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요 약 문

인 수행도가 복잡한 시스템의 안 성에 결정 인 향을 주는 인자라는 

사실은 많은 연구결과들을 통해 잘 밝 진 사실이다. 따라서 비상상황 하에

서의 인 수행도 련 문제 들을 효과 으로 해결할 수 있는 응책들을 

제안하기 해 많은 노력이 진행되어 왔다. 하지만, 제한된 자료등과 같은 

몇몇 문제 들로 인해 인 수행도 련 문제 들을 해결하기 한 실제 인 

연구가 어려움을 겪고 있다.

본 연구에서는 참조발 소에 설치된 시뮬 이터를 사용하여 모의된 비상상

황 하에서 찰된 인  수행도를 정량   정성 으로 분석하 다. 이 연구

의 목 은 비상상황 하에서의 인 수행도 련 문제 들을 연구하기 해 

필요한 인 수행도 자료의 추출이고, 이를 해 100여건 이상의 비상훈련 수

행자료를 녹화한 후 시간축 (time-line)  로토콜 (protocol) 분석 방법을 

통해 녹화된 자료들을 분석하 다. 그 결과 인 수행도 련 문제 들의 연

구를 해 요하게 사용될 수 있는 많은 종류의 인 수행도 련 정보가 

확보되었다.

모의된 사고 상황 하에서 찰된 정보들을 바탕으로 실제 상황에서의 인  

수행도를 측하는 것은 여 히 많은 불확실성을 내포하고 있는 것이 사실

이다. 하지만, 실 으로는 시뮬 이터를 통한 찰이 비상상황 하에서의 

인 수행도를 찰할 수 있는 거의 유일한 방법이기 때문에, 본 연구에서 얻

어진 인 수행도 자료들은 비상상황 하에서의 인 수행도 변화를 연구하기 

한 요한 기 로 사용될 수 있을 것으로 기 된다.
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Executive Summary

Previous studies have continuously pointed out that human performance 

is a decisive factor affecting the safety of complicated process systems. 

Subsequently, extensive efforts have been spent on identifying serviceable 

countermeasures for human performance related problems under 

emergencies. However, several obstacles including a very limited number 

of available data have hindered researchers from elucidating effective 

ways to cope with human performance related problems. 

In this study, human performance data under simulated emergencies 

have been extracted using a full scope simulator located in the reference 

NPP. The main purpose of this study is to provide plant-specific and 

domain-specific human performance data that can be used to premeditate 

human performance related problems under emergencies. To accomplish 

this goal, over 100 audio-visual records that were collected from 

re-training sessions for licensed MCR operators have been analyzed by 

the time-line and protocol analysis techniques. As a result, many kinds of 

useful information that could have a crucial role in scrutinizing human 

performance related problems have been secured. 

Although it is still careful to make predictions about human 

performance under a real situation on the basis of that under a simulated 

situation, it is also true that the simulator is a basic tool for observing 

human behaviors under emergencies. Thus, it is strongly believed that 

human performance data obtained from this study will provide a 

substantial foundation for scrutinizing the changes of human performance 

under emergencies.
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1. Introduction

It is well perceived that several key factors are crucial in securing the safety 

of huge and complex process systems. Among them, the importance of human 

performance related problems (i.e., human factors) has been demonstrated over 

the past decades through well publicized events (Appendix A provides a list of 

events that have occurred due to human performance related problems) [1-2]. 

Accordingly, a lot of effort has been spent on eliciting a feasible reason why 

human performance deviates from a certain expected level. 

Unfortunately there are several difficulties in scrutinizing human performance 

related problems. Typical difficulties are: (1) the number of available data from 

operating experience is too small because of the infrequency of real accidents; 

(2) most accidents have been caused not by a single human performance 

related problem but by multiple problems; and (3) it is too expensive to 

thoroughly conduct an experiment for clarifying human performance related 

problems, since it requires a huge amount of resources [3-6].

Subsequently, to unravel these difficulties, the use of simulators has been 

regarded as one of the most cost- and effort-effective ways in scrutinizing 

human performance related problems. In other words, the simulator is a very 

useful tool for understanding human behaviors that can result in human 

performance related problems, since it allows researchers to systematically 

observe human behaviors in coping with a hypothetical accident. Thus, based on 

these observations, it is possible to elicit a set of serviceable data or insights 

that are indispensable in elucidating effective countermeasure for human 

performance related problems [3, 5-16]. Although several discrepancies from a 

real situation (such as the level of stress or fidelity, etc.) could give rise to 

dispute the use of a simulator [6, 14, 16-17], it is still apparent that the 
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simulator is an invaluable tool (or even the only way) for observing 

human behaviors under emergencies [6, 12, 14, 16].

To address this concern, in this study, plant-specific and 

domain-specific human performance data under simulated emergencies 

have been extracted. To do this, more than 100 aurio-visual records were 

secured from re-training sessions for licensed MCR operators of the 

reference NPP. These records were collected over a period of three years 

(from September 1999 to April 2001), and in total 24 different MCR 

operating crews were trained during this period. From these records, a 

set of useful information that can play a crucial role for scrutinizing 

human performance related problems has been extracted by two types of 

well-known analysis techniques: a time-line and a protocol analysis. 

This report is organized as follows. In Section 2, background 

information explaining how operators' performance data can be extracted 

from re-training sessions of the reference NPP is delineated. In Section 3, 

operators' performance data extracted through the time-line and protocol 

analysis are explained. After that, in Section 4, operators' performance 

data obtained from this study are compared with those from other 

researches and/or studies in order to ensure the appropriateness of 

extracted data. Finally, in Section 5, potential applications using the 

extracted performance data are suggested with the conclusion of this 

study. 
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2. Human performance data under simulated emergencies

2.1 Collecting re-training records of the reference NPP

2 . 1 . 1  T raining simulator

To collect operators' performance data under emergencies, a full scope 

simulator installed in the training center of the reference NPP was used. This 

full scope simulator was designed based on a 1,000MWe PWR type plant. In 

addition, this simulator has been used for the re-training of operating crews 

as well as the qualifying examination of SRO license, since sufficient V&V 

activities have been performed to testify to its functional appropriateness.

The simulator consists of two rooms. One is a simulation room in which 

conventional control panels, indicators and alarm tiles are installed, and the 

other is an instructor's room in which instructors can manipulate diverse 

malfunctions. In the simulation room, a set of audio-visual recording equipment 

is installed. Therefore, all kinds of operators' activities such as valve operations 

or communications among crew members can be recorded on a videotape. Using 

this equipment, instructors can monitor trainees' activities during the course of 

training or can discuss their activities after each training session has been 

finished. 

2 . 1 . 2  D ata source

The re-training course of emergency operations was chosen as a source of 

operators' performance data because of two reasons. The first one is that it is 

able to secure data based on the performance of somewhat skilled responses in 

coping with emergencies. As for the second, since MCR operators who have 

worked in the reference NPP must be regularly trained (for a period of about 

six months), a sufficient number of training records are available without any 
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additional effort. 

2 . 1 . 3  P articipants 

During the re-training course, each MCR crew typically consists of four 

operators who have distinct duties. To understand the role of operators, it 

is helpful to consider the strategy of emergency operations as depicted in 

Fig. 1 [18-19].

Roughly speaking, emergency events of NPPs can be divided into two 

categories [18-19]. The first category includes DBAs (or DBEs) that can be 

ascertained by both recognizing proper symptoms from various indicators and/or 

recent operating history. When an accurate diagnosis is done for these events, 

therefore, it is highly desirable to provide procedures that can mitigate events 

strategically. In addition, it is possible to write procedures along with an 

optimized sequence (i.e., to minimize radiation release, etc.) because the nature of 

these events, such as LOCA, is well understood. However, in the case of 

emergency events that belong to the second category, it is almost impossible to 

accurately identify them because they have a very complex nature or they have 

not been experienced. Representative events included in this category are 

multiple events or instrumentation failures that distort the correct symptoms' 

picture. 

To cope with both categories of events, two kinds of EOPs are 

provided with operators. One is ORPs (refer to ① in Fig. 1) for the first 

category and the other is FRPs (refer to ② in Fig. 1) for the second 

category. That is, ORPs provide optimized sequences to directly lead the 

reference NPP to safe shutdown conditions, whereas FRPs provide 

operators with restoration procedures that are independent of specific 

events. Here, the category of events can be distinguished by the status 

of CSFs.
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< Figure 1. The strategy of emergency operations in the reference NPP >
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In the reference NPP, CSFs are defined as “conditions or actions that can 

serve as safety barriers to prevent core damage or to minimize radiation release 

to the general public [18].” Based on this definition, in total nine functions (such 

as reactivity control, maintenance of vital auxiliaries and RCS inventory control, 

etc.) are established to decide the status of CSFs. This means that, if all CSFs 

can be successfully restored and/or maintained, the safety of the reference NPP 

is ascertained whatever events have occurred, since the possibility of radiation 

release or core damage may remain within a very low level. In contrast, the 

jeopardy of any CSF implies that there is a possibility of creating a direct 

pathway that can result in a core damage or a large release of radiation. 

It is noted that there are two ways to monitor the status of CSFs in the 

reference NPP. The first one is the provision of SPTA procedure (refer to ③ 

in Fig. 1; Appendix B gives more detailed explanations). The primary purpose 

of SPTA procedure performance is to confirm the satisfaction of CSFs when 

a reactor has been tripped. If all CSFs are satisfied (i.e., SPTA procedure has 

been carried out successfully), then operators have to use a diagnosis 

procedure to identify what accident has occurred (refer to ④ in Fig. 1; 

Appendix C shows its structure). After the diagnosis, operators select an 

appropriate procedure (i.e., either ORP or FRP) based on a diagnosed result 

and conduct it. However, since CSFs could be jeopardized during the 

performance of any ORP, SFSC procedure that contains a set of check items 

should be conducted in parallel with the performance of ORPs. Thus, 

operators can continuously monitor the status of CSFs (refer to ⑤ in Fig. 1).

According to this strategy of emergency operations, distinct roles have been 

assigned to operators. For example, SROs have a responsibility for all kinds of 

operations conducted under emergencies, while ROs and TOs have a limited 

responsibility for the operations of the primary side (i.e., nuclear island) and the 
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secondary side (i.e., turbine island), respectively. In addition, SSs have a 

responsibility for checking the status of CSFs in parallel with emergency 

operations. Fig. 2 briefly delineates the role of MCR operators in coping 

with emergencies (i.e., carrying out EOPs).  

SRO

RO

Assign a specified activity
included in a procedural

step to RO

Assign a specified activity
included in a procedural

step to TO

Perform what is to be
done using control

panels

Perform what is to be
done using control

panels

Monitor
plant

responses

Inform
SRO of plant

responses

TO
Inform

SRO of plant
responses

Monitor
plant

responses

SS

Independently perform
SFSC procedure

Inform
SRO of

CSFs' status

Control panels
(for the primary side)

Control panels
(for the secondary side)

< Figure 2. Operators' role in conducting EOPs >

2 . 1 . 4  C ollected re- training records

Record collection period was from September 1999 to April 2001. During 

this period, the number of emergency scenarios was six, and these 

scenarios covered all kinds of DBAs of the reference NPP. In addition, in 

total 24 different MCR operating crews participated in re-training 

sessions. Table 1 summarizes the collection of re-training records for 

emergency operations.  
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< Table 1. Summary for re-training records >

Contents

Scenarios

September 1999 ~ November 1999 LOAF
SGTR

5a

5

January 2000 ~ June 2000 LOCA
ESDE

18
18

July 2000 ~ December 2000 LOAF
SGTR

18
18

January 2001 ~ April 2001
LOOP
SBO
LOCA

10
10
10

Initiating 
conditions

11 distinct break sizes
0.3%b, 0.5%, 3%, 4%, 5%, 7%, 
10%, 12%, 15%, 20%, 30%

2 distinct initiating 
conditions for LOAF

Recovered AFWP
Unrecovered AFWP

2 distinct initiating 
conditions for electric 

power

Diesel generators
Switchyards

Initiating 
locations 10 distinct break locations

Cold-legs in Loop #1 and #2
Pressurizer PORVs
U-tubes included in SG #1 
and #2
MSIV included in MSL of 
SG #1 and #2
MSL of SG #1 and #2
AFWP

Operator's 
experience

SRO: 14.16 years 
(in average)

Distributed from 4.07 to 21.1 
years

RO: 5.14 years 
(in average) Distributed from 2.06 to 8.2 years

TO: 5.22 years 
(in average) Distributed from 2.1 to 7.5 years

aThe number of collected re-training records.
bRelative break size based on the cross-section of pipes. For example, 

0.3% means that the break size simulated in a training session 
corresponds to 0.3% of the cross-sectional area of a given pipe.

At the same time, information on important plant parameters such as RCS 
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temperature or pressurizer pressure that can be used as complementary 

criteria for comparing operators' performance was also gathered. In 

addition, interviews with training instructors as well as several operators 

were also carried out for a couple of interesting re-training sessions.

2.2 Analysis methods

To extract useful information as much as possible, two kinds of well-known 

analysis techniques (a time-line analysis and a verbal protocol analysis) were 

adopted. Here, to understand how operators' performance in coping with 

emergencies can be properly measured by these analysis techniques, it is 

necessary to emphasize one of the notable features of off-normal operations.

As shown in Fig. 1, when any off-normal event has occurred, MCR 

operators have to follow predefined procedures according to the nature of an 

on-going event. For example, if a single alarm has occurred then operators 

have to select an ARP by themselves, which can effectively remove the cause 

of the alarm. In contrast, if operators are faced with a set of alarms, then an 

appropriate AOP has been conducted to prevent an unanticipated reactor trip. 

Moreover, after the reactor trip has occurred, operators have to follow a set 

of predefined sequences, such as performing SPTA procedure before entering 

the diagnosis procedure. These kinds of operators' responses can be 

characterized as "highly institutionalized tasks using procedures." Especially, 

this institutionalization is becoming stricter in emergency operations (i.e., after 

the reactor trip has occurred), since operators can no longer select an 

appropriate EOP (neither ORP nor FRP) based on their own decisions. 

According to previous studies, it is well recognized that human performance 

under emergencies is liable to be drastically deteriorated by a harsh task 

environment (i.e., a severe time pressure, high stress level and high workload, 
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etc.) [20-23]. Thus, it is believed that the provision of procedures is one of the 

most serviceable ways to enhance human performance in process-control 

facilities [24-26], because: (1) procedures effectively guide operators by 

providing what should be done (reducing workload); (2) procedures allow 

operators to minimize the possibility of forgetting and/or skipping crucial items 

(reducing the possibility of human error); and (3) procedures allow operators to 

homogeneously maintain their performance that could be affected by a human 

variability (standardizing performance) [27-34]. 

Actually, operating experience has shown that operators successfully coped 

with many accidents by the virtue of procedures [35-39]. In addition, when 

operators are provided with a set of prescribed procedures, it is expected that 

their performance can be measured within a credible boundary, since operators' 

activities are strongly governed by procedures [38, 40-43]. Therefore, it is 

reasonable to presume that operators' performance can be measured on the basis 

of how they accomplish tasks described in procedures. From this standpoint, the 

time-line and verbal protocol analyses have been conducted along with 

significant tasks that are determined by the task analysis of EOPs.

There are two important items to be noted when extracting information 

about operators' performance. The first one is that both the time-line and 

the verbal protocol analysis are conducted based on SROs' activities 

because: (1) every emergency operation should be authorized by SRO; 

and (2) most of the burdens that may arise during emergency operations 

may be put on SRO (see Appendix D for more information) [44, 45]. The 

second is that both the time-line and the verbal protocol analysis were 

conducted for tasks included in ORPs because, as summarized in Table 1, 

six kinds of DBAs have been repeatedly simulated during the re-training. 
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2 . 2 . 1  T ask  analysis

First of all, to extract valuable information about operators' performance 

under emergencies, the task analysis of ORPs has been conducted. To 

understand the meaning of the task analysis, more detailed explanations 

about ORPs will be necessary.

As briefly stated in Section 2.1.3, operators have to follow an appropriate ORP 

when they are faced with a single DBA. This means that each ORP has been 

comprised of 'optimized' tasks that can be used to minimize the consequence of 

a specific DBA. For example, in the case of LOCA, decisive plant responses that 

can result in more serious situations can be summarized as follows.

Losing the coolant inventory of RCS

Decreasing pressurizer pressure

Decreasing subcooling margin

Increasing containment pressure

Increasing containment temperature

Increasing radioactivity level in containment, etc. 

Therefore, when LOCA has occurred, operators' tasks can be 

determined on the basis of “how these responses are maintained and/or 

restored within an acceptable limit?” Subsequently, detailed operators' 

activities to achieve these tasks can be also described in the form of 

procedural steps. In other words, a task can be regarded as a set of 

procedural steps. 

Based on this concept, the task analysis of ORPs for the reference NPP 

has been conducted with two plant experts who have worked as training 

instructors for over 10 years. As a result, the tasks included in LOCA 

ORP have been identified as depicted in Fig. 3.
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< Figure 3. Tasks included in LOCA ORP >

In addition, both the required information and detailed operators' activities that 

are indispensable in accomplishing a given procedural step have been elucidated by 

the experts. For example, Fig. 4 shows the task analysis result of the 4th 

procedural step with the required information and operators' activities, which is 
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one of two procedural steps needed to accomplish the task of "Delivery 

of a  sufficient SI flow."

< Figure 4. The required information and activities for the 4th procedural 

step, a part of the "Delivery of a sufficient SI flow" task >

Other ORPs have been analyzed in this way, and all the tasks included 

in other ORPs are depicted from Fig. 5 to Fig. 9.
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< Figure 5. Tasks included in SGTR ORP >
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< Figure 6. Tasks included in ESDE ORP >
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< Figure 7. Tasks included in LOAF ORP >
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< Figure 8. Tasks included in LOOP ORP >
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Confirming
the occurrence of SBO

1.0

Preventing
the overpressurization of

main condensers

2.0

4.0

An operator´s tasks
in coping with SBO

Confirming the natural
circulation of RCS 7.0

3.0

Minimizing
the leakage from RCS 5.0

6.0

Restoring AC power 8.0 9.0

Reducing
unnecessary electrical

loads of batteries
10.0

Ventilating
rooms/cabinets containing

crucial equipment
11.0

12.0 13.0

Securing the subcooling
margin of RCS

14.0

Preventing the dilution
 of a boron concentration

of RCS
16.0 17.0

18.0

15.0

Restoring electrical power 19.0 20.0 21.0

Injecting borated water 22.0

Maintaining the adequate
level of pressurizer

23.0

Maintaining RCS
conditions within the limit
of post accident PT curve

24.0

Confirming the operation
of ventilation systems 25.0

Implementing either LOOP
procedure or the

appropriate procedure
directed by TSC

26.0

< Figure 9. Tasks included in SBO ORP >
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2 . 2 . 2  T ime- line analysis

Based on task analysis results, the time-line analysis has been 

conducted to extract many kinds of invaluable time information. Fig. 10 

defines time points that were evaluated by the time-line analysis.

As shown in Fig. 10, all the time points to quantify operators' response 

under emergencies have been measured from the reactor trip, since, as 

depicted in Fig. 1, the trigger of emergency operations is the reactor trip. 

Based on these time points, re-training records have been analyzed. Fig. 

11 shows the time-line analysis for an arbitrary re-training record. 

It is noted that two kinds of approximations were used in extracting the step 

and task performance time data (i.e., ORP
iT∆  and TASKORP

jT ,∆ ). To clarify these 

approximations, let us consider Fig. 12 that shows two hypothetical cases for 

the ith procedural step with the required activities to be accomplished. 

In general, the step performance time of the ith procedural step can be 

quantified by two time points: an ingress and egress time. The ingress time 

denotes the moment when a SRO started to carry out any activity prescribed 

in the ith procedural step, while the egress time represents the moment when 

the SRO finished the ith procedural step that they entered. Under these time 

points, the ingress and egress time can be determined in three ways. 

In the first case in Fig. 12 (i.e., case (a)), the step performance time of the 

ith procedural step can be easily determined because the ingress time is 

obvious and the egress time can be determined as the moment when the SRO 

finished the last activity (i.e., A3). In contrast, when the SRO entered the ith 

procedural step, if the SRO started to carry out one of the required activities 

included in the (i+1)
th procedural step without finishing the A3 activity of the 

ith procedural step, then the egress time of the ith procedural step is assumed 

by the ingress time of the (i+1)th procedural step (see case (b) in Fig. 12). 
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< Figure 10. Time points considered in the time-line analysis >
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time after
reactor trip

t = 0'0"
(reactor trip)

t = 0'40"
(start performing the

SPTA procedure)

t = 5'10"
(accomplish performing the

SPTA procedure)

t = 5'50"
(start performing the
diagnosis procedure)

t = 9'20"
(accomplish performing the

diagnosis procedure)

t = 9'40"
(start performing the
selected procedure)

t = 13'00"
(start performing the 4th

step)

t = 13'25"
(accomplish performing the

4th step)

t = 13'31"
(start performing the 5th

step)

t = 14'02"
(accomplish performing the

5th step)

T5

T4

T5

Step performance time for the 4th step
Step performance time for the 5th step

T4

Task performance time (in this example, this task consists of two procedural steps)TASK1

TASK1

Timeline analysis

Collected re-training records

< Figure 11. An example of the time-line analysis >

Similarly, when the SRO entered the (i+1)
th

 procedural step, if the SRO 

started to carry out any activity included in the (i+1)
th

 procedural step 

instead of the first activity (i.e., B1), then the ingress time of the (i+1)th 

procedural step is presumed by the egress time of the ith procedural step 

(see case (c) in Fig. 12). As a result, the step performance time data for 

these cases can be summarized as shown in Table 2.
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The ith procedural step

Instructions Contingency Actions 
 Determine whether the core heat 

removal acceptance criteria are met by 
verifying ALL of the following: 
a. At least one RCP is operating. 
b. RCS Th – Tc: Less than 10oC. 
c. RCS subcooling margin: Over 15oC. 

 

 Th Hot leg temperature
Tc Cold leg temperature

The required activities
(from task analysis)

A1 Check RCP status

A2 Check RCS Th-Tc

A3 Check RCS subcooling margin

(a) Normal

(b) Approximation for egress time

(c) Approximation for ingress time

the ith procedural step

Reactor trip
(0:00 =

0min 00s)

Start to conduct
SPTA procedure

A1 A2 A3

The (i+1)th step

B1 B2 B3

0:00 0:15
Time

from start2:21 3:31

Start to conduct
the first activity

in the ith

procedural step
(i.e., A1)

Start to
conduct A3

3:40

A3 is
finished

3:42

Start to the
first activity
in the (i+1)th

procedural
step

the ith procedural step

Reactor trip Start to conduct
SPTA procedure

The (i+1)th step

B1 B2 B3

0:00 0:15
Time

from start2:21

Start to
conduct A1

3:42

Start to
conduct B1

The SRO did not conduct
the last activity and jumped
to the next procedural step.

A1 A2 A3

the ith procedural step

Reactor trip Start to conduct
SPTA procedure

The (i+1)th step

B1 B2 B3

0:00 0:15
Time

from start2:21

Start to
conduct A1

3:52

Start to
conduct B2

The SRO conducts the
second activity instead of

the first activity.

A1 A2 A3

3:52

Start to
conduct

B2

3:40

A3 is
finished

4:12

B3 is
finished

4:12

B3 is
finished

< Figure 12. Two arbitrary cases in determining the step performance 

time >
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< Table 2. Step performance time data for three kinds of potential cases >

Case Ingress time Egress time
Step 

performance time
Remark

(a) ORP
iINT = 2:21 ORP

iOUTT  = 3:40 ORP
iT∆  = 79s -

(b) ORP
iINT = 2:21

ORP
iOUTT  =

ORP
iINT 1+

 = 3:42
ORP
iT∆  = 81s

Approximation 

for ORP
iOUTT

(c)
ORP

iINT 1+
 =

ORP
iOUTT  = 3:40

ORP
iOUTT 1+

 = 4:12 ORP
iT 1+∆  = 32s

Approximation 

for ORP
iINT 1+

2 . 2 . 3  P rotocol analysis

Based on task analysis results, the protocol analysis has been conducted 

to extract remarkable features during emergency operations. The protocol 

analysis (or verbal protocol analysis) is becoming increasingly popular in 

many research fields that focus on the cognitive behavior of human [8-9, 

11-13, 21]. Although there are several critics against the use of the protocol 

analysis (such as reliability or validity of verbal data), this method still 

seems to be meaningful, since an individual's behavior regarding the 

performance of a task can be properly described and analyzed. 

From this point of view, the behaviors of SROs who seemed to have a 

difficulty or showed an unusual response in conducting tasks were closely 

observed to make verbal protocols. After that, SROs' responses were 

meticulously compared with the required information and activities that 

are prerequisite for accomplishing tasks being conducted. Through these 

comparisons, plausible causes  that can soundly explain why SROs had a 

difficulty or showed an unusual behavior during emergency operations 

were identified as much as possible. Fig. 13 briefly delineates the whole 

process of the protocol analysis conducted in this study.
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Creating communication logs
(i.e., verval protocols) if the
SRO shows remarkable or
unusual behaviors

Identifying the SRO´s
behavior based on the
result of task analysis.

Protocol analysis

Observation

Collected re-training records

Pressurizer pressure, level, and
temperature;
Steam generator pressure, level and
temperature;
Reactor coolant system temperature,
subcooling margin, etc.

Used as compensatory
information to compare
the SRO´s behaviors

Determine whether the SRO strictly
follows procedural steps as written or
not.

Determine whether the SRO seems to
feel burden or not.

Related 
step 

Time 
(min:sec) 

Context 

- 0:00 
Initiating condition is ESDE with 20% pipe rupture (inside the 
containment) connected with the SG #1. 

- 5:24 
The performance of SPTA (standard post trip action) procedure 
is finished. 

- 7:20 Start to perform the diagnosis procedure 
7:24 SRO: “RO, verify whether all control rods are inserted.” 

Step 1 
7:27 RO: “All control rods are inserted.” 
7:28 SRO: “TO, are all AC and DC bus energized?” 

Step 2 
7:42 TO: “Yes. All AC and DC bus are energized.” 
7:44 SRO: “RO, RCP status?” 

Step 3 
7:49 RO: “All RCPs (i.e., four RCPs) are in operation.” 
7:56 SRO: “TO, report all SGs’ level and their trends.” 

Step 5 
8:11 

TO: “SG #1 level is 33% and decreasing now. SG #2 level is 
45% and its trend is also decreasing.” 

8:12 SRO: “RO, how about PRZ pressure and trend?” 
Step 6 

8:21 RO: “PRZ pressure is 136kg/cm2 and decreasing.” 
8:23 SRO: “RO, subcooling margin and its trend?” 

Step 8 
8:42 

RO: “Subcooling margin based on RCS temperature is 50oC, 
subcooling margin based on vessel head temperature is 19oC, 
and subcooling margin based on CET (core exit temperature) is 
60oC. And all of them are increasing.” 

8:47 SRO: “TO, how about SGs’ pressure and their trends?” 

8:58 
RO: “Pressure for SG #1 is 46kg/cm2 and decreasing. And 
pressure for SG #2 is 86kg/cm2 and decreasing.”  Step 9 

9:04 
SRO: (Announcement for all crew members) “Now, ESDE is 
considered.” 

••• 
 

Identifying plausible causes/
explanations that can affect

the SRO´s behaviors

Comparing the SRO´s behaviors based on
the result of task analysis

Comparisions

< Figure 13. The overall scheme of protocol analysis >

2.3 Development of OPERA database

To easily assess operators' performance data that were extracted by using both 
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the time-line and the protocol analysis, OPERA database has been 

developed under Microsoft WindowsTM environment. 

Briefly speaking, OPERA database consists of an user interface and a 

database part. The user interface part provides a menu-driven interface 

for users so that they can easily extract the required information. In 

addition, in total 20 distinct data fields are included in the database part 

in order to structuralize operators' performance data (Appendix E 

expounds to important features of OPERA database). Actually, most of 

operators' performance data that are presented in Section 3 were 

epitomized by outcomes of OPERA database. 
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3. Analysis results

As stated in Chapter 2, the collected re-training records have been 

analyzed based on the time-line and the protocol analysis. As a result, 

many kinds of operators' performance data were obtained. Among them, 

Table 3 shows a list of typical operators' performance data.

< Table 3. Typical operators' performance data that were extracted from 

the collected re-training records >

Analysis 

method
Extracted data Remark

Time-line 

analysis

Performance time of SPTA procedure  

(Section 3.1)
SPTAT∆

Performance time of the diagnosis 

procedure (Section 3.2)
DIAGNOSIST∆

Step performance time (Section 3.3) ORP
iT∆

Task completion time of the jth task in 

ORP, which consists of several procedural 

steps (Section 3.4)

ORP
iOUTT 1+

 and 

DIAGNOSIS
OUTT

Protocol 

analysis

Factors that make the performance of the 

diagnosis procedure difficult (Section 3.5)

The types of non-compliance behaviors in 

conducting procedural steps (Section 3.6)

More detailed explanations about these data are presented in the 

subsequent sections.

3.1 Performance time of SPTA procedure

As depicted in Fig. 1, SROs have to start emergency operations by conducting 

SPTA procedure. Fig. 14 shows the relative frequencies of performance time data 
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in conducting SPTA procedure with important statistical indices (mean, 

standard deviation and the value of 95 percentile). 
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< Figure 14. Statistical indices for the performance of SPTA procedure >

As shown in Fig. 14, it can be said that most SROs have accomplished 

SPTA procedure within about 316s after the reactor trip. It is noted that the 

probability value of performance time data were analyzed by the following 

sequences. Firstly, the extracted time data were plotted as a function of the 

frequency of occurrences. After that, the resulting curve was fitted to the 

normal distribution. That is, since the number of available data was sufficiently 

large (say, over 40), the normal distribution is valid according to the central 

limit theorem [46]. With the normal distribution, finally, the most probable 

value of performance time data was determined with 95% confidence level.

3.2 Performance time of the diagnosis procedure

After the completion of SPTA procedure, if SROs confirmed the fact that all  

CSFs are not jeopardized, then the diagnosis procedure should be conducted in 

order to clarify the nature of an on-going event. Table 4 shows brief summaries 
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about averaged performance time of the diagnosis procedure with respect to 

six kinds of DBAs. 

< Table 4. Averaged performance time of the diagnosis procedure >

DBA Mean Std. Dev.

ESDE 182.4s 72.4s

LOAF 137.2s 89.8s

LOCA 135.8s 47.8s

LOOP 106.7s 39.9s

SBO 101.3s 55.3s

SGTR 195.9s 106.7s

In addition, Fig. 15 shows the relative frequencies of performance time 

data for conducting the diagnosis procedure, which were obtained without 

distinguishing the types of DBAs. 
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< Figure 15. Statistical indices for performance time data of the diagnosis 

procedure >
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From Fig. 15, it was observed that the most probable value for conducting 

the diagnosis procedure is about 281s. It is noted that the identical sequences 

used in Section 3.1 were applied to determine the most probable value of 

performance time data for executing the diagnosis procedure (i.e., 95percentile).

3.3 Step performance time

If the diagnosis procedure was successfully conducted, then SROs can select 

an appropriate ORP that contains a set of predefined procedural steps. As a 

result, performance time data of procedural steps included in ORP have been 

extracted by the time-line analysis. From these data, a statistical analysis has 

been conducted, and Fig. 16 shows the relative frequencies of step performance 

time data that were obtained without distinguishing the types of ORPs. 

< Figure 16. Statistical indices for step performance time data >

From Fig. 16, it was observed that the most probable value of step 

performance time data is about 94s, regardless of the types of ORPs where 
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procedural steps belong to. In other words, Fig. 16 alludes to the 

presumption that any procedural step included in ORPs of the reference 

NPP can be accomplished within 94s. 

It is noted that the exponential distribution is considered instead of the 

normal distribution in determining the most probable value of step performance 

time data. This is because the distribution of relative frequencies seems to be 

exponentially decreased with respect to the increase of the step performance 

time. Thus, based on the exponential distribution, the most probable value of 

step performance time data was determined with 95% confidence level.

3.4 Task completion time

One of the essential time data related to emergency operations might be 

the task completion time when an appropriate ORP has been selected. 

From this point of view, a set of task completion time data has been 

extracted based on the task analysis results (refer to Section 2.2.1). Table 

5 shows typical task completion time data included in LOCA ORP.

< Table 5. Task completion time data in coping with LOCA >

Task (inside containment)a Numberb Average(s) Std. Dev.(s)

Delivery of a sufficient SI flow 15 565.3 200.5

Checking criteria for RCP stoppage 17 592.8 200.1

Securing the integrity of a containment 7 808.3 249.4

Cooling down RCS 6 923.0 311.7

Removing voids from RCS 6 1245.7 499.3

Isolating SIT 7 1998.6 1115.6
aAll the initiating locations of LOCA were inside containment. Thus task 

completion time data for LOCA that has occurred outside containment 

were excluded in this study.
bNumber means the number of available data that were extracted from 

the re-training records. 
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For example, as depicted in Fig. 4, "Delivery of a sufficient SI flow" 

task can be accomplished by conducting both the 4th and 5th procedural 

step included in LOCA ORP. This means that the task completion time 

can be quantified by LOCA
OUTT 5

 that indicates the elapsed time from the 

reactor trip to the completion of the 5th procedural step of LOCA ORP. In 

this way, task completion time data for other ORPs have been decided. 

Table 6 to Table 10 show task completion time data for other ORPs.

< Table 6. Task completion time data in coping with SGTR >

Task Number Average(s) Std. Dev.(s)

Delivery of a sufficient SI flow 7 576.4 345.3

Checking criteria for RCP stoppage 9 616.7 313.7

Initial cooling down the hot-leg 
temperature of RCS 4 687.3 179.2

Identifying and isolating a faulty SG 3 1188.3 182.9

< Table 7. Task completion time data in coping with ESDE >

Task Number Average(s) Std. Dev.(s)

Delivery of a sufficient SI flow 11 538.8 174.1

Stopping uncontrolled cooldown of 
RCS 10 633.5 183.2

Checking criteria for RCP stoppage 11 828.2 226.5

Stabilizing RCS temperature 
and pressure 11 857.1 228.9

Checking criteria for SI throttling 
and/or stoppage 5 1118.6 238.3

Confirming the natural circulation 
of RCS 3 1571.7 192.3

Checking criteria for RCP restart 3 1730.0 153.1
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< Table 8. Task completion time data in coping with LOAF >

Task Number Average(s) Std. Dev.(s)

Stoppage of all RCPs 15 415.4 246.3

Securing the water inventory of SGs 7 556.9 137.6

Checking criteria for OTC 14 565.6 286.4

Confirming the natural circulation 
of RCS 5 791.6 161.8

< Table 9. Task completion time data in coping with LOOP >

Task Number Average(s) Std. Dev.(s)

Confirming the sequence of 
electrical loads 7 458.0 76.2

Protecting main condensers 6 589.5 65.5

Confirming the natural circulation 
of RCS 7 783.1 130.4

Checking criteria for SI throttling 
and/or stoppage 3 1241.3 278.5

< Table 10. Task completion time data in coping with SBO >

Task Number Average(s) Std. Dev.(s)

Minimizing the leakage from RCS 7 395.4 61.0

Preventing the overpressurization 
of main condensers 5 410.8 76.5

Restoring AC power 7 515.6 89.4

Confirming the natural circulation 
of RCS 7 671.9 89.7

Securing the subcooling margin 
of RCS 5 822.6 138.9

It is noted that time data shown in Table 4 and Fig. 15 indicate the elapsed 

time for conducting the diagnosis procedure (i.e., DIAGNOSIST∆ ). However, from the 

viewpoint of the completion time of a diagnosis task, it is necessary to establish 

the elapsed time from the reactor trip to the completion of the diagnosis 
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procedure (i.e., event diagnosis time; DIAGNOSIS
OUTT ). Thus, event diagnosis 

time data were extracted separately, and Table 11 shows brief summaries 

about averaged event diagnosis time with respect to six kinds of DBAs. 

In addition, Fig. 17 shows the relative frequencies of event diagnosis time 

data that were obtained without distinguishing the types of DBAs.

< Table 11. Event diagnosis time data with respect to the types of DBAs >

DBA Average (s) Std. Dev. (s)

ESDE 412.7 128.7

LOAF 300.8 157.8

LOCA 357.5 134.9

LOOP 271.7 79.4

SBO 251.7 78.6

SGTR 403.6 199.1
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< Figure 17. Statistical indices for event diagnosis time data >

In Fig. 17, it seems that the trend of relative frequencies fits to the normal 

distribution. Thus, the identical sequences used in Section 3.1 were applied to 

determine the most probable value of event diagnosis time data. As a result, it 
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was observed that most SROs identified the nature of an on-going event 

within about 599s after the reactor trip.

3.5 Factors making the performance of diagnosis procedure 

difficult 

As stated in Section 2.2.3, the behaviors of SROs who showed unusual 

responses were scrupulously investigated by the protocol analysis. To do this, 

detailed communication logs were created to clarify the plausible reasons for 

observed behaviors. In other words, it is expected that the reason why SROs 

feel a burden in conducting their tasks could be elicited from the analysis of 

communication logs (i.e., the protocol analysis). For example, Fig. 18 shows a 

part of communication logs that were created from a re-training record. 

From the analysis of communication logs, it was shown that SROs 

seem to feel a burden in conducting the diagnosis procedure because of 

three reasons as shown in Table 12.

Firstly, connector symbols are uncovered as the source of difficulties from 

the protocol analysis. The meaning of connector symbols is as below [47].

A special flowchart symbol that contains instructions for the operator to 

go to a position in the flowchart marked by a corresponding connector 

symbol. Connector symbols are always used in pairs; an exit connector 

symbol instructs the operator to leave a flowpath and go to another 

flowpath. An entry connector symbol identifies the point at which the 

operator should begin following the other flowpath.

It is evident that connector symbols are helpful in reducing the visual 

complexity of flowcharts. However, precise information about where to find entry 
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symbols should be provided because the frequent use of exit symbols could 

increase the potential of placekeeping difficulties [47]. 

Related 

stepa 

Timeb 

(min:sec) 
Context 

  Initiating event is SGTR with 0.3% rupture of a tube in SG #2. 

••• 

- 0:00 Reactor trip has occurred. 

••• 

- 3:40 The performance of SPTA procedure is finished. 

- 3:51 Start to perform the diagnosis procedure. 

3:52 
SRO: “RO, verify whether reactor power is lowering, startup rate is 

negative and all control rods are inserted.” 
Step 1 

4:59 
RO: “Reactor power is lowering, startup rate is negative and all 

control rods are inserted.” 

4:03 SRO: “TO, are all AC and DC bus energized?” 
Step 2 

4:10 TO: “Yes. All AC and DC bus are energized.” 

4:11 SRO: “RO, what about RCPs’ status?” 
Step 3 

4:15 RO: “Four RCPs are in operation.” 

4:18 
SRO: “TO, are both SGs’ level maintained within the range between 

23.5 and 90%?” Step 5 

4:23 TO: “Yes.” 

4:51 SRO: “RO, pressurizer pressure and trend?” 
Step 6 

5:00 RO: “pressurizer pressure is 143kg/cm2, and its trend is stable.” 

5:02 SRO: “RO, pressurizer level and trend?” 
Step 7 

5:06 RO: “pressurizer level is 24%, and decreasing.” 

5:15 SRO: “RO, what about RCS subcooling margin and its trend?” 

5:20 RO: “RCS subcooling margin is 14oC and maintaining constant”  

5:25 
SRO: “It is too complicated. Let me see … RO, (is RCS subcooling 

margin) increasing now?” 

5:31 RO: “No. Stable.” 

Step 8 

5:35 SRO: “NOT increasing …, now stable …, then …, OK, this way.”  

Step 10 5:41 SRO: “Let us check SGTR symptoms.”  

••• 
aRelated step represents procedural steps included in the diagnosis procedure. 
bTime means the elapsed time from the reactor trip. 

< Figure 18. An example of communication logs >

In the case of the diagnosis procedure (from Fig. C1 to Fig. C3 in Appendix 

C), it has been observed that SROs seem to be confused due to a placekeeping 

difficulty according to exit symbols (such as ⓐ, ⓑ and ⓒ) without indicating 

where to find the entry symbol. For example, when the 7th procedural step 
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included in the second page of the diagnosis procedure is satisfied, the next 

procedural step is not the 11th procedural step (i.e., “Is containment 

pressure ≤ 70cmH2O …”) but the 14th step (i.e., “Are all acceptance 

criteria satisfied?”). Unfortunately, two cases in which this sequence is 

not followed were observed from re-training records. This is the reason 

why the inappropriate use of connector symbols is regarded as one of the 

difficulty factors in performing the diagnosis procedure.

< Table 12. Difficulty factors in conducting the diagnosis procedure >

Identified 
factors

Number of 
observations Typical SROs' behavior

Connector 
symbols 2

SROs seem to feel a burden when they 
confronted a connector symbol without 
providing information about where to find 
an entry symbol.

Negative 
expressions 8

SROs seem to feel a burden when they 
confronted procedural steps containing 
negative expressions. 

Symptom 
mismatching 5

SROs seem to feel burden when their 
expectations about plant behaviors are not 
matched with actual plant responses.

Secondly, the use of negations has been revealed as one of the 

difficulty factors. To understand the difficulty due to negations, let us 

consider communication logs highlighted by a dark color in Fig. 18. In 

these logs, it is apparent that the SRO feels a frustration because he took 

much longer time to conduct the 8th procedural step than others (i.e., the 

6th or 7th procedural step) that do not contain any negation. In total, eight 

similar cases were observed from the collected re-training records.

The last difficulty factor is an incongruity between SROs' expectations about 

plant responses and actual responses (i.e., symptom mismatching). To 

understand the meaning of symptom mismatching, let us consider two kinds of 
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communication logs as shown in Fig. 19 and Fig. 20.

Related 

step 

Time 

(min:sec) 
Context 

  
Initiating event is ESDE with 20% rupture of a main steam line pipe 

(inside the containment) that is connected with the SG #1. 

••• 

- 0:00 Reactor trip has occurred. 

••• 

- 5:24 The performance of SPTA procedure is finished. 

- 7:20 Start to perform the diagnosis procedure. 

7:24 SRO: “RO, verify whether all control rods are inserted.” 
Step 1 

7:27 RO: “All control rods are inserted.” 

••• 

8:23 SRO: “RO, subcooling margin and its trend?” 

Step 8 
8:35 

RO: “Subcooling margin based on CET is 60oC, subcooling margin 

based on RCS temperature is 50oC, and subcooling margin based on 

vessel head temperature is 19oC. And all of them are increasing.” 

••• 

< Figure 19. Communication logs to explain the types of subcooling margins >

Firstly, remarkable communications were observed in Fig. 19 when the 

SRO ordered the RO to read the 'subcooling margin.' In MCR, ROs can 

read three kinds of subcooling margins, since one PDP screen included in 

ICCMS gives three kinds of subcooling margin indications in the order of: 

(1) subcooling margin based on CET, (2) subcooling margin based on RCS 

temperature, and (3) subcooling margin based on vessel head temperature. 

In this circumstance, as highlighted by a dark color in Fig. 19, the RO 

simultaneously reported the values of three kinds of subcooling margin 

indications, since the SRO did not specify which subcooling margin 

indication should be read. In other words, as shown in Fig. 18, if the 

SRO precisely ordered the RO to read 'RCS subcooling margin' instead 

of 'subcooling margin,' then it is expected that the RO will report the 

appropriate one. 
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Related 
step 

Time 
(min:sec) 

Context 

  Initiating event is SGTR with 3% rupture of a tube in SG #2. 
- 0:00 Reactor trip has occurred. 

••• 
- 3:32 The performance of SPTA procedure is finished. 
- 3:50 Start to perform the diagnosis procedure. 

3:52 SRO: “RO, verify reactor power.” 
Step 1 

3:57 RO: “Reactor power is 10-4% and decreasing.” 
••• 

4:37 SRO: “RO, subcooling margin?” 
Step 8 

4:42 
RO: (At this time, the RO reads subcooling margin based on CET) 
“Subcooling margin is 32oC, and maintaining constant.” 

••• 

5:01 
SRO: (Announcement for all crew members) “Now, let us check 
SGTR symptoms.” 

5:04 
SRO: (To clarify unexpected increasing of SG’s level) “RO, report all 
SGs’ level.” 

5:17 
TO: “SG #1 level is 65% and increasing. SG #2 level is 70% and 
increasing.” 

5:19 
SRO: (To clarify unexpected feed flow mismatching between two 
SGs) “TO, are total feed water flow rates for both SGs equal?” 

5:26 TO: “Yes.” 

5:28 
SRO: (To clarify unexpected loss of RCS inventory) “RO, how about 
PRZ level?”  

5:35 RO: “PRZ level is 8% and its trend is increasing.” 
5:37 SRO: “Increasing?” 

5:39 
RO: “Yes. Because SI flow is automatically delivered to RCS due to 
SIAS.” 

5:45 SRO: “OK. Then …, TO, is there any secondary radiation alarm?” 
5:49 TO: “Yes. Secondary radiation alarms occurred.” 

Step 13 

5:52 
SRO: (Announcement for all crew members) “Because there are 
several clear symptoms, SGTR is considered.” 

From 5:55 
to 6:57 

The SRO seems to think something instead of performing the next 
procedural step (i.e., ‘Step 14’).  

7:00 SRO: (Suddenly) “RO, report PRZ pressure.” 
7:06 RO: “PRZ pressure is 95kg/cm2 and still decreasing.” 

- 

7:09 SRO: “Decreasing … OK.” 

Step  
14, 15 
and 16 

7:13 

SRO: (Announcement for all crew members) “Because there is an 
acceptance criterion that is not met, and because SGTR is identified 
from the diagnosis procedure, we are now going to enter the SGTR 
procedure.”  

< Figure 20. Communication logs related to symptom mismatching >

Fortunately, the SRO found the right procedural step (i.e., the 9th procedural 
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step) because, after all, the RO reported what the SRO wants to know (i.e., 

the value of RCS subcooling margin with its trend). 

In contrast, communication logs shown in Fig. 20 indicate that the SRO 

seems to feel a severe burden due to mismatched symptoms. As 

described in Fig. 20, when the SRO entered the 8 th procedural step, the 

SRO ordered the RO to read 'subcooling margin.' At that time, however, 

the RO simply reported 'subcooling margin based on CET' to the SRO 

because this value is located on the top of PDP screen. 

Thus, according to the diagnosis procedure, the SRO moved to the 9
th 

procedural step and proceeded to the 11th procedural step. In the 13th 

procedural step, the SRO recognized several obvious symptoms (such as an 

unexpected increasing of SG level in one SG and secondary radiation 

alarms) which decisively indicates the occurrence of SGTR. Nevertheless, 

the SRO seems to hesitate entering SGTR ORP because he spent about one 

minute after completing the 13th procedural step without doing anything 

(from 5:55 to 6:57). Abruptly the SRO ordered the RO to read pressurizer 

pressure, and the SRO finally entered SGTR ORP after verifying two 

symptoms – pressurizer pressure is 95kg/cm
2

 and its trend is decreasing. 

After this re-training session was finished, in order to clarify the 

reason why the SRO hesitates entering SGTR ORP, an instructor who 

has a responsibility for re-training sessions interviewed him. During the 

interview, the SRO stated that:

According to the diagnosis procedure, the result of diagnosis is definitely 

SGTR. However, I cannot ensure this result because subcooling margin is 

larger than 15oC and its trend is stable. As far as I know, when break events 

such as LOCA or SGTR have occurred, subcooling margin should be lower 
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than 15oC and/or decreasing because RCS pressure will be drastically 

decreasing. So, even though the result of the diagnosis procedure indicates 

SGTR with several evident symptoms (such as secondary radiation alarms), 

I rechecked pressurizer pressure to ascertain whether the on-going event 

is really a  break event or not. As a result, since pressurizer pressure was 

still decreasing, I decided to follow the result of the diagnosis procedure 

not only because a break event had occurred but also evident symptoms 

indicating SGTR were observed. Thus, I proceeded to SGTR ORP.

It should be stressed that an irrelevant situation awareness can also cause 

symptom mismatching. For example, when SGTR has occurred, it was observed 

that SROs occasionally fail to identify the increase of pressurizer level due to 

the automatic delivery of SI flow during the performance of the diagnosis 

procedure. At that time, SROs seem to be confused because pressurizer level is 

increasing in contrast to the decrease of pressurizer pressure (i.e., mismatched 

symptoms). Fortunately, since SROs eventually perceive the automatic delivery 

of SI flow, they confirm the occurrence of SGTR. 

It is also noted that mismatched symptoms could be unraveled by several 

remedies, such as 1) strengthening the training to minimize inappropriate 

communications among operators, and 2) modifying HMI design for subcooling 

margin display. In other words, in Fig. 20, if the SRO had ordered the RO to 

read 'RCS subcooling margin' instead of 'subcooling margin' or RCS subcooling 

margin is displayed solely on a dedicated screen instead of displaying three kinds 

of subcooling margins being displayed together, it is expected that the SRO can 

easily apply the diagnosed result because there are no conflicting symptoms 

distracting the SRO's decision. However, related studies revealed that symptom 

mismatching also attributes to the design of the diagnosis procedure 
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(refer to Appendix C). This means that, as long as SROs have to use this 

diagnosis procedure, they are not free from the chance of symptom mismatching.

From the above explanations, it is meaningful to regard symptom 

mismatching as one of the difficulty factors in conducting the diagnosis 

procedure. In addition, it is natural to expect that SROs can perform the 

diagnosis procedure more easily if the difficulty factors are properly removed. 

3.6 Non-compliance behaviors in conducting procedural steps

In addition to the protocol analysis of SROs' unusual responses in 

conducting the diagnosis procedure, SROs' responses after a diagnosis 

were also scrutinized in order to identify any peculiarities or insights that 

could be helpful in understanding "how they conduct ORPs?" As a result, 

it was found that SROs' behaviors could be properly subdivided into 

three types as summarized in Table 13.

< Table 13. Types of SROs' behaviors in conducting ORPs >

Type Meaning Example

A Strict 
adherence

SROs strictly followed a procedural step as 
written.

B
Skipping 
redundant 
activities

When SROs entered a procedural step, they 
either skipped identical activities that were 
already conducted in the previous procedural 
step or conducted identical activities based 
on information what they already knew.

C
Modifying 
action 

sequence

SROs performed a procedural step using a 
modified action sequence that is different 
from a predefined one.

From the above classifications, 'Type A' means that SROs conducted all the 

required activities prescribed in a procedural step along with a predefined action 

sequence (i.e., compliance behavior). In contrast, both 'Type B' and 'Type C' 
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imply non-compliance behaviors because SROs either skipped several 

activities or did not follow a predefined action sequence. 

Firstly, to understand the meaning of 'Type B' more clearly, let us 

consider the 7th and 8th procedural step included in SPTA procedure (refer 

to Fig. B7 and Fig. B8 in Appendix B). 'Type B' denotes that SROs 

conduct all the required activities prescribed in a confronted procedural 

step, excluding the redundant (i.e., identical) activities that were already 

conducted in the previous procedural step (i.e., prior activities). For 

example, the 7th and 8th procedural step share one identical activity: “Verify 

that containment pressure is less than 70cmH2O.” In this case, it was 

frequently observed that SROs did not check the value of containment 

pressure when the 8th procedural step is being conducted, since they had 

already checked it in the previous procedural step (i.e., the 7th procedural 

step). In addition, several SROs conducted this activity by themselves 

based on the value that they had already obtained during the performance 

of the previous procedural step, instead of skipping this activity.

Secondly, 'Type C' indicates that SROs conducted the required 

activities prescribed in a procedural step through a modified action 

sequence. In other words, it was frequently observed that SROs seem to 

attempt to change one predefined action sequence into another, in order to 

carry out a procedural step more easily and effectively. It is noted that 

the main difference between 'Type B' and 'Type C' is the existence of 

prior activities, since 'Type C' inherently includes the omission of 

prescribed activities due to a modified action sequence. This aspect can 

be seen clearly from Fig. 21 that depicts both the required activities and 

predefined action sequences of the 13th procedural step included in LOCA 

ORP.
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Verify
containment pressure

Verify
CSAS actuation

Manually actuate
CSAS

Verify
flow rate from

CS pumps

Close all
RCP seal leak-off
isolation valves

Stop
all RCPs

Entry to
Step 13

Move to the next
procedural step

Pressure < 1423.6

Pressure ≥ 1423.6

CSAS is
automatically

initiated

CSAS is not
initiated

Flow rate ≥ 
15200 LPM

Flow rate < 15200 LPM

Instructions Contingency Actions 
13. IF containment pressure is larger 

than 1423.6kg/cm2, THEN perform 
ALL of the following: 

 
a. Verify that CSAS is actuated 

automatically. 
 
 
 

b. Verity that all CS pumps are 
delivering at least 15,200LPM  

 
c. Close ALL RCP seal leak-off isolation 

valves. 
 

d. Stop ALL RCPs. 

 
 
 
 

a. IF CSAS has NOT been initiated 
automatically, THEN manually 
initiate CSAS. 

 EF-HS-101A/101B/101C/101D. 
 

b. IF ANY of CS pumps can NOT 
deliver 15,200LPM THEN perform 
ANY of the following: 

… (rest of actions) 

< Figure 21. The 13th procedural step of LOCA ORP with its predefined 

action sequences >
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When SROs entered the 13th procedural step, they have to verify 

whether containment pressure is larger than 1423.6kg/cm2 or not. After 

that, if containment pressure is larger than the set point, SROs have to 

perform either "Verify flow rate from CS pumps" activity or "Manually 

initiate CSAS" activity based on the result of "Verify CSAS actuation" 

activity. It was observed that, however, several SROs accomplished this 

procedural step using a modified action sequence, as depicted in Fig. 22. 

Verify
containment pressure

Verify
CSAS actuation

Manually actuate
CSAS

Verify
flow rate from

CS pumps

Close all
RCP seal leak-off
isolation valves

Stop
all RCPs

Entry to
Step 13

Move to the next
procedural step

Pressure < 1423.6

Pressure ≥ 1423.6

CSAS is
automatically

initiated

CSAS is not
initiated

Flow rate ≥ 
15200 LPM

Flow rate
< 15200

LPM

Skipping several activities by
the modified action sequence

< Figure 22. The modified action sequence of the 13th procedural step 

included in LOCA ORP >

As can be seen in Fig. 22, SROs conducted "Verify flow rate from CS 
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pumps" activity prior to "Verify CSAS actuation" activity. Clearly, this 

action sequence is the deviation from the predefined action sequences, 

since the later activity has to be conducted before the former. 

Nevertheless, the merit of this modification is quite obvious. That is, the 

number of activities to be performed by SROs can be reduced through 

the modified action sequence (enclosed by solid lines in Fig. 22), because 

several activities (enclosed by dotted lines in Fig. 22) do not need to be 

carried out, if the flow rate of CS pumps is larger than 15200L PM.

From the above descriptions, the meaning of prior activities could 

become apparent, since the only way to discriminate 'Type B' behavior 

from 'Type C' behavior is to check whether they share the same prior 

activities or not. 

Based on these classifications, in total 1062 procedural steps were 

investigated, and Table 14 shows summarized results regarding the types 

of SROs' behaviors in conducting procedural steps of ORPs.

< Table 14. Observed SROs' behaviors in conducting procedural steps >

Type A Type B Type C Total

Number of observations 787 62 213 1062

Percentage of 
occurrences 74.11 5.84 20.05 100.00
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4. Discussion

In this study, operators' performance data of the reference NPP were 

extracted from audio-visual records that were collected from re-training 

sessions. As briefly stated in Section 1, in order to resolve human 

performance related problems, a simulator has been playing a crucial role, 

since it provides an objective way to observe human behaviors in coping 

with a simulated emergency. Although there are several disputes (such as the 

dependability of human behaviors on task environments or the discrepancy of 

human behaviors between a simulated and real situation, etc.), it is believed 

that the simulator is an invaluable tool to observe human behaviors under 

emergencies. In addition, it should be emphasized that the results of 

simulation studies can be more serviceable when tasks have been prescribed 

in the form of procedures, since human performance can be maintained within 

a certain range under a highly institutionalized task environment.

From these viewpoints, it is meaningful to compare operators' 

performance data obtained from this study with those from other 

researches and/or studies. In other words, if operators' performance data 

of this study are congruent with other performance data that were 

extracted from diverse simulation conditions or from real accidents, then 

it is strongly expected that the collected data could be properly used to 

scrutinize human performance related problems. 

4.1 Human performance data under diverse simulation conditions

Firstly, it is very interesting to compare human performance data under 

diverse simulation conditions in which operators have to follow 

procedures in order to accomplish their tasks. 
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4 . 1 . 1  S tudy 1

This study has been conducted to fulfill three objectives: (1) evaluation 

of the response times of operators, (2) analysis of error causes, and (3) 

description of operators' behaviors [48-49]. To do this, BUGEY training 

simulator that is representative of 900MWe conventional PWR operated in 

France has been used. In addition, each operating crew consisted of three 

operators (shift supervisor, unit operator and assistant unit operator) and 

in total 18 crews participated in the simulation. 

In this study, operators extensively used procedures to cope with four 

kinds of initiating events: (1) rapid pressurizer depressurization (stuck 

open pressurizer safety valve), (2) SGTR, (3) large steam line break 

inside containment, and (4) LOCA (large break of the primary circuit). 

From these simulations,  operators' performance time data were extracted 

based on time points that are defined in Fig. 23. 

First alarm Diagnosis Localization First manual
action

Time
Diagnosis

time

Localization
time

Decision
time

The time between the first alarm and the moment when the
operator conduct the first required safety-related manual action.

Diagnosis
time

The time between the first alarm related to the transient and the
moment when the operator has diagnosed the event.

Localization
time

Decision
time

The time between the first alarm and the moment when the
operator identified the faulted component.

< Figure 23. Time points for operators' performance - study 1 >

As a result, it was shown that operators' performance seems to be 

homogeneous because the dispersion of response time data was relatively small. 



- 48 -

Table 15 shows response time data for each initiating event. 

< Table 15. Response time data for initiating events - study 1 >

Initiating event Mean Std. Dev.

R apid pressuriz er 

depressuriz ation

Diagnosis time

Localization time

Decision time

1min 59s

1min 59s

5min 17s

1min 02s

1min 02s

1min 55s

S G T R

Diagnosis time

Localization time

Decision time

9min 13s

9min 13s

11min 09s

2min 10s

2min 32s

2min 27s

L arge steam line break

Diagnosis time

Localization time

Decision time

6min 43s

7min 37s

10min 43s

1min 53s

2min 16s

2min 

L arge break  of the primary 

circuit

Diagnosis time
7min 31s 1min 14s

Here, it is very interesting to note that the mean values of diagnosis time data 

shown in Table 15 are comparable to DIAGNOSIS
OUTT  (i.e., event diagnosis time; 

refer to Fig. 10) of this study. Table 16 shows the result of these comparisons.

< Table 16. Comparing the mean value of diagnosis time data - study 1 >

Initiating event Mean diagnosis time 
of study 1

Mean diagnosis time of the 
reference NPPb

ESDEa 6min 43s (403s) 6min 53s (413s)

LOCA 7min 31s (451s) 5min 58s (358s)

SGTR 9min 13s (553s) 6min 44s (404s)
aLarge steam line break of study 1 corresponds to ESDE of the 

reference NPP.
bRefer to data given in Table 11.
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4 . 1 . 2  S tudy 2

This study has been conducted to fulfill six objectives. Among them, the 

first four objectives are related to the need of realistic human reliability 

data in the field of probabilistic studies. They are: (1) to measure the 

average performance times for safety related actions (diagnosis, isolation 

of a faulted SG, etc.), (2) analysis and classification of observed errors, (3) 

identification and analysis of some performance shaping factors, and (4) 

computation of error probabilities (as a function of error types, as a 

function of the time elapsed from the beginning of the accident, etc) [50]. 

To this end, BUGEY training simulator has been used again. 

In this study, each operating crew consisted of four operators (safety 

engineer, shift supervisor, reactor operator and assistant reactor operator) 

and in total 10 crews participated in the simulation. 

Six kinds of initiating events were simulated and operators extensively 

used procedures to cope with these events. The following shows each 

initiating event with the associated procedure.

Loss of offsite power supplies and train B diesel generator (I4B procedure)

Total loss of RHRS (IRRA2 procedure)

SGTR (A3 procedure)

Loss of primary coolant when RHRS is connected to RCS (A10 procedure)

Total loss of heat sink (H1.1 procedure)

Total loss of feed water to SGs (H2 procedure)

From these simulations, a lot of operators' performance data including 

response time data that is based on the time points of Fig. 23 were 

extracted. Table 17 summarizes the mean value of diagnosis time data for 

each initiating event.
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< Table 17. The mean value of diagnosis time data - study 2 >

Initiating event Mean Std. Dev.

Loss of offsite power (I4B) 6min 50s 7min 24s

Total loss of RHRS (IRRA2) 2min 15s 6min 45s 

SGTR (A3) 12min 00s 1min 24s

Loss of primary coolant (A10) 6min 10s 6min 0s

Total loss of heat sink (H1.1) 3min 05s 2min 05s

Total loss of feed water (H2) 2min 50s 1min 28s

All 5min 32s (332s) 3min 00s (180s)

Again, the mean value of diagnosis time data, which were obtained 

without distinguishing the types of initiating events is comparable to that 

of this study. Table 18 shows the result of this comparison.

< Table 18. Comparing the mean value of diagnosis time data - study 2 >

Mean diagnosis time of study 2
Mean event diagnosis time of 

the reference NPPa

5min 32s (332s) 5min 48s (348s)
aRefer to the mean value given in Fig.17.

4 . 1 . 3  S tudy 3

This study has been conducted to suggest time response design criteria 

for safety-related operator actions to be used in the design of LWR. The 

criteria are used to determine the minimum response time intervals for 

safety-related operator actions that are taken to mitigate DBEs which 

result in an automatic reactor trip [51]. 

Safety-related operator action means a manual action required by plant 

emergency procedures, which is necessary to cause a safety-related system 

to perform its safety-related function during the course of DBE. Here, the 
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safety-related function denotes a function that is relied upon during or 

following DBE to ensure: (1) the integrity of the reactor coolant pressure 

boundary; (2) the capability to shutdown the reactor and maintain it in a 

safe shutdown condition; or (3) the capability to prevent or mitigate the 

consequences of accidents that could result in potential off-site exposures. 

In addition, the successful performance of a safety-related operator action 

might require  manipulations (a discrete element of an action) to be 

performed in a specific order. A typical example of a safety-related 

operator action is the initiation of safety-related cooling water flow, such 

as SI flow.

To provide design criteria, in this study, operators' performance data 

(collected by the cooperation of EPRI, USNRC, ORNL and WEC) were 

analyzed by a statistical technique. Fig. 24 depicts the definition of time 

points that were used to extract operators' response time data.

As a result, typical operators' response time intervals were obtained. 

For example, with 95% confidence level, diagnosisTI  and manipulation time 

has a range from 10 to 20 minutes and from 40 to 90 seconds, 

respectively. 

Although event diagnosis time data of the reference NPP were not 

measured from the indication of DBE (refer to Fig. 10), it can be 

reasonably assumed that diagnosisTI  could be comparable to the event 

diagnosis time of the reference NPP. In other words, if we consider that 

it will generally take several minutes from the event indication to the 

reactor trip, then the event diagnosis time of the reference NPP which is 

estimated as about 599s with 95% confidence level (see Fig. 17) is quite 

congruent with the result of study 3. 
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DBE
initiation

DBE
indication

Earliest time for
operators to take
credited action

Manual
action

initiation

Safety
action

completed

Safety
function

completed

Design
requirement

limit

tSt tInd tECA tMAI tSAC tSFC tLim

TIindication TIdiagnosis TIdead TIoperator TIprocess TIsafety

TIindication
The time interval between the start of the DBE and the first
indication of the DBE to the plant operator. In some DBEs, this time
interval might be considered zero for the purpose of the analysis of
this standard.

The time interval between the first indication of the DBE to the plant
operator and the earliest time for which credit can be taken for
initiation of a safety-related operator action. During this interval, it
is assumed that the operator verifies automatic responses, observes
plant parameters, and plans subsequent actions in response to the
DBE.

TIdiagnosis

TIdead
Time interval(s) between TIdiagnosis and TIsafety in which the analytic
criteria permit operator action to be credited, but no safety-related
operator actions occur in the analyzed sequences. A non-zero TIdead
may occur following tECA (for the first operator action) and following
tSAC (for any subsequent operator action, excluding the last).

TIoperator The time interval during which the operator initiates and completes
safety-related actions.

TIprocess
The time interval between the evaluated completion of a safety-
related operator action and the indication that the corresponding
safety-related function is completed through the response of the
process. For some DBEs, this time interval might be considered zero
for the purpose of the analysis of this standard.

TIsafety
The time interval between completing the last safety-related
function and when the event-limit would have been reached without
operator action. A negative value of TIsafety indicates that a limiting
design requirement has not been met.

< Figure 24. The definition of discrete time points - study 3 >

In addition, the comparison between the manipulation time and the step 

performance time (i.e., ORP
iT∆ ) seems to be meaningful because each manipulation 

can be regarded as a procedural step. For example, as stated above, several 

manipulations should be carried out in order to accomplish a safety-related 

operator action, such as the initiation of safety-related cooling water flow. 

Similarly, as depicted in Fig. 4, two procedural steps have to be performed 
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in order to deliver a sufficient SI flow. This means that we are able to think 

of safety-related operator actions and manipulations in study 3 as tasks and 

procedural steps in the reference NPP. If these analogies are reasonable, then 

it makes sense to compare manipulation time and step performance time, since 

the value of manipulation time and step performance time with 95% 

confidence level was 40 to 90s and 94.2s (refer to Fig. 16), respectively. 

It is noted that the purpose of this comparison is not to provide time 

response design criteria for the reference NPP but to ensure the evidence that 

supports the collected step performance time data are not very different from 

those of study 3. In other words, unquestioningly adopting the most probable 

value (i.e., 94.2s) to the design of safety related operator actions could be less 

meaningful, since related studies have revealed that the performance time of 

procedural steps are very susceptible to several complexity factors [52-55]. 

4 . 1 . 4  I nsights from comparisons

The above-aforementioned studies, in which operators deal with several 

kinds of simulated accidents based on procedures, are useful for 

supporting the expectation such that operators' performance could become 

homogeneous if they follow procedures. For example, from Table 16, two 

sets of data (one came from France and the other came from the 

reference NPP) that were obtained from quite different simulation 

conditions seem to be comparable. In addition, Table 18 shows that the 

mean value of diagnosis time data without distinguishing the types of 

initiating events is comparable to the averaged event diagnosis time of 

the reference NPP. The results of study 3 also showed a similar feature. 

Therefore, it may not be absurd to expect that procedures allow operators 

to soundly accomplish their tasks under different task environments, such as 

different HMI or different crew organization, etc. Actually, this expectation can 
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become more conclusive if we compare operators' performance data that 

were obtained from simulated emergencies with those from real events.

4.2 Human performance data obtained from real events

Although it is very difficult (or sometimes impossible) to acquire human 

performance data under a real situation, some operators' performance data 

are available when SGTR had actually occurred [56-57]. Table 19 shows 

a brief summary of two kinds of operators' response time data: (1) the 

time point when operators perceived the occurrence of SGTR, and (2) the 

time point when operators isolated a faulty SG.

As can be seen in Table 19, operators isolated a faulty SG within 

about 26 minutes (in average) after SGTR has initiated. Interestingly, in 

the case of the reference NPP, this response time can be compared with 

the mean value of the  task completion time of "Identifying and isolating 

a faulty SG" (19min. 44s; refer to Table 6), although it was not measured 

from the initiation of DBE (refer to Fig. 10). In other words, if we add 

several minutes to compensate for the time interval between the event 

initiation and the reactor trip, then two sets of operators' performance 

data could be directly comparable. This strongly alludes to the fact that 

procedures play a decisive role in maintaining operators' performance to 

within a reasonable time frame. In addition, it is also expected that 

operators' performance data obtained from simulated emergencies can be 

used as an useful yardstick for estimating or understanding their 

performance under real situations, because operators' performance can be 

maintained within a certain range as long as they follow procedures. 
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< Table 19. Operators' response time when SGTR had actually occurred >

Plant
Capacity

(MWe)
Vendor DOC DOE Leak rate

Perception of 

SGTR
a

SG

isolation
a

Plant 

condition
b

Point Beach 1 500 WEC, 2-loop 1970 1975 125GPM (470LPM) 24 ~ 28min. 58min. Full Power

Surry 2 823 WEC, 3-loop 1972 1976 330GPM (1250LPM) < 5min. 18min. Full Power

Prairie Is. 1 545 WEC, 2-loop 1974 1979 336GPM (1270LPM) 5 ~ 18.5min. 27min. Full Power

Ginna 490 WEC, 2-loop 1970 1982 760GPM (2900LPM) < 1min. 15min. Full Power

North Anna 1 947 WEC, 3-loop 1978 1987 637GPM (2410LPM) < 5min. 18min. Full Power

McGuire 1 1100 WEC, 3-loop 1981 1989 500GPM (1900LPM) < 1min. 11min. Full Power

Mihama 2 470 WEC, 2-loop 1972 1991 700GPM (2600LPM) < 5min. 22min. Full Power

Fort Calhourn 476 CE, 2-loop 1973 1984 112GPM (425LPM) < 32min. 40min. Startup

Mean 

Std. Dev.

26min 08s

15min 38s

aTime after SGTR initiation.
bThe plant operating condition when SGTR has initiated.
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5. Potential applications and conclusion 

If operators' performance data extracted from simulated emergencies are 

meaningful for estimating and/or understanding their performance under 

real situations, these data can be widely used for many applications. 

Potential applications are listed below.

5.1 Providing HRA inputs

As manifested in Appendix A, unraveling human performance related 

problems including human errors is a critical path in securing or enhancing 

the safety of complicated process systems. In this circumstance, one of the 

major activities is the development of countermeasures or methods that can be 

used not only to quantify the possibility of human errors but also to identify 

critical points affecting human errors. This approach is usually called HRA.

In general, several information requirements in conducting HRA can be 

summarized as below [58, 59].

The description of tasks to be performed.

The dependency among different tasks.

The available procedures.

Error types and error probabilities.

Information related to the persons who perform the required tasks 

(i.e., how to perform tasks).

Demand of the perception, cognition and action to perform tasks.

The level of experience.

The available time for diagnosis and correct execution of tasks (i.e., 

allowable time window).
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The time needed to correctly perform tasks (i.e., task completion time).

Among these requirements, the task completion time has been regarded 

as the most crucial information. Fortunately, task completion time data can 

be easily obtained from simulated emergencies, as shown in Section 3.4. 

Another use of simulation data as HRA input is to understand how 

operators carry out the required tasks (corresponding to the fifth item of 

above list). In other words, for the experts who conduct HRA, it is very 

important to judge how operators would behave in actual situations as 

well as to estimate their error probabilities. 

In this vein, it should be emphasized that the types of SROs' behaviors 

explained in Section 3.6 could provide an important clue that is serviceable 

in understanding operators' performance under emergencies. That is, it 

seems that there is a relationship between SROs' work experience and the 

change of their behaviors. Table 20 summarizes the results of comparisons 

between behavior types and SROs' work experience.

< Table 20. Behavior types and SROs' work experience >

SROs' work 
experience (in 

years)

Number
of SROsa

Number of observations

Type A Type B Type C

Under 6.99 1 53 (47.4)b 1 (3.7) 10 (12.8)

7.00 ~ 9.99 1 35 (36.3) 2 (2.9) 12 (9.8)

10.00 ~ 12.99 4 76 (96.3) 9 (7.6) 45 (26.1)

13.00 ~ 15.99 12 392 (388.3) 38 (30.6) 94 (105.1)

Over 16.00 6 231 (218.6) 12 (17.2) 52 (59.2)

Total 24 787 62 213
aThe number of SROs who belong to each interval of work experience.
bScores in parentheses mean expected cell frequencies (estimated values) 

to perform χ2 test. The result is:
 χ2 = 28.52; df (degree of freedom) = 8; rejection criteria = χ0.01

2(8) = 
20.01.
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As indicated by the result of χ2 test given in Table 20, it is pertinent to 

expect that SROs' behavior could be changed by their work experience, since χ

2 value is greater than the rejection criterion of null hypothesis ― relative 

occurrence frequencies for three types of SROs' behaviors are independent of 

their work experience. If this hypothesis is valid, then Fig. 25 could provide an 

interesting relationship between non-compliance behavior and work experience. 

4.00 ~ 6.99 7.00 ~ 9.99 10.00 ~ 12.99 13.00 ~ 15.99 16.00 ~ 
0
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< Figure 25. The change of non-compliance behaviors with respect to 

SROs' work experience >

From Fig. 25, it was observed that SROs who have a work experience 

ranging from 10 to 12.99 years seem to adopt non-compliance behaviors 

more frequently, since the percentage of occurrences is maximized (i.e., 

54/130 from Table 20). In other words, many SROs who belong to this 

range accomplished procedural steps through non-compliance behaviors 

such as 'skipping redundant activities' or 'modifying action sequences,' 

instead of following procedural steps as written. In contrast, most SROs 

who have either a relatively low (i.e., under 10 years) or a relatively 

high work experience (i.e., over 13 years) seem to follow procedural 
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steps as written.

This relationship (i.e., SROs who have a work experience ranging from 

10 to 12.99 years seem to frequently adopt 'Type B' or 'Type C' behavior 

in conducting procedural steps) can suggest three feasible assumptions. 

The first assumption is that, in the case of relatively high experienced SROs, 

they appear to restrain themselves from adopting non-compliance behaviors 

within a certain level, since they are aware of the risk that can be caused by 

non-compliance behaviors that could yield severe consequences. As for the 

second one, SROs who have a work experience ranging from 10 and 12.99 

years seem to actively try to find simpler ways to accomplish procedural steps. 

This is not because they are fully aware of the risk of non-compliance 

behaviors but because they have sufficient knowledge for evaluating the quality 

of procedural steps. In other words, it could be said that non-compliance 

behaviors are not risky but the optimal way of conducting procedural steps for 

SROs who belong to this work experience range, since they might strongly 

believe that their methods are more safe, economical or efficient than the 

methods stated in procedures. The last assumption is that relatively less 

experienced SROs will follow procedural steps as written, since they do not 

have sufficient knowledge to build up their beliefs about the quality of 

procedures (i.e., more optimal way in conducting procedural steps). 

It is noted that there are two rationales supporting three kinds of assumptions 

obtained from this study are not absurd. The first rationale is that three types 

of operators' behaviors (Type A, B and C) could be useful in understanding 

operators' behaviors under real situations, because behavior types observed from 

simulated emergencies are not far from operators' behaviors that results in 

accidents and/or incidents. For example, in the case of 'Type B' behavior, 

analysis results based on LERs of US NPPs have pointed out that a significant 
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portion of accidents/incidents was caused by operators' decision based on 

what information they already had [60]. Besides, as one of the 

performance influencing factors that can result in procedure related human 

errors, 'memory of recent actions' was stated [61]. Here, this factor 

represents operators' behaviors such that "if the operator has recently 

verified that a pump is ON, when he is asked to verify the flow, he may 

remember that the pump was verified ON and omit verifying the flow." 

Similarly, operators' behaviors called 'shortcutting' is directly comparable 

to 'Type C' behavior. Shortcutting means operators' behaviors such that 

several activities were categorized into one group and then checking them 

at once [62-63]. Interestingly, when checklists were lengthy, it was pointed 

out that there was a tendency of shortcutting to shorten a time-consuming 

procedure [62]. In other words, operators try to shorten a time-consuming 

procedure through finding another way to accomplish the required tasks. 

Obviously, in this study, shortcutting corresponds to 'Type C' behavior, 

since it denotes SROs' behaviors to shorten the number of required 

activities prescribed in procedural steps by modifying action sequences. 

The second rationale is that procedural deviations (i.e., non-compliance 

behaviors) that were carried out under the belief such that these behaviors will 

not result in bad consequences are shaped by cost-benefit trade-offs, where the 

benefits are seen as outweighing the possible costs [64]. In other words, an 

inverted-U shape can be regarded as a popular tendency in explaining the change 

of operators' behaviors. With this in mind, it is stressed that the percentages of 

occurrences for non-compliance behaviors shown in Fig. 25 are obviously changed 

along with an inverted-U shape, with respect to the increase of SROs' work 

experience. This means that SROs' behaviors observed in this study are 

congruent with those of real situations because their non-compliance behaviors 
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appear to be a trade-off with respect to the level of work experience. 

Therefore, if operators' behaviors under simulated emergencies are not 

very different from those under real situations, then it is more realistic to 

judge how operators would behave in real situations as well as to 

estimate their error probabilities. 

5.2 Ameliorating the quality of procedures

The next important application of operators' performance data obtained from 

simulated emergencies may be the improvement of procedures, because 

performance data allow us to identify critical factors that make the performance 

of procedures difficult. Actually, in the reference NPP, the diagnosis procedure 

is under modification based on the difficulty factors described in Section 3.5. In 

other words, since it was revealed that the diagnosis procedure currently being 

used had three kinds of difficulty factors, a new diagnosis procedure in which 

the difficulty factors were effectively removed has been developed. The revised 

diagnosis procedure is depicted in Appendix F, and this diagnosis procedure is 

planned for use in the reference NPP within a couple of years.

5.3 Backup data for advanced studies

Another application may be the provision of backup data for advanced studies, 

such as studies related to the communication of operating crews, task allocations 

among crew members and the development of performance measures, etc. For 

example, as for the study related to the development of performance measures, 

step performance time data were widely used to verify the appropriateness of SC 

measure that was suggested to quantify the complexity of procedural steps 

prescribed in EOPs [52-54]. In addition, two kinds of cognitive factors that make 

the performance of procedural steps complicated were elucidated by scrutinizing 
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operators' performance data [55].

Besides, operators' performance data can be used to elicit remarkable clues that 

are useful in identifying the change of human performance, such as the effect of 

cultures on human performance. For example, it is very interesting to compare 

the change of non-compliance behaviors (i.e., Fig. 25) of several different 

countries, since invaluable insights manifesting the effect of a national culture on 

operators' performance could be extracted from these comparisons. Similarly, 

through the comparisons of operators' performance data between different NPPs, 

it is possible to establish crucial issues that may be helpful in understanding the 

effect of HMIs and/or an organizational culture on operators' performance. 

5.4 Conclusion

In this study, records of re-training sessions for licensed MCR 

operators have been collected. Based on these records, detailed analyses 

have been conducted  in order to extract operators' performance data 

under simulated emergencies. As a result, many kinds of operators' 

performance data have been secured. In addition, several potential 

applications that can unravel human performance related problems as well 

as improve human performance were suggested. 

Although it is still not easy to conjecture operators' behaviors under a 

real situation on the basis of those under a simulated situation, previous 

studies have indicated that operators' performance could be homogeneous 

and expectable to some degree when operators have to follow procedures. 

Thus, it is strongly believed that operators' performance data obtained 

from this study will provide a concrete foundation for scrutinizing the 

changes of human performance under emergencies.
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Appendix A. The importance of human factors

The following tables summarize the diverse evidence that supports the importance of human factors in securing 

and/or enhancing the safety of complicated process systems.

Reference Contents
1 H. V. Cott, "Human errors: their causes and reduction," in Human 

Error in Medicine, M. S. Bogner, Ed. Lawrence Erlbaum Associates, 

1994

Incident due to human error:

Air traffic control: 90%

Petroleum industry: 19%

Automobiles: 85%

Nuclear power plants (in U.S.): 70%

Jet cargo transport (worldwide): 65%

Petrochemical plants: 31%
2 A. Degani and E. L. Wiener, "Procedures in complex systems: the 

airline cockpit," IEEE Transactions on Systems, Man and Cybernetics 

– Part A: Systems and Humans, vol. 27, no. 3. pp. 302-312, 1997.

Cause of accidents:

Pilot deviation from basic operational procedures: 33%

Inadequate cross-check by second crew member: 26%

Improper response during abnormal situation: 9%

Pilot did not recognize need for go around: 6%

Pilot incapacitation: 4%

Inadequate flying skill: 4%

Other: 18%
3 Editorial Staff, "Landing gear topped list of aircraft systems involved 

in accidents during 35-year period," Flight Safety Digest, vol. 13, No. 

12, pp. 13-16, 1994.

Source of control-problem accidents from McDonnell Douglas (1958-1993)

Pilot-induced: 32.6%

Weather-induced: 18.9%

System involved: 10.8%

Other: 37.7%
4 D. D. Hee, B. D. Pickrell, R. G. Bea, K. H. Roberts and R. B. Williamson, "Safety 

management assessment system (SMAS): a process for identifying and 

evaluating human and organization factors in marine system operations with field 

test results," Reliability Engineering and System Safety, vol. 65. pp.125-140, 1999.

Marine accidents:

Over 60% of accidents are caused or influenced by human and 

organizational factors
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Reference Contents
5 A. Feyer, A. M. Williamson and D. R. Cairns, "The involvement of 

human behaviour in occupational accidents: Errors in context," Safety 

Science, vol. 25, no. 1-3, pp. 55-65, 1997.

Major contributors to the work-related fatalities (1020 cases) in Australia 

(1982~1984). Some of contributors are counted more than once.

Equipment: 26%

Personal protective equipment: 19%

Safety equipment: 32%

Unsafe procedures: 54%

Other: 1%

6 S. E. Tae, "Analysis of Human Performance in KHNP NPPs," in 

Proceedings of ICAPP-03,  Cordoba, Spain, May 4-7, 2003, Paper 

#3283.

Major contributors to human error related events (340 cases) in Korea 

(1997~2002).

Inappropriate performance(23%) 

Insufficient review(22%) 

Failure to perform a pre-work check(16%) 

Inappropriate procedures(13%)

Educational problems(10%)

Failure to follow procedures(6%)

Facility problems(6%) 

Inadequate communication(4%).

7 J. Bento, "Analysis of human performance problems at the Swedish 

nuclear power plants," IEEE Fourth Conference on Human Factors 

and Power Plants, June 5-6, Monterey, California, p. 55-60, 1988.

352 cases (27%) are caused by human performance problems among 1318 

LERs in Sweden (1983-1987).

Several major contributors are:

Human variability

Procedures not followed

Training

Work organization

8 Y. Hirotsu, K. Suzuki, M. Kojima and K. Takano, "Multivariate 

analysis of human error incidents occurring at nuclear power plants: 

several occurrence patterns of observed human errors," Cognition, 

Technology and Work, vol. 3, pp. 82-91, 2001.

193 cases (22%) are related to human errors among 885 incidents in Japan 

(1970~1996). Major contributors are:

Work  practice: 23%

Human internal status: 19%

Written communication (instructions): 13%

Work verification: 10%

Other: 35%
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9 A. Richei, U. Hauptmanns and H. Unger, "The human error rate 

assessment and optimizing system HEROS - a new procedure for 

evaluating and optimizing the man-machine interface in PSA," 

Reliability Engineering and System Safety, vol. 72, pp. 153-164, 2001.
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10 S. A. Shappel and D. A. Wiegmann, "A human error approach to 

accident investigation: the taxonomy of unsafe operations," The 

International Journal of Aviation Psychology, vol. 7, no. 4, pp. 

269-291, 1997.

Human error has been implicated in a variety of occupational accidents, 

including 70% to 80% of those in civil and military aviation.

11 C. Perrow, Normal accident: living with high-risk technologies, Basic 

Books Inc.. 1984, pp. 188-191.

Violations or judgement errors were found in 89.4% of the collision of 

vessels (marine accidents). 

12 S. H. Rouse, W. B. Rouse and J. M. Hammer, "Design and evaluation 

of an onboard computer-based information system for aircraft," IEEE 

Transactions on Systems, Man and Cybernetics, vol. SMC-12, no. 4, 

pp. 451-463, 1982.

According to NASA ASRS, it was found that the single most frequent 

distraction was the execution of checklists (i. e., procedures). Several key 

contributors are:

Checklist: 13% (22/169)

Malfunctions: 11% (19/169)

Traffic watch: 9% (16/169)

Company radio: 9% (16/169)

13 J. W. Danaher, "Human error in ATC system operations," Human 

Factors, vol. 22, no. 5, pp. 535-543, 1980.

According to SEIS(worked from 1974), more than 90% of ATC related 

accidents stem from human mistakes. Major contributors are:

Inadequate awareness of the importance of good work habits

Insufficient detail in documented standard operating procedures

Incomplete technical supervision 

14 W. Lee, P. Pangaro, W. Wilkinson and S. J. Gander, "Including the 

whys and wherefores in procedural training: intelligent training for 

emergencies in nuclear power plants," in Proceedings of IEEE 

International Conference on Systems, Man and Cybernetics: 'Decision 

Aiding for Complex Systems,' 1991, pp. 1877-1882, Vol. 3.

Human error in accidents involving complex systems typically contribute 

from 40% to 85%.

15 K. L. Mcfadden and E. R. Towell, "Aviation human factors: a 

framework for the new millenium," Journal of Air Transport 

Management, vol. 5, pp. 177-184, 1999.

Approximately 70% of aviation accidents are classified as pilot-error.



- 72 -

Reference Contents
16 D. O'Hare, M. Wiggins, R. Batt and D. Morrison, "Cognitive failure 

analysis for aircraft accident investigation," Ergonomics, vol. 37, no. 

11, pp. 1855-1869, 1994.

According to a investigation report for aircraft accidents and incidents in 

New Zealand between 1982 and 1991, most events (70% to 80%) in civil 

and military aviation were due to human error. Dominant contributors 

including procedure related factors are:

Choice of procedure: 26%

Choice of strategy: 19%

Detection of relevant cues: 15%

Procedural errors (action or implementation): 15%

Choice of goal: 15%

Diagnosis of system state: 10%

17 H. Uth, "Trends in major industrial accidents in Germany," Journal of 

Loss Prevention in the Process Industries, vol. 12, pp. 69-73, 1999.

According to a investigation result for industrial accidents and incidents 

that occurred in Germany between 1993 and 1996, human failures are 

present about 28% of accidents (ZEMA; a systematic major accident 

notification system). More detailed subdivisions are:

Operating errors (mostly resulted from "deviation from procedures"): 

12%

Organizational failures and weakness: 8%

Failures during repair works: 8%

18 H. Uth and N. Wiese, "Central collecting and evaluating of major 

accidents and near-miss-events in the Fedral Republic of Germany - 

results, experience, perspectives," Journal of Hazardous Materials, vol. 

111, no. 1-3, pp. 139-145, 2004.

According to a investigation result in Germany (based on data from 

ZEMA) between 1993 and 2002, human failures are present about 24.5% of 

313 accidents . More detailed subdivisions are:

Operating errors: 13%

Organizational failures: 9%

Failures during repair works: 2.5%

19 R. E. M. Lees and B. R. Laundry, "Increasing the understanding of 

industrial accidents: an analysis of potential major injury records," 

Canadian Journal of Public Health, vol. 80, pp. 423-426, 1989.

Among 514 events over a 20-year period (1965-1985) in one plant, 22.5% 

of events were caused by employee.

20 K. Fruta, K. Sasou, R. Kubota, H. Ujita, Y. Shuto and E. Yagi, 

"Human factor analysis of JCO criticality accident," Cognition, 

Technology and Work, vol. 2, pp. 182-203, 2000.

JCO event was caused by a human error. One of the major contributors is 

deviation from procedures.

21 S. T. Lewis, "Human factors in air force aircraft accidents," Aviation, 

Space and Environmental Medicine, vol. 46, no. 3, pp. 316-318, 1975.

A review of 545 USAF aircraft accidents between 1971 and 1973 shows 

that over 50% of accidents involved some type of human error.
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Reference Contents
22 P. Marsden and M. Green, "Optimizing procedures in manufacturing 

systems," International Journal of Industrial Ergonomics, vol. 17, pp. 

43-51, 1996.

More than 18% of all accidents are attributed in some way to the 

failure of personnel to follow procedures.

Procedural deficiencies were implicated in more than half of employee 

errors.

23 F. Yu, S. Hwang and Y. Huang, "Task analysis for industrial work 

process from aspect of human reliability and system safety," Risk 

Analysis, vol. 19, no. 3, pp. 401-414, 1999.

50% to 70% of the risk at nuclear power facilities was because of human 

error.

24 D. W. Joos, Z. A. Sabri and A. A. Husseiny, "Analysis of gross error 

rates in operation of commercial nuclear power stations," Nuclear 

Engineering and Design, vol. 52, pp. 265-300, 1979.

Review of descriptive reports of events occurring in the US commercial 

nuclear power plants in the period from 1973 to 1975 shows that "failure 

to follow procedures" accounted for 22% (21/94).

25 M. Green and A. D. Livingston, "Procedures development: common 

deficiencies and possible solutions. Operating procedures for nuclear 

power plants and their presentation," in Proceedings of a Specialist 

Meeting Organized by the International Atomic Energy Agency, 

Vienna, Austria, 31 March - 2 April, 1992.

69% (approximately 700 cases) of 1440 LERs in 1990 identified 

procedural problems as a contributing factor to the event.

Procedures were identified as the cause of human performance errors. 

The most frequently cited errors are:

Use of incorrect procedure: 29.7%

Use of correct procedure but at wrong time: 16.8%

Implementing procedures after the correct deadline for doing so: 

13.8%

Failure to carry out procedures correctly: 11.2%

26 W. H. Moore, "The grounding of Exxon Valdez: An examination of 

the human and organizational factors," Marine Technology, vol. 31, no. 

1, pp. 41-51, 1994.

Approximately 65% of all catastrophic marine-related accidents are the 

result of compounded human and organizational errors during operations.

27 C. K. Frostenson, "Lessons learned from occurrences involving 

procedures at LOS ALAMOS National Laboratory in 1994," 

Proceedings on Human Factors and Ergonomics Society (HFES) 

Annual Meeting, 1995, pp. 1033-1037, Vol. 39.

According to an investigation result of abnormal events reported in LANL 

in 1994 shows that 33% (89/269) of all adverse operational events have 

human factors causes related to procedures.

28 K. L. McFadden, "Risk models for analyzing pilot-error at US airlines: 

a comparative safety study," Computers and Industrial Engineering, 

vol. 44, pp. 581-593, 2003.

Approximately 71% of commercial accidents were classified as pilot-error.

29 P. Wright, S. Pocock and B. Fields, "The prescription and practice of work 

on the flight deck," in Proceedings on the Ninth European Conference on 

Cognitive Ergonomics (ECCE9), T. R. G. Green, L. Bannon, C. P. Warren 

and J. Buckley, Ed. 1998, Limerick University Press, p. 37-42.

According to recent CAA study of 447 global fatal accidents, pilot error is 

still one of the most often cited contributing factors to aircraft accidents 

(about 76%). One of important contributors is:

Failure to follow recommended procedures
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Reference Contents
30 S. Salminen and T. Tallberg, "Human errors in fatal and serious 

occupational accidents in Finland," Ergonomics, vol. 39, no. 7, pp. 

980-988, 1996.

It is generally accepted that 80-90% of accidents are due to human 

error.

2/3 fatal occupational accidents in Australia are caused by human error.

According to an investigation result for occupational accidents in 

Finland between 1985 and 1990, 84-90% of accidents due mainly to 

human error.

31 E. M. Roth, R. J. Mumaw and P. M. Lewis, "An empirical 

investigation of operator performance in cognitively demanding 

simulated emergencies," U.S.Nuclear Regulatory Committee, 

Washington D.C., 1994, Report No.   NUREG/CR-6208.

Human performance is a significant contributor to nuclear power plant 

safety. During emergency situations operators may take recovery actions 

that mitigate the emergency situation. Accordingly, errors in performance 

can delay or hinder plant recovery.

32 American Institute of Chemical Engineers, "Guidelines for preventing 

human error in process safety," Center for Chemical Process Safety of 

the American Institute of Chemical Engineers, 1994.

Human error accounted for $563 million of major chemical accidents up 

to 1984.

80-90% of all accidents in the CPI due to human error.

According to the study of 190 accidents in CPI facility, top 4 causes 

are:

Insufficient knowledge: 34%

Design errors: 32%

Procedure errors: 24%

Personnel errors: 16%

According to the study of accidents in petrochemical and refinery units, 

major contributors are:

Equipment and design failures: 41%

Personnel and maintenance failures: 41%

Inadequate procedures: 11%

Inadequate inspection: 5%

Other: 2%

Human error accounted for 58% of the fire accident in refineries.

Human error accounted for 73% and 67% of total damage for boiler 

start-up and on-line explosions, respectively.
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Reference Contents
33 P. Marsden, "Procedures in the nuclear industry," in Human Factors 

in Nuclear Safety, N. Stanton, Ed. 1996, Taylor & Francis Ltd., p. 

99-116.

In an analysis of 180 significant event reported as having occurred in 

the united states during 1985, it was found that of the 48% of incidents 

originally attributed to failures of the human operator, almost 65% 

could be classified as involving a procedure deficiency.

The investigation about the reports of almost 700 nuclear power plant 

incidents concluded that failures with procedures were implicated in 

more than 69% of cases.

34 A. D. Livindstone, "The use of procedures for decision support in 

nuclear power plant incidents," in User Requirements for Decision 

Support Systems used for Nuclear Power Plant Accident 

Prevention and Mitigation, 1989, Austria, Vienna, Report No. 

IAEA-TECDOC-529.

D. E. Maurino, J. Reason, N. Johnston and Rob B. Lee, Beyond 

Aviation Human Factors: Safety in High Technology Systems, 

1995, Ashgate Pubkishing Limited.

According to the report of INPO, 52% of 180 significant events caused 

by human performance problems in the US from 1983 to 1984. Critical 

contributors are: 

Deficient procedures or documentation: 43%

Lack of training or knowledge: 18%

Failure to follow procedures: 16%

Deficient planning or scheduling: 10%

Other: 13%

35 J. W. Turner, M. S. Huntley, Jr. and J. A. Volpe, "The Use and 

Design of Flightcrew Checklists and Manuals," 1991, U.S. Federal 

Aviation Administration, Report No. DOT/FAA/AM-91/7.

According to NTSB investigations, among all accidents that occurred from 

1983 to 1986, 21 accidents were caused by the improper use of a checklist 

or a defective checklist.

36 Environmental Protection Agency, "New ways to prevent chemical 

incidents,"  May 1999, Report No. WPA 550-B-99-012.

Chemical incidents initiated by:

Mechanical error: 40%

Human error: 27%

Natural phenomenon: 1%

Other and/or unknown: 32%
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Appendix B. SPTA procedure of the reference NPP

The primary role of SPTA procedure performance is to confirm the 

satisfaction of CSFs when a reactor trip has occurred. In the reference 

NPP, in total 9 CSFs have been considered according to their relative 

importance. They are: (1) reactivity control, (2) maintenance of vital 

auxiliaries, (3) RCS inventory control, (4) RCS pressure control, (5) core 

heat removal, (6) RCS heat removal, (7) containment isolation, (8) 

containment temperature/pressure control, and (9) containment combustible 

gas control. Accordingly, dedicated procedural steps have been prepared in 

SPTA procedure so that the status of CSFs can be appropriately clarified 

in a step by step manner. The following reference provides more general 

information about CSFs. 

[Ref. B1] W. R. Corcoran, N. J. Porter, J. F. Church, M. T. Cross and 

W. M. Guinn, "The critical safety functions and plant 

operation," Nuclear Technology, vol. 55, pp. 690-712, 1981.

Fig. B1 to Fig. B8 depict detailed descriptions about procedural steps. It 

is noted that, in the case of the reference NPP, the last two CSFs (i.e., 

containment temperature/pressure control and containment combustible gas 

control) are covered by a single procedural step (i.e., the 8
th procedural 

step; refer to Fig. B8).
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Instructions Contingency Actions 
1. Determine that REACTIVITY CONTROL 

acceptance criteria are met by 
performing ALL of the following: 

 
a. Verify that reactor power is 

lowering. 
 
 
 
 
 

b. Verify that startup rate is negative. 
 
c. Verify that no more than one full 

length CEA is NOT inserted. 

 
 
 
 

a. Perform ANY of the following: 
1) Manually trip RPS. 
2) Manually trip DPS. 
3) De-energize all the motor 

generators (HS-170, 270). 
4) Open the reactor trip breakers. 

 
 
 

c. IF more than one full length CEA is 
NOT inserted, THEN borate the 
plant to achieve 6.5%△K/K of 
shutdown margin. 

< Figure B1. The 1st procedural step included in SPTA procedure - 

checking the status of Reactivity Control >
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Instructions Contingency Actions 
2. Determine that MAINTENANCE OF 

VITAL AUXILIARIES acceptance 
criteria are met by performing ALL of 
the following: 

 
a. Verify that the main turbine is 

tripped. 
 
 
 
 

b. Verify that the main generator 
output breakers are open. 

 
c. Verify that station loads have 

transferred to offsite electrical 
power such that BOTH of the 
following conditions exist. 
 All vital and non-vital AC buses 

have electrical power 
 All vital and non-vital DC buses 

have electrical power  

 
 
 
 
 

a. Perform ANY of the following: 
1) Manually trip the turbine. 
2) Close the MSIVs. 
3) Manually trip the high pressure 

turbine. 
 

b. Open the main generator output 
breakers. 

 
c. IF all vital 4.16kV AC buses are 

NOT powered from offsite, THEN 
perform BOTH of the following: 
1) Ensure that the associated diesel 

generator has started. 
2) Ensure that the associated diesel 

generator output breaker is 
closed. 

< Figure B2. The 2nd procedural step included in SPTA procedure - 

checking the status of Maintenance of Vital Auxiliaries >
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Instructions Contingency Actions 
3. Determine that RCS INVENTORY 

CONTROL acceptance criteria are met 
by performing ALL of the following: 

 
a. Verify that ANY of the following 

conditions exist: 
 Pressurizer level is within 

15~70% 
 Pressurizer level is trending to 

33~52.6% 
 

b. Verify RCS subcooling margin is 
equal to or greater than 15oC. 

3. Restore and maintain pressurizer level 
in 33~52.6% by performing ANY of 
the following: 

 
a. Operate PLCS after performing ALL 

of the following: 
1) Check pressurizer level control 

channel 
2) Check charging and letdown 

flow line 
 

b. Manually operate charging pumps 
and letdown control valves. 

< Figure B3. The 3rd procedural step included in SPTA procedure - 

checking the status of RCS Inventory Control >
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Instructions Contingency Actions 
4. Determine that RCS PRESSURE 

CONTROL acceptance criteria are met 
by verifying that ANY of the following 
conditions exist: 
 Pressurizer pressure is within 

135~165kg/cm2 
 Pressurizer pressure is trending 

to 156.4~160kg/cm2 
 

4.1 Restore and maintain pressurizer 
pressure in 156.4~160kg/cm2 by 
performing ANY of the following: 

 
a. Operate the PLCS after 

performing ALL of the following: 
1) Check pressurizer level control 

channel 
2) Check charging and letdown 

flow line 
 

b. Manually operate pressurizer 
heaters and spray. 

 
4.2 IF pressurizer pressure is less than 

123.9kg/cm2, THEN ensure BOTH 
SIAS and CIAS are initiated. 

 
4.3 IF pressurizer pressure is less than 

121kg/cm2, THEN ensure ONE RCP 
in each loop is stopped. 

 
4.4 IF RCS subcooling margin is less 

than 15oC OR pressurizer pressure 
is less than RCP NPSH, THEN stop 
ALL RCPs. 

< Figure B4. The 4th procedural step included in SPTA procedure - 

checking the status of RCS Pressure Control >
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Instructions Contingency Actions 
5. Determine that CORE HEAT REMOVAL 

acceptance criteria are met by 
performing ALL of the following: 

 
a. Verify that at least ONE RCP is 

operating. 
 
b. Verify that the difference between 

RCS hot-leg and cold-leg 
temperature is less than 10oC. 

 
c. Verify that RCS subcooling margin is 

greater than 15oC. 

 

< Figure B5. The 5th procedural step included in SPTA procedure - 

checking the status of Core Heat Removal >
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Instructions Contingency Actions 
6. Determine that RCS HEAT REMOVAL 

acceptance criteria are met by 
performing ALL of the following: 

 
a. Verify that at least ONE SG has 

BOTH of the following conditions: 
 Level with in 23.5~90% 
 Feed water is available to 

maintain level 
 

b. Verify that RCS average 
temperature is within 292~299oC. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

c. Verify that SG pressure is within 
76~86kg/cm2 

 

 
 
 
 

a. Restore level in at least ONE SG to 
within 23.5~90% by operating main 
or auxiliary feed water system. 

 
 
 

b.1 IF RCS average temperature is 
greater than 299oC, THEN perform 
BOTH of the following: 
1) Ensure that main or auxiliary 

feed water is being restored to 
at least ONE SG. 

2) Control either SBCS or ADV to 
maintain RCS average 
temperature within 292~299oC. 

b.2 IF RCS average temperature is 
less than 299oC, THEN perform 
BOTH of the following: 
1) Control feed flow to prevent 

excessive feed flow 
2) Control either SBCS or ADV to 

maintain RCS average 
temperature within 292~299oC. 

 
c.1 IF SG pressure is less than 

62.3kg/cm2, THEN ensure MSIS is 
initiated. 

c.2 IF SG pressure is less than 
75kg/cm2, THEN perform ALL of 
the following: 
1) Ensure that SBCS valves are 

closed. 
2) Ensure that ADVs are closed. 
3) Verify that MSSVs are closed. 

c.3 IF SG pressure is greater than 
86kg/cm2, THEN control SBCS or 
ADVs to restore SG pressure to 
less than 86kg/cm2. 

< Figure B6. The 6th procedural step included in SPTA procedure - 

checking the status of RCS Heat Removal >
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Instructions Contingency Actions 
7. Determine that CONTAINMENT 

ISOLATION acceptance criteria are 
met by performing ALL of the 
following: 

 
a. Verify that containment pressure is 

less than 70cmH2O 
 
b. Verity NO containment area 

radiation monitor alarms or 
unexplained rise. 

 
c. Verify NO steam plant activity 

monitor alarms or unexplained rise. 

 
 
 
 
 

a. IF containment pressure is greater 
than 133.1cmH2O, THEN ensure 
CIAS is initiated. 

< Figure B7. The 7th procedural step included in SPTA procedure - 

checking the status of Containment Isolation >
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Instructions Contingency Actions 
8. Determine that CONTAINMENT 

TEMPERATURE/PRESSURE/COMBUSTI
BLE GAS CONTROL acceptance criteria 
are met by performing BOTH of the 
following: 

 
a. Verify that containment temperature 

is less than 49oC. 
 
 
 
 
 
 
b. Verify that containment pressure is 

less than 70cmH2O. 
 

 
 
 
 
 
 

a. Ensure ALL of the following: 
1) Verify that two RCFCs are in 

operation with high speed. 
2) Verify that CEDM fan coolers are 

in operation. 
3) Verify that reactor cavity fan 

coolers are in operation. 
 

b.1 IF containment pressure is 
greater than 133.1cmH2O, THEN 
ensure ALL of the following: 
1) Verify that ALL RCFCs are in 

operation with low speed. 
2) Verify that ALL CCW valves 

linked with RCFCs are opened. 
b.2 IF containment pressure is 

greater than 1423.6cmH2O, THEN 
ensure ALL of the following: 
1) Verify that CSAS is initiated. 
2) Verify that ALL operating CS 

pumps are delivering at least 
152000LPM. 

3) Verify that RCP seal leak-off 
flow is isolated. 

4) Verify that ALL RCPs are 
stopped. 

< Figure B8. The 8th procedural step included in SPTA procedure - 

checking the status of Containment Temperature, Pressure and 

Combustion Gas Control >
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Appendix C. Diagnosis procedure of the reference NPP

The diagnosis procedure that is currently being used in the reference NPP 

consists of three pages. This diagnosis procedure was designed so that SROs 

could effectively diagnose the nature of an on-going event by checking a set 

of crucial symptoms, such as decreasing pressurizer pressure. Fig. C1 to Fig. 

C3 show the structure of the diagnosis procedure. More detailed explanations 

about the diagnosis procedure can be found in the following technical paper.

[Ref. C1] J. Park and W. Jung, "The requisite characteristics for 

diagnosis procedures based on the empirical findings of the 

operators' behavior under emergency situations," Reliability 

Engineering and System Safety, vol. 81, pp.197-213, 2003.

As illustrated in Fig. C1 to Fig. C3, in total 16 procedural steps are 

structured in the form of a flowchart. Under this structure, the diagnosis 

procedure allows SROs to select an appropriate EOP (either ORP or FRP) 

through checking related symptoms for each DBA. 

For example, SROs may suspect the occurrence of LOOP when all 

RCPs are stopped as prescribed in the 3
rd step ('Step 3' in Fig. C1). In 

other words, operators should consider the possibility of the occurrence of 

LOOP, since one of the conclusive symptoms is the stoppage of all RCPs. 

Similarly, SROs may suspect a brake event (such as LOCA, SGTR or 

ESDE) through checking 'Step 6' and/or 'Step 7' in Fig. C2. 

In this way, SROs can check all the decisive symptoms in a step-by-step 

manner. After that, SROs have to remember what events are suspected (i.e., 

considered) during the diagnosis, when they reach 'Step 15' and 'Step 16' in 

Fig. C3. Finally, based on the results of these steps, SROs can select a proper 
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procedure to cope with an on-going event. That is, if a single event has 

only been considered during the diagnosis, then SROs have to select an 

appropriate ORP dedicated to it. Conversely, if two or more events have 

been concomitantly considered then SROs have to move to FRP.

Unfortunately, it was pointed out that SROs feel a burden in conducting 

this diagnosis procedure because of two major reasons: (1) memory load 

due to the number of events to be simultaneously considered, and (2) vague 

structure of the diagnosis procedure (see Ref. C1 for more information).  

The first problem is that SROs feel a burden in identifying the event at 

hand, since the diagnosis procedure compels them to remember what events 

are 'considered' during the performance of the diagnosis procedure. This 

memorization is inevitable because SROs have to answer two questions 

('Step 15' and 'Step 16' in Fig. C1) to finish the diagnosis procedure. 

The second problem is that the structure of the diagnosis procedure 

seems to be vague, since the diagnosis procedure is structured so that 

SROs have to perform many procedural steps to collect important as well 

as less important symptoms. In other words, the diagnosis procedure 

enforces SROs to check the symptoms of other events (such as LOCA or 

ESDE), even if decisive symptoms (such as the secondary radiation high 

alarms that directly indicate the occurrence of SGTR) are observed. This 

implies that SROs should concurrently remember and interpret numerous 

symptoms in order to logically justify the diagnosed result based on them. 

Although this design (i.e., simultaneous checking both important and less 

important symptoms) has a strong point, such as identifying the occurrence 

of multiple events, it can cause unanticipated side effects. For example, it is 

expected that the possibility of symptom mismatching (see Section 3.5) could 

increase because SROs have to assign equal weights to diverse symptoms in 
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order to clarify the occurrence of two kinds of different events (i.e., a 

single and multiple events) at the same time. This means that, even if 

SROs observed a weird symptom (such as sufficient subcooling margin 

when SGTR has occurred; see Fig. 20 in Section 3.5), they can not easily 

discard it because of the possibility of multiple events. As a result, SROs 

feel a severe burden in understanding the nature of an on-going event 

because of mismatched symptoms.
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Is at
least one RCP

running?

Goto Functional
Recovery Guideline

*Are
reactivity control

requirements
met?

Are at least
one vital AC & DC bus

energized?

Yes

Yes

Yes

Diagnostic Actions

Is at least
one vital DC bus

energized?

Does at least
one SG has adequate

feed? (Note 1)

No

Consider
SBO event

Yes

Consider
LOOP event

No

Consider
LOAF eventNo

No

Yes

Note 1. Adequate feed condition is satisfied if:
1. SG level can being maintained within
    the range 23.5~90% (in wide range)
    by main or auxiliary feed water system
                                 OR
2. Total feed water flow rate to SG is larger
    than 35LPS

*Reactivity Control criteria
1. Reactor power is less than 10-4%
2. Startup rate is negative
3. The number of CEAs that are not
    fully inserted is less than one.

Step 1

Step 2

Step 3
Step 4

Step 5

Page 1/3

A

< Figure C1. The diagnosis procedure of the reference NPP - the 1st 

page >
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Is PRZ
level ≥ 15%

and stable or
increasing?

Is RCS
subcooling margin

≤ 15oC and NOT
increasing?

Are there
NO indications

of a SGTR?
(Note 2)

Are both SG
pressure ≥ 75kg/cm2

and stable or
increasing?

Is PRZ
pressure

≥ 135kg/cm2 and
stable or

increasing?

Consider
SGTR event

Consider
ESDE event

Consider
LOCA event

Yes

No

No

No

No

Yes

Yes

No

B

Yes

Step 6

Note 2. Indications of a SGTR
1. Unexpected increaseing of SG level in one SG
2. Unexpected feed flow mismatching between SGs
3. Unexplained loss of RCS inventory
4. Secondary side radiation alarm or activity increasing

Yes

Step 7

Step 8 Step 9

Step 10

Page 2/3

A

C

< Figure C2. The diagnosis procedure of the reference NPP - the 2nd 

page >
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Is the
diagnosis a single

event only?
(Note 3)

Has
any event been

diagnosed?

Are all
acceptance criteria

satisfied?

GOTO Reactor Trip
Recovery Guideline

GOTO appropriate
Optimal Recovery

Guideline

GOTO Functional
Recovery Guideline

Is
containment

pressure ≤ 70cmH2O
and NOT

increasing?

Is
containment

radiation level ≤
350mR/hr and NOT

increasing?

Are there
NO indications

of a SGTR?

Consider
SGTR event

Consider
ESDE event

Consider
LOCA event

No

Yes

No

Yes

Yes

No

Yes

Yes

No

Yes

B

No

No

Step 11 Step 12

Step 13

Step 14

Step 15

Step 16

Page 3/3

C

Note 3.
Certain events (i.e., LOCA, SGTR. ESDE and LOAF) do not
require offsite power in order to adequately mitigate the
effects of the accident. For this reason the LOCA, SGTR,
ESDE or LOAF ORG is to be implemented even if LOOP has
also occurred.

< Figure C3. The diagnosis procedure of the reference NPP - the 3rd 

page >
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Appendix D. Command and control operation

In the case of the reference NPP, all the required emergency operations 

that are specified in EOPs shall be performed by SROs' command. More 

precisely, in military parlance, this operation scheme is known as C&C 

operation. The definition of C&C operation is: 

The exercise of authority and direction by a properly designated commander 

over assigned and attached forces in the accomplishment of the mission. 

Command and control functions are performed through an arrangement of 

personnel, equipment, communications, facilities, and procedures employed 

by a commander in planning, directing, coordinating, and controlling forces 

and operations in the accomplishment of the mission (excerpted from U.S. 

Department of Defense. DOD Dictionary of Military and Associated Terms, 

2001. Available at http://www.dtic.mil/doctrine/jel/doddict/data/c/01086.html).

As an example, let us consider the required activities to accomplish the 

4
th procedural step included in SPTA procedure (refer to Fig. B4). To start 

this procedural step, a SRO needs to know 'pressurizer pressure' 

information. At this moment, the SRO commands a RO to read the pressure 

of pressurizer because pressurizer is one of the main components included 

in the primary side. Then  the RO informs the SRO of pressure information 

after reading an appropriate indicator. Based on this information, the SRO 

decides on the next activity. That is, if pressurizer pressure is within 

135~165kg/cm2, then the next activity is "Verifying the trend of pressurizer 

pressure." Accordingly, the SRO commands the RO to read the pressure 

trend of pressurizer, and the RO informs the SRO of the trend.
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Whereas, if pressurizer pressure is smaller than 135kg/cm2 or larger 

than 165kg/cm2, then the SRO should move to the first activity included 

in 'Contingency Actions' column in order to restore pressurizer pressure 

to the expected range. In this way, all the activities prescribed in the rest 

of the procedural steps can be conducted.

Under this operation scheme, it is clear that all the emergency 

operations prescribed in EOPs were principally conducted under SROs' 

direction. In addition, it is also apparent that most burdens which may 

arise during the conduction of EOPs may be put on SROs. 
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Appendix E. The development of OPERA database

The prime objective of OPERA database was the provision of an 

available tool that can easily supply what users want to know from 

operators' performance data. To structuralize operators' performance data 

obtained from the analysis of re-training records, in total 20 distinct data 

fields are created. Table E1 lists them.

< Table E1. Data fields included in OPERA database >

Field name Description

EventID Identifier for each re-training session.
DateOfRetraining The date of re-training.

PlantID The name of plant to which an operating crew belongs.
CrewID Identifier for each operating crew.

OperatorPosition The role of operators, such as SRO, RO and TO, etc.
OperatorName The name of operators.

OperatingExperience
Plant operating experience of operators. Measured by 

years.

TrainingScenario
Simulated scenario, such as LOCA, SGTR and ESDE, 

etc.
InitiatingCondition Initiating condition for each scenario.

TimeOfTrainingStart The time when re-training session has started.
TimeOfReactorTrip The time when the reactor trip has occurred.

IngressTimeOfSPTA The time when SRO started to conduct SPTA procedure.
EgressTimeOfSPTA The time when SRO finished SPTA procedure.

IngressTimeOfDA
The time when SRO started to conduct the diagnosis 

procedure.
EgressTimeOfDA The time when SRO finished the diagnosis procedure.

IngressTimeOfORP
The time when SRO started to conduct an ORP that 

was selected by the diagnosis procedure.

StepID
Identifier for each procedural steps prescribed in both 

SPTA procedure and ORPs.

IngressTimeOfStep
The time when SRO started to conduct a procedural 

step.
EgressTimeOfStep The time when SRO finished a procedural step

TypeOfSROBehavior
SROs' behavior in conducting procedural steps, such as 

Type A, B and C.
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Based on data fields shown in Table E1, operators' performance data were 

stored by using Microsoft Access 97TM program. Besides data storage, 

another important aspect in providing OPERA database was the design of 

user interfaces that allow users to easily access the required information. To 

this end, Microsoft Visual Basic 6.0TM was used to create a window-based 

user interfaces. Fig. E1 shows the initiation of OPERA database.

< Figure E1. The initiation of OPERA database >

As can be seen in Fig. E1, OPERA database provides a menu-driven 

interface that consists of five main menus. Among them, the last two 

menus (Window and Help) have the identical functions when comparing 

them with other window-based  applications. Thus, detailed explanations 

about these menus are not included in this section.

First of all, when users started OPERA database, they have to select a 

database from “File" menu, which contains operator' performance data. 

The selection of a database file can be accomplished by file browsing 

that is a common function of window-based applications. Fig. E2 shows 

an example in selecting a database file.
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< Figure E2. Selecting a database file >

After the database file has been selected, users can access in total 10 

kinds of operators' performance data by choosing an appropriate menu item. 

Firstly, users can select diverse operators' performance data that were 

obtained as the result of the time-line analysis (refer to Section 2.2.2) from 

"Performance Data (from Timeline analysis)" menu. Fig. E3 shows menu 

items that belong to "Performance Data (from Timeline analysis)" menu. 

< Figure E3. Menu items that belong to "Performance Data (from 

Timeline analysis)" menu >

As shown in Fig. E3, there are 8 kinds of operators' response time data: (1) 
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the diagnosis procedure, (2) SPTA procedure, (3) LOCA procedure, (4) SGTR 

procedure, (5) ESDE procedure, (6) LOAF procedure, (7) LOOP procedure, 

and (8) SBO procedure. 

For example, the first menu item allows users to access response time 

data related to the performance of SPTA procedure, as depicted in Fig. E4.

< Figure E4. Performance time data for the 6th procedural step included 

in SPTA procedure >

As shown in Fig. E4, users can access several kinds of information about each 

procedural step including step performance time data, ingress/egress time data 

and statistical results (mean and standard deviation), when a specific procedural 

step included in SPTA procedure is selected (i.e., "Step 6.0: RCS Heat 
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Removal"). Moreover, as shown in Fig. E5, users also extract a set of raw 

information about SPTA procedure (such as the ingress time of SPTA procedure 

or the elapsed time from the start to the completion of SPTA procedure, etc.), 

when the whole procedure is selected. In this way, various kinds of performance 

time data can be extracted from the rest menu items shown in Fig. E3.

< Figure E5. Performance time data of SPTA procedure >

In addition to performance data obtained from the time-line analysis, two 

kinds of performance data obtained from the protocol analysis (refer to Section 

2.2.3) are also provided by OPERA database. They are: (1) the change of step 

performance time data with respect to the types of operators' behaviors, and (2) 

the change of step performance time data with respect to operators' experience. 
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Fig. E6 shows menu items that belong to "Performance Data (from Protocol 

analysis)" menu. 

<Figure E6. Menu items that belong to "Performance Data (from Protocol 

analysis)" menu >

For example, Fig. E7 shows raw data related to the types of operators' 

behaviors with respect to their experience (refer to Section 3.6), which 

can be obtained from the second menu item in Fig. E6. 

< Figure E7. The types of operators' behaviors with respect to their experience >
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Actually, Fig. 25 in Section 5.1, which shows the change of 

non-compliance behaviors with respect to SROs' work experience was 

plotted by using these data.

Furthermore, the difference among step performance time data with 

respect to the types of operators' behaviors can be compared by selecting 

the first menu in Fig. E6. In other words, as shown in Fig. E8, users 

can easily compare the change of step performance time data with 

respect to the types of operators' behaviors. 

< Figure E8. The change of step performance time data with respect to 

the types of operators' behaviors >
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Appendix F. The revised diagnosis procedure of the 

reference NPP

Fig. F1 to Fig. F6 show the revised diagnosis procedure of the reference 

NPP, which was reformed by a systematic framework that allows designers 

to create effective diagnosis procedures. More detailed explanations about the 

systematic framework can be found from the following technical papers.

[Ref. F1] J. Park and W. Jung, "A study on the systematic framework 

to develop effective diagnosis procedures of nuclear power 

plants," Reliability Engineering and System Safety, vol. 84, 

pp. 319-335, 2004.

[Ref. F2] J. Park and W. Jung, "The appropriateness of the systematic 

framework to develop diagnosis procedures of nuclear power 

plants – an experimental verification," Reliability Engineering 

and System Safety, to be published in 2005.

The revised diagnosis procedure was constructed by a two-stage approach. At 

the first stage, the revised diagnosis procedure was designed so that less 

meaningful events can be effectively eliminated until one event remains (refer to 

Fig. F1). After that, as for the second stage, the revised diagnosis procedure was 

designed so that SROs can confirm the nature of an on-going event by 

comparing several symptoms more meticulously (refer to the flowchart from Fig. 

F2 to Fig. F6). Under this structure, except LOOP, it is obvious that SROs do 

not need to remember what events are considered during the diagnosis. Actually, 

experimental results indicated that the reformed diagnosis procedure was helpful 

in reducing SROs' diagnostic burden, since not only the less meaningful events 
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can be effectively reduced but also they don't need to remember what events 

are considered in the course of a diagnosis (see Ref. F2 for more 

information). In addition, the revised diagnosis procedure seems to be 

useful in reducing the possibility of symptom mismatching, since SROs 

do not need to interpret the meaning of weird symptoms by themselves.



- 102 -

< Figure F1. The reformed diagnosis procedure of the reference NPP - 

the 1
st page >
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< Figure F2. The reformed diagnosis procedure of the reference NPP - 

the 2
nd page >
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< Figure F3. The reformed diagnosis procedure of the reference NPP - 

the 3
rd page >



- 105 -

< Figure F4. The reformed diagnosis procedure of the reference NPP - 

the 4
th page >
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< Figure F5. The reformed diagnosis procedure of the reference NPP - 

the 5
th page >
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< Figure F6. The reformed diagnosis procedure of the reference NPP - 

the 6
th page >
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