (URT) events occurred in Chinese NPPs have been used fo the case tudy and the outcome indicates
that this framework can be quite useful: on the one hand. it can support inspection and control of the
‘measures of prevention of operational events and reduction of thei occurtences fiom the perspective
of regulatory authorites; on the other hand, i can be embedded vithin the national muclear safety
administration (NNSA) experience feedback (EF) system a5 an online support tool for lving safety

assessment,

1. Introduction

The rapid demand of power and the intensification of air pollu-
tion from coal-fired plants have accelerated the installation of
nuclear power in mainland China in the last decade and will con-
tinue to do 5o, So far, over forty nuclear power reactors have been
operating and another twenty reactors are under construction
(World Nuclear Association, 2018). The increase of the number of
operating nuclear power plants (NPPs), in turn, brings a new chal-
lenge to the regulatory body: how to learn lessons from opera-
tional events occurred in NPPs and provide experience feedback,
for guaranteeing the reliability, safety and resilience of NPPs
(zhang et al, 2010; Zou et al, 2017)

It has been recognized that effective use of operational perfor-
‘mance information (e.g. operational events, feedback of operating
experience) s an important element for improving the reliabilty
and safety of NPPs (IAEA, 1999), For this reason, the China National
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Nuclear Safety Administration (NNSA) has issued the operational
event reporting system (OERS) for nuclear facilties to strengthen
their operating experience feedback (NNSA, 2004). Reporting the
operational events plays an essential role in learning lessons from
experience feedback (Zheng et al. 2017). The NNSA established a
national wide operating experience feedback (OEF) system to
improve the safety level of NPPs and strengthen the exchange of
operating experience. The experience feedback platform (EFP) of
NNSA, which is an important part of the OEF system, was online
i November 2014, This platform is mainly used for the collection
of operational events and release of operating experience feedback
of NPPs (Zou et al. 2018).

Operational events of NPPs are safety-relevant incidents initi-
ated due to human errors andjor component failures (Hulsmans,
2006; STUK. 2014). The range of operational events could be from
an event with insignificant consequences on the NPP operation to a
transient that leads to reactor scram (Suksi, 2004). They can, to dif-
ferent extent, impair the plant functionality and lead to undesired
consequences, for example, unplanned reactor trip (Vijaya et al
2010). Thus, it is important to effectively analyze operational
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events in the safety assessment of NPPs, for identifying the root
causes of the incidents, investigating their consequences and
determining the appropriate corrective actions for system protec-
tion and resilience. In addition, improvement programs and train-
ing courses for increasing system safety and human performance
can be developed, with material including the analysis outcomes.

Literature reviews indicate that the works related to NPPs oper-
ational events have been focusing on two aspects: one is the event
investigation for identifying root causes; the other is the quantita-
tive analysis of the root causes based on the data collected. One of
the main purposes of event investigation s to identify the exact
causes of operational events (Ziedelis and Noel, 2011). Root cause
analysis (RCA), probabilisic safety assessment (PSA), deterministic
safety analysis and safety culture impact assessment can all con-
tribute_investigation methods for the NPPs operational events
(IAEA, 2002). Among these methods, RCA has been proved to be
most effective for identifying root causes (Andersen and
Fagethaug, 2006). Guan et al. (2017) discussed and compared the
analysis methods, techniques and tools of root causes identifica-
tion and presented the RCA application practices in the Chinese
NPPs. Bakr (2017) proposed a procedure of root cause confirmation
for radiological events. For the identification of organizational root
causes in digital NPPs, a new organization-oriented technique of
human error analysis was proposed by Li et al. (2015). Uilizing
the event and cause factor (ECF) chart analysis method, Jiao ct al
(2017) identified the root causes of reactor trip events occurred
in a Chinese NP due ta loss of power supply to the control drive
mechanism (CRDM). Although RCA is a well-established method
for the determination of incident causes, it cannot identify some
types of causes: or this reason, Ferjencik (2011) proposed an inte-
grated approach for the analysis of incident causes.

“To date, there are a number of RCA techniques with different
characteristics exist. Proper selection of RCA techniques for specific
incidents can not only facilitate event investigation, but also guar-
antee the effectiveness of root causes identification (Livingston
et al. 2001). For example, the human performance enhancement
system (HPES) has been suggested specifically for the investigation
of human error incidents and the failure mode analysis for the
investigation of equipment failure incidents (Ziedelis and Nocl,
2012)

‘With the increase of the number of operational events, another
important work regards the quantitative analysis of root causes.
‘The data extracted from operational events investigation (e.g. root
causes) are important information source for nuclear safety. The
primary use of operational event data is statistical analysis, which
can be an informative way of quantitative analysis. Statistical anal-
ysis on the identified root causes can reflect problems existing in
NPPs operation and provide useful insights for rationalizing the
efforts on prevention and reduction of events. Volkanovski et al.
(2016) identified the dominant root causes for the loss of offsite
power (LOOP) events through statistical analysis. Ballesteros
et al. (2016) studied the distribution of root causes of
maintenance-related events based on data analysis. Rodionov
etal. (2012) discussed ageing-related events considering their root
causes, on the basis of a statistical assessment. Further statistical
analyses of root causes have been introduced for in-depth investi-
gation. For example, data mining techniques have been introduced
in order to analyze the intrinsic correlations among foot causes
(Zou et al. 2018); Park et al. (2017) proposed a big data mining.
technique to extract the relative importance of oot causes from
event investigation reports; Nelson et al. (2016) developed a Baye-
sian Network (BN) model and utilized the operational data col-
lected from a corrective action program database fo analyze
consequential events at NPPs.

Up to December 16, 2015, 924 operational event reports have
been made available on the EFP. A comprehensive analysis of these

reports can provide valuable operating experience feedback for
improving the operation and safety of NPPs. However, at the cur-
rent status in China the qualitative analysis (¢.2. event investiga-
tion) and quantitative analysis (eg. statistical analysis) of the
reports are kept separate. To make better use of the EFP, the NNSA
requires an integrated framework for analysing operational events,
t0 be embedded within the EFP in the future. To this aim, in this
paper, we propose an integrated framework for analysing opera-
tional events in the EFP. By this framework, we can first conduct
the qualitative analysis for identifying the root causes of opera-
tional events and, then, conduct the quantitative analysis based
on Bayesian Network modeling for estimating the occurrence
probability of the operational events. Based on this framework,
on the one hand, the NNSA can investigate and supervise the oper-
ational events more effectively; on the other hand, it can be ves
fied whether the corrective actions for the operational event are
valid, based on the calculation results of the BN model.

“The rest of the paper is structured as follows. In Section 2, we
introduce the framework, including the process of root causes
identification, and the online quantification tool based on Bayesian
Network modeling. In Section 3, 2 case study isillustrated to verify
the effectiveness of the proposed framework. n the last section, we
conclude on the advantages of the proposed framework and dis
cuss future work of further development.

2. Integrated framework for operational events analysis

Fig. 1 shows the scheme of the proposed framework (see shad-
owed parts) built for the use of the online NNSA EF system, and
including qualitative event investigation, root cause identification
(see detais in Section 2.1) and online BN-based quantification
(see details in Section 2.2). When an operational event occurs in
a NPP, the operators (besides taking the necessary actions) report
their understanding of accident causality and, then, the NP pro-
cess it o the NNSA EF system. After the reporting of the opera-
tional accident event in the NNSA EF system, the proposed
framework allows online investigating the event to qualitatively
identify the oot cause(s) as evidences to be fed to the BN-based
quantification tool for quantitatively updating the estimates of
the probability of occurrence of incidents. The online assessment
of operational events, in turn, provides the NPPs with suggestions
for incidentsfaccidents prevention and reduction and for overall
plant protection.

2.1, Root cause identification

According to their impact related to the operational events, the
causes can be divided into direct cause, contributing cause and root
cause. Direct causes are the failures, actions, omissions or cond
tions which immediately trigger the event. Contributing causes
are the causes that contribute to the occurrence of the incidents,
but by itself would not have caused the occurrence. Root causes
are the fundamental causes of an unusual event or adverse cond
tion of NPPs, Identification of oot causes is critical for analyzing
the operational events, because the recurrence of the incident
an be effectively prevented if the root causes can be discovered
and corrected. Therefore, in the phase of event investigation, we
focus on identifying and recognizing root causes of NPP operational
events

Fiz. 2 shows the process of root cause identification, including
three steps: (1) establish the event sequence model based on the
facts collected from the event investigation; (2) utilize the related
techniques in the RCA toolbox to analyze the incident, determine
the failures and related causes of the incident; (3) make a judg-
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ment for the collected information in step 2 and select the appro-
priate code in Table 1 for each identified root cause.

. Construction of event sequence model

Conduct the interviews with operators involved in the incident
and check the avalability of personnel, equipment and documents.
Describe the development of incident as accurately s possible and
establish the event sequence model based on the time series. For
each time node, it should include detailed information related to
the system status, human actions and station actvities

1. REA techniques selection

‘There are many tools and techniques available for RCA, such as.
ECF chart, change analysis, barrier analysis, event tree analysis,
fault tree analysis, cause and effect analysis, task analysis. In fact

these techniques are guided by the same concepts, thus the root
causes determined by different techniques are basically as the
same (IAEA, 2002). Due to the limitations of each individual anal-
ysis method, often, root cause identification i a process in which
multiple methods complement and verify each other. In this study,
we adopted a RCA toolbox composed of task analysis, barrier anal-
ysis, change analysis. ECF chart analyss, failure modes and effects
analysis (FMEA). and fault tree analysis (FTA). If the operational
event is a human error incident, the first four techniques can be
used. If the operational event is an equipment failure incident.,
the last two techniques can be used.

I dentiication of root causes

‘Without the loss of generality, to ensure the consistency of RCA
results, in this paper, we adopt the coding system of root causes
provided by the World Association of Nuclear Operators (WANO)
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Table 1
Clssfcation of oo causes
Catesory W@ Roorcawe
No.
Human 0100 verbal communictions
performance 0200 personnel work pracices:
elsted 0300 personnel work scheduling

0400 environmentalcondiions
0500 Manmachine iterace
0600 taiinglqualifcation
0700 writen procedures and documents
0500 supervisory methods
0900 work organisation
1000 personal factors

Mansgement 1100 management dirction

elaed 1200 communicaion o co-ordintion

1300 mansgement monitoring and assessment
1400 decision process
1500 allocation ofresources
1600 change management
1700 safety coltureforganisatonal
1500 management of contingences

Equipment 2000
elaed 2100

design coniuration and anaysis
equipment

specication manutacaurransportaion/
installtionjconstruction

2200 Niaintenance estingsurvelance

2300 equipmen performance

(World Association of Nuclear Operators, 2016). This classification
is routine, and, indeed. it i also the classification most widely used
for the root causes analysis in the feld of nuclear safety. As far as
‘we know, some organizations and researchers are developing new
classification schemes, such as Korea Atomic Energy Research
Institute (KAERI), Hunan Institute of Technology (HNIT), etc. but
none of them i ready for practice. So we adopt this routine, but
mature, classification in this work.

For each operational event, the identified root causes should be
consistent with Table 1. Twenty-two root causes are divided into
three categories: ten factors related to human performance, eight
factors related to management and four factors related to equip-
ment. For the convenience of data collection and analysis, we have
assigned a specific identification number to each root cause.

22, Quantitative analysis

‘The quantification tool, based on Bayesian Network modeling.
(Groth and Swiler, 2013; Mkrtchyan et al. 2015), is embedded

within the online system to assess the contributions of the ident
fied root causes to the occurrences of the operational events,

2.2.1. The BN model

Fig. 3 shows the BN model that we employ in the system. The
root causes candidates of Table 1 are identified as nodes of the
BN model, for their consistency with the possible outputs of the
online root cause identification. Indeed, all root causes in Table 1
are parent nodes, an operational event is a child node. Human per-
formance, management and equipment are three intermediate
variables. The numbers in Fig. 3 represent the coding of the corre-
sponding root causes in Table 1

Considering that we adopt the classification of WANO and, thus,
the BN model is consistent with the structure of the classification.
Although this BN model s simple, it can be used for more general
conditions. For studies of specific types of operational events (e..
unplanned reactor trip, station blackout, etc.). the structure of
the BN model can be revised to allow other typical analyses (e..
correlation, clustering of factors). Further, we do not consider any
dependence between the nodes of the BN model, because the
aim of the work is only to emphasize the feasibility of the inte-
grated framework. Dependence analysis will be a topic for future
research,

In the BN model of Fig. 3, the parent nodes nuare specified with
two states, i, true and false, and a marginal distribution

P(1tps) = (i = true). p(np, = false) }

where i, = 0100, 0200, ., 2300, p(rn = true) i the probability of
the 1, node being a root cause fo the occurrence of an operational
event, and pi(n; ~ false) s the probability of the ny, node not being
a root cause for the occurrence of an operational event.

Indeed, the sum of p(r, = true) and p(rys = false) equals to 1.

“The child nodes (generated from parent node(s)) n, are also
specified with two states, i, true and false, and a conditional
probabiliy distribution conditioned on their parents,

P{1ulNpa) = {p (s = trueiNpa). (e = falselNpa) )

where g < H(Human performance), E(Equipment). M(Manage-
‘ment) and O(Operational event), N s the states vector of the par-
ent nodes of i, p(, ~ truelN,.) is the conditional probability of
the parent node(s) triggering the true state of the i, node, given
Ny a0 p(n, — falseiNy,) — 1 - p(ng — truelNy,) s the conditional
probabiliy of the parent nodefs) not triggering the true state of the
g node, given Ny,

Fig 3. The BN model.
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Considering all possible states vectors Ny,of the parent nodes of
a ng, its Conditional Probability Table (CPT) can be defined
(Mktchyan et al, 2015; Zwirglmaer et al, 2017).

The quantitative goal of the BN model s to allow estimating the
probability p(nf, = true)of occurrence of an operational event.
Given the marginal probability distributions of the parent nodes
and the CPTs of the child nodes, p(nf, ~ true) can be obtained by:

oo,
where Noy, i the states vector of the parent nodes of n,, namely.

Naer = {16, 12 . p(nS, = true, N is the joint probability
of all nodes leading to the occurrence of the accidental event:

e, Niser) m

(0, = true, Nower) @

where P(N) = {p(nt, n,, 1)} is the joint probabiliy distribu-
tion of the nodes i, n, and . Since the BN of Fz. 3 does not con-
sider the dependencies between 1, n, and i, p(n 1%, ni) the

probability can be calculated by:
Pl ) = p(uth) p(n) - plth) @

The probabilities p(nf}), p(nf,) and p(n4) are calculated in the
same way of p(n). and since the BN does not consider the depen-
dencies between i = 0100, 0200, . 2300, ther joint probabili-
ties of the parent nodes are simplified by:

) = [ p(n) “

222 Bayesian updating of parent nodes probabiliies

With the online recording of new occurrences of operational
events and the identification of root cause(s). Bayesian updating
can be embedded into the online assessment system to update
he elevant p(y, = trueevent), which is the posterior probability
ofthe n node being a oot cause, which revises the prior probabil-
ity p(ny, — true) given the evidence of the occurred operational
event. This improves the accuracy of the online estimate of the
value of p(r, ~ true). The updating of the parent nodes probabil-
ites relies on the use of Bayes’ Theorem (Zio, 2007):

Pl = truelevent) o p(n = true) -pleventin, = true)  (5)

where pleventiny. = rue) is the likelinood o the evidence ever,
i, the probability of occurrence of the specific recorded opera-
tional event due to the triggering of the . root causes,

Bayesian updating, thus, allows considering the contribution of
the categories of root causes of Table 1 t0 the occurrence of the
operational event pi, ~ truelevent). For the sake of confident
estimation.the distributions of the contributions are considered,
. posterior probabiity density functions (PDFs)
{ty — truclevent). Bayes' Theorem (Zwirglmaier ct al. 2017:
7o, 2007) can be used (o update the posterior PDFs
(= truclevent),  which  represent  the  beliefs o
Pt = truelevent) given that the online system receives an evi-
dence event for updating the prior PDFs 7, — true):

(g = truelevent) o (i, = true) -pleventin = true) (6

In this paper, conjugate distributions are proposed for carrying
out the Bayesian updating, which allows reducing the computa-
tional burden of the updating (Carlin and Louis, 2010; Gelman
et al. 1995). The probabilities p(r,, — true) (that can be thought
of as equivalent to the failure probabilities) are usually assumed
o be disibuted  as  beta disuibutions
iy = true) Ba(ng, = true). iy, = true)) (Zwirglmaier et al..
2017; Zio, 2007). Once an evidence event (i.., whose stochastic

occurrence can be described by a binomial likelihood function) is
observed,  the  posterior  beta distributions
Bx(1, = truelevent), i1, = truelevent)) can be obtained by
updating the parameters as follows:

(1~ truelevent) — 7(n,,  true) + event o
s trucevent) ~ i ~ true) + (1 event)
where for the updating of .
1 =
event {u if . = false ®
‘The mean value ofthe poserior probabilty of the p(r, = true)

can, then, be calculated,
(= truejevent)
(i = truelevent) + f{n = truejevent)
©

B (o — trucievent)

3. Case study

As typical operational event, the unplanned reactor trip (URT)
event is receiving increased attention worldwide (Kim and Park,
2008). The reduction of the number of URT events is beneficial to
reduce the frequency of NPPs transients, the challenges to the
safety system, and the risks of possible incidents (IAFA, 1956).
“Thus, analysing the URT events both in the qualitative and quanti-
fative aspects is an important aspect for the safe and economic
‘operation of NPPs. For the case study, thirty-seven URT events that
occurred in Chinese NPPs were analyzed in this paper, to verify the
effectiveness of the framework of analysis proposed in Section 2.

3.1. Root causes identification of URT events

‘The root causes of each URT event were identified by following
the steps proposed in the Section 2.1. Table 2 shows the results of
oot causes identification for URT events. g, 4 indicates the distri-
bution of root causes of URT events. The numbers in the second,
fourth and sixth columns of Table 2 represent the corresponding
Foot causes in Table 1. The numbers in Fig. 4 represent the corre-
sponding root causes in Table 1

3.2, Quantitative results

‘With respect to the URT events BN model of Fig. 5, whose child
node is hereby identified as “Unplanned Reactor Trip",in substitu-
tion of the generic operational event shown in Fiz. . We invite four
experts from four different NPPs, including Daya Bay NPP, LingAo |
NPP, LingAo Il NP, and Qinshan NPP. They have twenty years,
eighteen years, twenty-two years and sixteen years of work expe-
ience in the NPP, respectively. Firstly, statitical analysis on the
historical operational data of the specific NPP is conducted by
the corresponding expert, for example, the expert from Daya Bay
NPP s responsible for the data analysis of Daya Bay NPP. Secondly,
if we can find the causal relationships of the BN model in the his-
torical data sample, then we take the occurrence probability of the
corresponding operational event as the prior probability. Thirdly,
for the causal relationships that we cannot find from the historical
data sample, we resort to expert judgment and the multiple inter-
polation method for calculating prior probabilities (Chen et .
2017).

“Table 3 lists the estimates of mean values, variances and the cal-
culated prior beta distributions of the contributors p(n, = true)
‘The numbers in Fiz. 5 represent the corresponding root causes in





