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ABSTRACT

Dependency analysis in human reliability analysis (HRA) is a method of adjusting
the failure probability of a given action by considering the impact of the action
preceding it. It plays a role in reasonably accounting for human actions in the context
of probabilistic safety assessments (PSAs), preventing PSA results from being
estimated too optimistically based on the HRA results. Nevertheless, the existing
dependency methods present a couple of challenges in that the quantification
approaches rarely explain the adjustment of human error probabilities (HEPs). For
this reason, the authors’ previous research has pointed out challenges of the existing
dependency approaches and conceptually, theoretically proposed a performance
shaping factor (PSF)-based dynamic dependency analysis method for HRA in order
to complement the existing dependency methods. The current paper explores the
latest version of the method and guidance for applying it to a steam generator tube
rupture (SGTR) scenario.

Keywords: dependency assessment, human reliability analysis, human failure event,
performance shaping factor, probabilistic safety assessment

INTRODUCTION

This paper is follow-up research to conceptually, theoretically propose a
performance shaping factor (PSF)-based dynamic dependency analysis method for
human reliability analysis (HRA) to complement the existing dependency methods
(Park & Boring, 2021). A PSF refers to any factor that influences human performance
in HRA (Swain & Guttmann, 1983). PSFs have been used to highlight human error
contributors and adjust human error probabilities (HEPs) within HRA. This paper
explores the latest version of the method along with the steps for applying it to an
example steam generator tube rupture (SGTR) scenario. A set of procedures for
mitigating SGTR scenarios, an SGTR event tree, and the relevant HRA information—
all of which were assumed based on practical experience—were used to implement
the method.

PSF-BASED DYNAMIC DEPENDENCY ANALYSIS
METHOD

The PSF-based dependency method suggested in this study defines dependence
differently from existing dependency methods. In this study, the dependence effect is
defined as the PSFs for a given human action affecting PSFs for subsequent human
actions and indirectly contributing to the failure of those actions. A human action may
promote the failure of subsequent human actions, regardless of if whether the initial



human action is successful. In other words, this method accounts for every possible
relationship among the human actions modeled for a given scenario. Further details
on this definition, along with the analytical process behind this method are thoroughly
explored in the authors’ previous work (Park & Boring, 2021).

The method consists of three steps: (1) identification of the human failure event
(HFE) sequence in light of the initiating event, (2) screening analysis for dependency
candidates, and (3) application of mathematical models.

Step #1: Identification of the HFE Sequence in Light of the
Initiating Event

In this step, HFE sequences are identified via event trees and procedures. Event
trees are used to determine where HFEs occur in the model, and to visually identify
HFE sequences, which are in turn verified by the procedures. In addition, this step
additionally finds HFE combinations that are missed by existing dependency methods
that focus solely on human failure combinations from cut-sets.

Step #2: Screening Analysis for Dependency Candidates

In this step, five dependency elements are used to determine whether dependencies
between a given pair of HFEs should be evaluated. Table 1 shows the evaluation
criteria for each of the five elements. If at least two elements in the table generate a
“Yes” response, we assume the existence of a dependency between the HFEs.

Table 1. Dependency elements and their evaluation criteria
Dependency elements | Evaluation criteria

Is the crew for a given human action the same as that of the other

Crew .
human action? (Yes/No)
.. Are the cues for the given human action the same as those of the
Cognitive .
other human action? (Yes/No)
Are the cues for both human actions included in the same
Cue demand

procedure steps? (Yes/No)

Does the time gap between the two human actions (e.g., the end
Timing of the previous action and the beginning of the next) range from
a few seconds to a few minutes? (Yes/No)

Is the location of the given human action the same as that of the
other human action? (Yes/No)

Location

Step #3: Application of Mathematical Models

This step entails the application of mathematical models developed for the Human
Unimodel for Nuclear Technology to Enhance Reliability (HUNTER) software (R.
Boring et al., 2021). In the HUNTER project, the PSF concept was extended from
static to dynamic HRA, based on the eight PSFs used in the Standardized Plant



Analysis Risk-HRA (SPAR-H) method (Gertman, Blackman, Marble, Byers, &
Smith, 2005). Figure 1 shows how to conceptually extend the PSF concept from static
to dynamic HRA. In static HRA, PSFs have been used for quantifying a task only.
On the other hand, in extending them to dynamic HRA, it is assumed that PSFs for a
given task affect those in other tasks performed after the task (e.g., subsequent tasks).
Two influences are suggested in the concept, the PSF’s influence on that same PSF
in subsequent tasks, and the PSF’s influence on different PSFs in subsequent tasks.
An example of the first type of influence is that the stress PSF in Task #1 affects the
stress PSF in Task #2, whereas the second type of influence is exemplified by the fact
that the complexity PSF in Task #1 influences the available time PSF in Task #2. The
current study mainly focuses on the first type of influence. Yet, the second one is not
much investigated in this study.
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Figure 1. Extension of the PSF concept from static to dynamic HRA

Two of the eight SPAR-H PSFs (i.e., stress/stressors and fitness-for-duty) are
applicable to the first type of influence featured in the extended PSF concept, whereas
the other PSFs are dominant in each task. For example, the stress PSF for a given task
influences that for the next task, while task complexity is totally different depending
on the tasks. Therefore, this study only includes mathematical models for the
aforementioned stress/stressors and fitness-for-duty SPAR-H PSFs, while the
existing static approach is employed for the remaining six PSFs.

Stress is defined as the undesirable conditions and circumstances that impede
operators from easily completing a task, and can include mental stress, excessive
workload, or physical stress (e.g., that imposed by various environmental factors).
For modeling the PSF of stress/stressors, PSF lag and linger models (Park, Boring, &



Kim, 2019) were used. PSF lag indicates that the PSF’s effect on performance does
not immediately materialize in a psychological or physical fashion, whereas PSF
linger means that the influence of PSFs for an initial human action continue to
residually affect subsequent actions. The authors’ previous research conceptually
suggested PSF lag and linger effects as an option for treating dependencies between
operator actions in a dynamic context (Boring, 2015), thus entailing the development
of mathematical models for PSF lag and linger effects (Park et al., 2019), based on
experimental results in the field of biology.

Fitness-for-duty PSF refers to whether or not the individual performing a given
task is physically and mentally fit to perform said task at that particular moment.
Factors that may affect fitness include fatigue, sickness, drug use, overconfidence,
personal problems, distractions, etc. This study developed an equation representing
the relative fatigue values (Spencer, Robertson, & Folkard, 2006). Figure 2 shows the
relative fatigue index over the number of hours on duty, with the curve-fitted equation
given in cubic form. The R-square value of the equation (i.e., 0.69) is statistically
adequate. This study employs this equation to imitate the trend of the multiplier value
for the fitness-for-duty PSF over time. If a shift is changed, the multiplier value is
reset to the value at x=0, while the maximum value is assumed to be 5, in accordance
with the existing SPAR-H method.
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Figure 2. Relative fatigue index over number of hours on duty



APPLICATION IN A STEAM GENERATOR TUBE
RUPTURE SCENARIO

Step #1: Identification of the HFE Sequence in Light of the
Initiating Event
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Figure 3. General event tree for steam generator tube rupture accident

Since the analyzed reference event (i.e., a SGTR scenario) occur during stop cooling
(April 5, 2002, at Hanul Unit 4 in South Korea) instead of during normal operation, it
was assumed that the heading related to the reactor trip was left unconsidered
(unconditional success). Figure 3 shows the HFE considered for each heading. The HFE
combinations in each event tree (ET) scenario are shown in Table 2.

Table 2. HFE combinations for each heading in the event tree

Scel;arm :i::l Su:lcl%ssful IIT-IaEl“lIE(sl HEP quantification candidates
1 OK - -
2 CD a,b,c,d, e H P(H | abcde)
3 OK - -
4 CD a,b,cd E, G P(E | abcd), P(G | abcdE)
5 OK - -
6 CD a,b,c D,G P(D | abc), P(G | abcD)
7 OK - -
8 CD a,b C,G P(C | ab), P(G | abC)
9 OK - -
10 CD a,c,d B,H P(B | acd), P(H | aBcd)
11 CD a,c B,D P(B | ac), P(D | aBc)
12 CD a B, C P(B | a), P(C|aB)
13 OK - -
14 CD b, ¢ A F P(A | be), P(F | Abc)
15 CD b A, C P(A | b), P(C | Ab)
16 CD - A, B P(A),P(B|A)




Step #2: Screening Analysis for Dependency Candidates

Candidates for HEP analysis were screened by identifying the dependency
relationships between HFEs included among the HEP quantification candidates. For
example, with respect to P(H | abcde) in scenario #1, the dependencies of H-a, H-b,
H-c, H-d, and H-e are checked. If all these HFEs pertain to the same crew and occur
in the same place, P(H | abcde) becomes the final calculation target by satisfying the
criteria imposed by the dependency elements Crew and Location. However, if the
time interval between a~¢ and H exceeds the time of the shift, the evaluation criteria
will not be satisfied, thus the dependency need not be considered. That is, in this case,
only P(H) must be obtained in scenario #1. If no information exists on the dependency
elements between HFEs, the existence of dependency is simply assumed in order to
make the calculation conservative.

Step #3: Application of Mathematical Models

In the case of the dynamic approach to dependency analysis, since the timing data
of each HFE are required, we referred to an SGTR event that occurred in a domestic
nuclear power plant in order to employ the timing information to our mathematical
models. (KINS, 2002) Also, to assume the missing data in this incident investigation
report, a SGTR simulation experiment was referred to and utilized as action time data
(Jung. et al., 2007). The event sequence, related HFEs, and timing information of the
reference event are shown in Figure 4.

HFE-C HFE-B HFE-D HFE-E HFE-H
SGTRIE HFE #2 HFE #1 HFE #3 HFE #4 HFE #5
1 start start start start start
Time (min) 0+1+2 +13 +16  +27+29 +39+41 +64 +86 +625 +1252

Figure 4. Event sequence, HFEs, and timing information of the reference event

As seen in Figure 4, a total of five HFEs appear in this reference event. For the
pilot application of this methodology, those HEPs applied the dynamic dependency
approach was calculated for each HFE. Due to the lack of information on the
dependency element between each pair of HFEs, dependencies between all the HFEs
are assumed to exist. As per the SPAR-H methodology, the basic HEP for the actions
involve in each HFE is 1-E3. The basic HEP for diagnoses is 1-E2. The final HEP
was calculated by implementing the PSF correction factor. The multipliers for the
dynamically considered stress/stressor and fitness-for-duty PSFs were calculated
separately from other PSF. Table 3 gives the HEPs for the other six PSFs.

Table 3. HEPs considering PSFs except dynamic elements

Type HFE #1 HFE #2 HFE #3 HFE #4 HFE #5
Diagnosis 0.0004 0.00002 0.0004 0.008 0.004
Action 0.000025 0.000025 0.000025 0.0005 0.00025




PSF calculation for dynamic elements

Application of the dynamic approach necessitates, timing information and time
required data for each HFE (Table 4). T is the time at which the corresponding HFE
begins, and M is the time at which the HFE ends, that is, it can be calculated as T +
time required. Q is the time at which the lag effect of the corresponding HFE reaches
its maximum, and R is the time at which the linger effect ends. For the time required
for HFE #1 and #2, data from the reference literature (Jung et al., 2007) were utilized,
and for the time required for HFE #3, the time indicated in the reference event was
applied. The times required for HFE #4 and #5 were assumed to be 35 and 50 minutes,
respectively, referring to the general amount of time required for the decision-making
and action portions of the relevant task. The T of each HFE utilized the event
sequence of the reference event.

Table 4. Timing information for the selected HFEs

Timing Information
HFEs Tlme[l:eec(}ulred T [sec] M [sec] Q [sec] R [sec]
#1 576 960 1536 4560 12336
#2 1188 780 1968 4380 12768
#3 3540 1620 5160 5220 15960
#4 2100 1140 3240 4740 14040
#5 3000 36300 39300 39900 50100

Since M < Q for all selected HFEs, the second formula for the lag and linger model
developed during the authors’ prior research (Park et al., 2019) was applied (see
Figure 5). Table 5 shows the parameters for calculating the stress/stressor PSF. The
dynamic stress/stressor PSF calculated over time is shown in Figure 6, and the
dynamic fitness-for-duty PSF is shown in Figure 7.

Table 5. Parameters for stress/stressor PSF calculation

Parameter HFE #1 HFE #2 HFE #3 HFE #4 HFE #5
T 960 780 1620 1140 36300
M 1536 1968 5160 3240 39300
Q 4560 4380 5220 4740 39900
R 12336 12768 15960 14040 50100
K 2 2 2 2 2
f(M) 1.77639126 | 1.86468391 1.99794816 | 1.93420438 | 1.97774249
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Figure 5. Equations for the second PSF lag and linger model (Park et al., 2019)
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Figure 6. Dynamic multiplier for the stress/stressor PSF
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Figure 8. Dynamic HFEs in light of indirect dependencies between HFEs

Figure 8 shows the final HFEs in light of all the dynamic elements (i.e., dynamic
stress/stressor and fitness-for-duty PSFs). For HFE #4, the utilizable PSF rating data
were insufficient, and the positive PSF was relatively less well reflected, so the
calculated HEP value was relatively high. HFE #5 occurred after the PSF linger effect
was terminated due to a long period of time with HFE #1 to 4, so it is not affected by
the residual effect of stress/stressor PSF.



CONCLUSIONS

In this paper, an approach for dynamically considering dependencies between
HFEs over time in HRA was applied to a SGTR event that occurred in a domestic
nuclear power plant. The fact that shared elements such as shared PSFs generate
indirect dependency between HFEs unlocks a new way of considering such
dependency. In this study, the stress/stressor and fitness-for-duty PSFs were
considered the shared dynamic factors, and changes the these dynamic PSFs with
respect to the reference event were calculated. Although this application is limited to
a specific scenario, HRA of a more explanatory nature is expected to be made possible
if the proposed method becomes widely used in future research.
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