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Abstract. The study was conducted from the perspective of human factors engineering in order to compare the process that 
operators originally used to diagnose potential and actual faults with a process that included an expert system for diagnosing 
faults. The results of the study indicated that the existence of an expert system for fault diagnosis makes the task of fault diag-
nosis easier and reduces errors by quickly suggesting likely Abnormal Operating Procedures (AOPs)  
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1.  Introduction 

In order to maintain safety in NPPs, the human 
factor issue cannot be ignored. The Three Mile Island 
accident in 1979 in the USA and the Chernobyl dis-
aster of 1986 in the Soviet Union were both caused 
by human errors that dealt with decision making, 
receiving information, and action selection. In a nuc-
lear power plant, a large number of alarms often oc-
cur at the same time during an incident. In addition, 
the alarms come from many different systems. It 
make difficult for operator to diagnose efficiently. 
Too many information imposes a heavy burden on 
operators in a time-critical situation, and it is very 
difficult for them to conduct a thorough assessment 
of each individual symptom in a short period of time. 
Therefore, the process of decision-making during 
identifying AOPs is very complicated. How to help 
the operator diagnose and identify AOP accurately is 
an important issue. 

Therefore, this study was undertaken to develop an 
expert system to reduce the complexity of the deci-

sion-making process by aiding operators’ cognitive 
activities, integrating unusual symptoms, and identi-
fying the most suitable abnormal operating procedure 
(AOP) for operators.  

2.  Backgrounds 

With the technical development of computer, 
human-machine systems are becoming increasingly 
automated. However, human operators are still im-
portant even with a high degree of automation in a 
nuclear power plant. The operators’ tasks in a mod-
ern system include information gathering, planning, 
decision making, and avoiding unforeseen risks 
through the alarm system [1]. In the steady state, the 
operators’ tasks are to monitor and maintain the sys-
tem stable continually [2]. During abnormal situa-
tions, a well-trained operator should comprehend a 
malfunction in real time by analyzing alarms, assess-
ing values, or recognizing unusual trends of multiple 
instruments. In addition, operators sometimes must 
foresee the possibility of unforeseen risks [3-4]. 
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However, the automation of alarm system not only 
brings a lot of convenience, but also brings other 
problems. The operators must monitor a large num-
ber of information sources and make the system effi-
ciently and safely in such complex automated sys-
tems. It is difficult for operators to identify abnormal 
situations with many alarms within a short time.  

In the NPP, the operator must diagnose the cause 
when the plant is in the abnormal status. Isaac et al. 
[5] indicated that human error is a major contributor 
(70–90%) to accidents at NPPs. Therefore, the cor-
rect decision-making is extremely important. Since 
the decision-making environment is extremely com-
plicated and data intensive, the use of automated sys-
tems or expert systems to aid decision making is like-
ly to become more common. 

The main function of the expert system is to iden-
tify faults, to reduce human errors, to decrease the 
mental workload of operators in emergency and to 
avoid the occurrence of disaster. Artificial intelli-
gence techniques have the potential to make a signif-
icant contribution to the reliable operation of NPPs, 
and there were many previous studies concerning the 
design and implementation of excellent expert sys-
tems. Kwon et al.[6] applied the Hidden Markov 
Model (HMM) to identify accidents in NPPs and 
showed its robustness. The accident identification 
system accurately identifies the type of accident and 
also predicts abnormal occurrences in advance. Lee 
et al.[7] developed the fault diagnosis advisory sys-
tem (FDAS), which is based on dynamic neural net-
works. They indicated that FDAS facilitates the fault 
diagnosis task and reduces errors by quickly suggest-
ing appropriate courses of action. FDAS provides 
accurate, reliable advice for operators who must 
make decisions quickly. The operators can identify 
the correct EOP (Emergency Operating Procedure) in 
real time. However, according to several papers that 
assessed the evaluation results provided by decision 
support systems, such systems do not guarantee im-
provement in the operator’s performance. Some sup-
port systems could actually increase the operator’s 
mental workload during these critical times [8-9]. 
Therefore, an effective expert system must aid, not 
hinder, the operator’s cognitive processes. 

Thus, an expert system should be capable of re-
peating and updating information continually and it 
should be capable of processing multiple problems 
simultaneously. 
 

3. Method 

After visiting the operation training in the 
Lungman nuclear power plant( a constructing NPP in 
Taiwan) for several times and the interviews with 
operators and experts, this study focuses on con-
structing a fault diagnosis support system to improve 
the performance of diagnosing unusual situation in 
NPPs and lower the chance of human errors. The 
experimental method was described in the following 
section. Figure 1 shows the flowchart for study 
process. 

 

 
Figure 1 Flowchart for study process 

 
 

3.1.  Issue of fault diagnosis in NPPs 

At the Lungman NPP, three kinds of proce-
dures have been implemented to deal with an abnor-
mal operation status, i.e., Emergency Operating Pro-
cedure (EOP), Abnormal Operating Procedure (AOP), 
and Annunciator Response Procedure (ARP). There 
are seven EOPs, about 80 AOPs, and over 20,000 
ARPs. When the alarms occur, the first thing the op-
erator must do is to confirm whether an EOP should 
be performed and, if so, which one. If the plant is at 
risk for radiation leakage, the operator will perform 
an EOP. If there is no appropriate EOP for the emer-
gency situation at hand, the operator will consider an 
AOP next. If there is no proper AOP, the operator 
will operate alarms with ARPs. The entry conditions 
of EOPs are clearly defined and listed in the EOPs. In 
addition, each individual alarm has a special ARP. 
However, identifying AOPs is more difficult than 
identifying EOPs or ARPs. There are many abnormal 
symptoms listed in each AOP. All of the symptoms 
listed in the AOP might not necessarily be presented. 
Some symptoms may be related to each other, but 
some are independent of each other or mutually ex-
clusive. The situation becomes more difficult when 
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many AOPs have the same symptoms. The operators 
must pay consider many information sources, the 
organize information, and make a decision. The 
process of decision-making during identifying AOPs 
is very complex. How to help the operator to identify 
AOP accurately is an important issue. 

 

3.2.  Development of an expert system 

The expert system was developed based on the 
issues described above. The main purpose was to 
reduce the amount of information the operator must 
pay attention and integrate during the diagnosis 
process and to prevent the operator from missing 
important information. In other words, the objective 
of fault diagnosis support system is to help operators 
identify AOPs easier and accurately than before. 

 
An expert system could filter out unrelated in-

formation and AOPs and gather some symptoms re-
lated to the current event. In addition, it could pro-
vide the operator with some suitable AOPs. The op-
erator could refer to the advice of the expert system 
and consider what to do next. According to the AOPs, 
there are many symptoms related to abnormal events, 
but it is not necessary to present every symptom 
listed in the AOPs. Moreover, since some symptoms 
might belong to several AOPs, the expert system can 
select the related AOPs when an unusual symptom 
occurs. After the similarity analysis, the operator can 
refer to the information for diagnosing the fault. Be-
cause all the diagnosis rules of the expert system are 
based on abnormal operating procedures, the more 
complete AOPs make the expert system more power-
ful. 
 
 
3.3 Constructing the abnormal symptom matrix 

It is straightforward to place the information 
sources of system level alarms, plant level alarms, 
plant status tiles, and individual alarms into “symp-
tom occurs” and “symptom does not occur” catego-
ries.  Using the attributes of the information, the ab-
normal symptom matrix can be constructed. In the 
abnormal symptom matrix, the “symptom occurs” 
category is designated by “1”, and the “symptom 
does not occur” category is designated by “0”(Table 
1). After transformation, the data can be processed by 
the computer program.  
 
 

3.4 Experiment 
 
   An experiment was conducted to verify the effect 
of the expert system. In NPPs, it is the best that the 
operator is able to make decisions quickly and cor-
rectly. However, making decision correctly is more 
important than making decision quickly. In order to 
make the subjects to perform task carefully as the 
operators who deal with alarm in an emergency, the 
subjects were asked to make a correct decision as the 
first priority, and to perform task quickly the second 
priority. 

    
The experiment lasted about 50 minutes, and 

the data of decision time, error ratio, and NASA-
TLX score were collected. The procedure of the 
whole experiment is as follows: 
(1) Qualification test� 

Thirty-two subjects were asked to classify the 
system level alarm to reactor-related, cooling 
system-related or power system-related. That in-
formation could help subjects diagnose and 
make decisions in the experiment. The formal 
experiment didn't start until the subjects were 
able to classify up to 90% system level alarm in 
the qualification test. (5 min) 

(2) Experimental introduction� 
The experimenter introduced experimental tasks. 
(5 min)  

(3) Demo� 
The aim of this step was to confirm that all sub-
jects understand the diagnostic procedure com-
pletely. (5 min) 

(4) Formal experiment� 
The subjects were randomly assigned to perform 
tasks in one of two different modes (the original 
mode and the expert system mode) in the begin-
ning. After finishing all the tasks, they were as-
signed to the other mode later. The data of deci-
sion time and the number of errors during the 
experiment were recorded. (10 min) 

(5) Fill the NASA-TLX questionnaire� 
The subjects filled out the NASA-TLX index af-
ter the experiment. (5 min) 

(6) End of the experiment. 
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Table 1  
Partial of the abnormal symptom matrix of this study  

 

  

4.  Results 

4.1 The decision making time 
  

The decision-making time was the duration be-
tween when the alarm signal started and the subject 
completed her or his diagnosis and made a decision. 
The descriptive statistics were shown in Table .2. The 
results of the Wilcoxon signed-rank tests indicated 
that the median of the decision-making time of the 
original mode and the expert system mode under one 
abnormal event occurrence were significantly differ-
ent (Z = -2.206, p < 0.05). In addition, the median of 
the decision-making time of the original mode and 
the expert system mode when two abnormal events 
occurred were significantly different (Z=-3.740, 
p<0.05). 

 
 

Table 2 
Descriptive statistics of decision-making time 

 
Modes Conditions Mean (sec) S.D. 

Original 
mode 

One event 74.44 43.05 

Two events 75.29 24.92 

Total 74.87 34.90 

  Expert Syst 
mode 

One event 57.77 27.43 

Two events 56.45 15.02 

Total 57.11 21.95 
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4.2 The accuracy of decision making 
 
   The result of the Wilcoxon signed-rank tests con-
firmed that the median of the error ratio of the origi-
nal mode was not significantly different from the 
support system mode (Z = -1.414, p = 0.157). On the 
contrary, when two events occurred, the median of 
the error ratio of the original mode was significantly 
different from the support system mode (Z = -2.588, 
p < 0.05). In the experiment, the accuracy of deci-
sion-making was about 51.6% with the original mode 
and 75% with the expert system. When both situa-
tions were combined, the median of the overall error 
ratio of the original mode was significantly different 
from the expert system mode (Z = -2.911, p < 0.05). 
The accuracy was 65.5% with the original mode and 
83.8% with the expert system. 
 
4.3 Subjective workload rating NASA-TLX 
 
   A paired-sample t test was conducted on the expe-
rimental data of subjective workload rating (NASA 
TLX scores). The average subjective rating of NASA 
TLX scores for operating in the original mode (M = 
60.84) were significantly higher than operating in the 
expert system mode (M = 50.01). The result showed 
that the mean of differences between the two differ-
ent operating modes was statistically significant (t = -
3.02, p < 0.05). 

 

5. Discussion and Conclusion 

5.1. Discussion 

The results show that the accuracy of decision-
making with the expert system was higher than that 
with the original mode. Subjects with the expert sys-
tem spent less time making a decision than those in 
the original mode, irrespective of whether one or two 
abnormal events occurred. Especially, when two ab-
normal events occurred, operating with the expert 
system reduced the decision-making time and also 
improved the accuracy of the diagnosis. However, 
there was no significant difference in the accuracy of 
the decision making between the two modes when 
only one abnormal event occurred. The reason might 
be due to the fact that one abnormal event is simpler 
to deal with, and the subjects were less likely to be 
confused. There were no significant difference in the 

number of mistakes between the two modes, but there 
were fewer miss errors in the expert system mode. 

Concerning the mental workload, the subjective 
rating on NASA-TLX in the expert system mode was 
significantly lower than that in the original mode. It is 
difficult for an operator to make a correct decision 
when he or she is working in a situation that imposes 
a high mental workload. That is why almost all the 
subjects’ performances with the expert system were 
better than those with the original mode. 

5.2. Conclusion 

The results of experiment verified that the sub-
jects’ decision times were reduced significantly when 
they were assisted by the expert system. Almost all 
participants took less time in identifying the AOPs 
when an abnormal event occurred, which left addi-
tional time for the operator to deal with abnormal 
event. In addition, the errors of procedure selection 
and subjects’ mental workload can be reduced with 
the assistance of the expert system. The most impor-
tant observation is that the expert system can help 
people avoid overlooking important information 
when several abnormal events occur simultaneously. 
In conclusion, we highly recommend the expert sys-
tem because it is helpful in identifying the AOPs and 
enhancing operation safety. 
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