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Abstract

Human reliability analysis is essential to predict ship crew performance at the operation level
for critical shipboard operations which pose a high risk. Specifically, the crew who are
working on tanker ships has to be extra vigilant against the hazardous nature of the cargo.
This paper performs a detailed human reliability analysis step by step for cargo discharging
operations in crude oil tankers. To achieve this purpose, a Standardised Plant Analysis Risk
Human Reliability Analysis (SPAR-H) extended by the Evidential Reasoning (ER) approach
is used to systematically predict human errors. While SPAR-H provides a robust tool to
calculate human errors simultaneously, the ER fuses raters’ opinions in decision-making. The
finding of the research shows that the overall human reliability is found at 6.52E-01 for cargo
discharging operations in crude oil tankers. Besides its practical contributions to maritime
crude oil transportation, the proposed approach presents how a comprehensive insight into

human reliability can be gained.
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1. Introduction

Maritime safety is paramount for sustainable and safer transportation since more than 80
percent of the volume of international trade in commodities is carried by sea (UNCTAD, 2021).
The International Maritime Organisation (IMO), as a regulatory body of maritime affairs,
adopted significant conventions and codes such as the Safety of Life at Sea (SOLAS), Maritime
Pollution Prevention (MARPOL) International Safety Management (ISM) Code, etc. to
enhance safety and minimise environmental pollution in maritime transportation. However,
maritime accidents are still on-going. The statistics show that more than 80 percent of maritime
accidents are due to human errors (Adumene, et al., 2022; Aydin et al., 2021; Wrobel, 2021).
At this point, human performance plays a critical role to minimize accidents on-board ships
(Ceylan et al., 2022). Determining human errors is of paramount importance and most maritime
safety practitioners have attempted to focus on human error as well as the reliability concept in
maritime transportation.

Human reliability can be defined as the probability of humans performing specific tasks with
satisfactory performance (Calixto, E., 2016). Since human reliability analysis mainly focuses
on predicting the probability of human error, comprehensive methods have been highly
welcomed by safety practitioners in different fields to capture the human context in the system
performance (Abrishami et al., 2020; Catelani et al., 2021; Mandal et al., 2015; Guglielmi et
al., 2022; Guo et al., 2019; Onofrio & Trucco, 2020; Park et al., 2020; Zhou et al., 2019).
Moreover, the concept human reliability analysis (HRA) is also improved by the studies that
include various factors that affect the safety of systems in different fields (Zarei et al., 2022;
Zarei et al., 2023) those can provide useful safety perspectives to decision makers.

Due to increased shipping activities in the last decade, there have been many research focusing
on HRA and human error probability prediction in maritime industry, as well as other fields.
Mainly, papers concern different topics such as marine engineering operations (Ahn and Kurt,
2020; Kandemir and Celik, 2020; Yang et al., 2019; Kandemir et al., 2019), navigation of ships
(Uflaz et al., 2022; Ernesten and Nazir, 2020; Hogenboom et al., 2020), operation of maritime
autonomous ships (Liu et al, 2022; Yoshida et al.,2021; Ramos et al., 2019), port and offshore
systems (de Abreu et al., 2020; Islam et al., 2020; Abaei et al., 2019), etc. In the papers, the
researchers have adopted first and the second-generation of HRA methods such as the human
error assessment and reduction technique (HEART), cognitive reliability and error analysis
method (CREAM), a technique for human error analysis (ATHEANA), success likelihood
index method (SLIM), etc. However, most of them were extended with robust methodologies

such as fuzzy logic, Dempster-Shafer theory, evidential reasoning, etc. due to some
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fundamental limitations (Sezer et al., 2022). Although significant numbers of research on
maritime HRA have been performed in the last decades, those applied to crude oil tanker
operations have remained very limited. Human reliability analysis of oil tankers was performed
on the topic of ship collision (Martins and Maturana, 2013; Jia and Moan, 2008) as well as
grounding (Ung, 2018) accidents. In view of the literature review, there is a lack of research to
tackle with HRA for crude oil tanker operations. To remedy the gap, this paper aims at
performing a comprehensive human reliability analysis for cargo discharging operations in
crude oil tankers since the failure of operation may pose severe consequences for life, the
environment and the ship. A robust methodological framework, Standardised Plant Analysis
Risk Human Reliability Analysis (SPAR-H) extended by Evidential Reasoning (ER), is
proposed to systematically calculate human error probability and predict human reliability. The
proposed approach will be the first and novel implementation of the maritime industry as it
adopts SPAR-H extended by ER. In this context, the paper is organised as follows. This section
gives motivation for research and a brief literature review about maritime HRA. Section 2
introduces methodologies and presents an integration of them. Section 3 performs a detailed
HRA for cargo discharging operations in crude oil tanker ships by using SPAR-H extended by

ER. Section 4 concludes the research and proposes future works.

2. Research methodology

This section introduces ER and SPAR-H methods as well as their integration.

2.1 Evidential reasoning

The ER, which is mainly based on the D-S evidence theory, was first proposed by Yang and
Singh (Yang and Singh, 1994; Yang and Sen, 1994). The ER approach, which can deal with
the problems encountered in D-S theory, has been developed over time (Yang and Xu, 2002;
Yang and Xu, 2013). The approach can overcome the uncertainties that arise due to reasons
such as subjectivity and inaccuracy. In literature, uncertainty in processes can be classified into
two categories, aleatory uncertainty and epistemic uncertainty. Aleatory uncertainty stems from
the internal variability of the process and cannot be reduced by further evaluation efforts. On
the other hand, epistemic uncertainty is caused by insufficient knowledge (Ferson & Ginzburg,
1996) and can be coped with the help of evidence-based theories (Curcuru et al., 2012; Curcuru
etal., 2013; Zhang and Jiang, 2021). Therefore, using ER can help to deal with such uncertainty

arising from weak knowledge of processes. It also can gather whole pieces of information from
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different evidence to come up with consistent conclusions and combine the evidence (Yang and
Xu, 2002). ER approach has been applied in different disciplines such as the apparel industry
(Mahbub et al., 2021), maritime industry (Yu et al., 2021), aviation industry (Chen et al., 2021),
road safety (Ganji et al., 2020), investment prediction (Yang et al., 2021), healthcare (Kong et
al., 2018), and railway transportation (Huang et al., 2020).

Suppose there are L pieces of independent evidence from experts e;(i =1,2...,L). It is
expressed by the relative importance weight of the experts w = {wy,wy, ... w;, ... w;}. Also, a
frame of discernment consisting of N evaluation grades is defined and represented as © =
{H{,H,,...,H,, ..., Hy}. Finally, all pieces of evidence obtained by considering expert
judgments are shown as follows:

S(e) = {(Hn Bni)n=1,..,N} i=1,..,L (1D
where [, is the degree of belief assigned to Hy by the piece of evidence belonging to e; and is

in the range of [0, 1].

2.2 SPAR-H

The U.S. Nuclear Regulatory Commission (NRC) and the Idaho National Laboratory (INL)
created the Accident Sequence Precursor Standardized Plant Analysis Risk Model (ASP/SPAR)
human reliability analysis (HRA) method in 1994 to support the Accident Sequence Precursor
Program (ASP), which was used in the creation of nuclear power plant (NPP) models. Then,
this approach was revised in 1999 and given the term SPAR-H, which stands for Standardised
Plant Analysis Risk-Human Reliability Analysis method, based on the knowledge obtained
through field testing (Gertman et al., 2005b). The SPAR-H has been enhanced as a result of the
experience gained from its application in the creation of over 70 SPAR PRA plant models for
the NRC, limited HRA applications for dry cask spent-fuel storage, the implementation of risk-
informed plant inspection notebooks, and third-party applications in industries such as
aerospace (Gertman et al., 2005a). The SPAR-H method makes it easy to figure out HEP rates
by using nominal human error rates predefined for cognitive and action-oriented tasks and
incorporating performance shaping factor multipliers to these nominal human error rates
(Blackman et al., 2008). The SPAR-H categorises human failure events (HFE) as either
diagnosis tasks, action tasks, or combined diagnosis and action (Whaley et al., 2011). The
nominal error probabilities for each type of error are predefined as 0.01 for diagnosis and 0.001
for execution, respectively. Once HFEs are categorised, analysts identify factors that affect
human performance in both a positive and negative way to support qualitative evaluation. To

incorporate PSFs into HEP, multipliers are applied to nominal error probability. If a PSF has a
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positive effect on human performance, the multiplier will be less than 1, while if a PSF has a
negative impact, a multiplier will be greater than 1. When the multiplier equals 1, the nominal
error rate will not be changed. Then, the human error probability is calculated by adding

diagnosis and execution errors as follows:

8
Diagnosis error(DE) = 0.01 * HMultiplieri of PSF; for DE (2)
i=1
8
Execution error(EE) = 0.001 * HMultiplieri of PSF; for EE 3
i=1
HEP = Diagnosis error(DE) + Execution error(EE) 4)

Where estimated HEP is greater than 1 or more than three negative PSFs are derived, HEP
needs to be adjusted by equation (5).

0.01+]] Multiplier; of PSFi 0.001+[] Multiplier; of PSFi (5)
0.01x([[Multiplier; of PSFi—1)+1 0.001x([[Multiplier; of PSFi—1)+1

Adjusted HEP =

2.3 Proposed approach: Evidential Reasoning extended SPAR-H

This section provides information on how to integrate ER and SPAR-H techniques to assess
human reliability in maritime transportation. In this context, it introduces the steps of the
proposed approach. On the other hand, the conceptual framework for method integration is

illustrated in Figure 1.
<Figure 1> is inserted here.

Step 1. Task analysis: Task analysis is the first step in determining the tasks of the process to
be performed. Missions are expected to be completed by the ship's crew. Defined main tasks
are divided into subtasks in accordance with hierarchical task analysis (HTA) (Shepherd, 2001;
Sezer et al., 2022). Thus, the HEP value can be obtained for each subtask.

Step 2. Scenario definition: Defining the scenario is important in terms of knowing the limits
of the process. In this step, the conditions of the process under consideration are expressed. The
main purpose of this step is to make the conditions of the process understandable. Thus, human
error probabilities are better determined. In this context, various circumstances such as physical
working conditions (sea and weather state, time of day), operational conditions (type of
operation, interruptions of operation), and crew conditions (stress, workload, familiarity) are

clarified.
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Step 3. PSF derivation: PSFs are key factors influencing human performance. It is necessary
to evaluate the performance of people on tasks. PSFs can vary depending on the subject being
addressed. They are obtained by referencing the sources in the literature and taking into account

expert opinions (Ahn et al., 2022; Whaley et al., 2011).

Step 4. PSF rating: PSFs for each task are rated by marine experts based on the characteristics
of the task. Rating is conducted according to the linguistic scale given in Table 1. Experts
indicate their belief in the linguistic terms belonging to the PSFs of each task. If a PSF is given
an extremely high negative rating, that task's HEP is set to 1 regardless of the ratings from other

PSFs.
<Table 1> is inserted here.

Step 5. Aggregation of expert opinions and rating: The data obtained as a result of the
evaluation of a group of experts are combined with the ER approach. In this way, uncertainties
can be dealt with by considering the belief levels of the experts, and the effect of PSFs is better
described. In the ER approach, evidence from a group of experts can be transformed into basic

probability mass (mn) by applying the following equations (Yang and Xu, 2002):

My = WiBn,; (6)

N N
my;=1-— Z My =1—w; Z Bn,i (7)
n=1 n=1

where, the relative weights wi and belief degrees By, ; of the experts are considered. Also, my is
the probability mass of remaining beliefs unassigned to any evaluation grades. Then, the

following equations are applied to combine the judgments collected from different experts.

Mo riirn) = Kiien) (MuiyMni+1) + Moy Meie1) + M i MnGir1)) ®
N N -1
Ki+) = |1 - z Me 1i)Myi+1 i=1.,L-1 9)
t=1 j=1,j#t
Mp,1(L)
By = —= (10)
o1 My 1)

Where my 1+1) 1s the aggregated basic probability mass, and Kjg+1) is the normalizing factor. B,

represents the normalized degree of belief.

After the aggregated belief degrees are determined, aggregated ratings (AR) are obtained. The

following formula is used for this step.
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N
AR = Z u(Hy,) By (11)

u(H,,) denotes the utility of grade Hn. In Table 1, each linguistic term has a corresponding
degree. There are values from 0 to 7 for eight utility grades. 7 is the equivalent of very high
negative, which means the most negative score, while 0 is the equivalent of moderate positive,

which means the most positive score.

Step 6. Multiplier calculation: After the expert opinions are combined, the aggregated belief
degree and aggregated rating of each task's PSF are determined. In this step, the multipliers are
specified according to the aggregated rating. Table 1 includes the SPAR-H multipliers for eight
different PSF ratings as well as the interpolated multipliers. For multipliers in integer intervals,
Ahn et al. (2022) identified the equations for interpolated multipliers using a linear model. Thus,
the multiplier is provided for the number in a certain interval. As a result, both more sensitive

and more accurate values are acquired.

Step 7. HEP calculation: In the original SPAR-H technique, HEP is found by summing
diagnosis error and execution error. Diagnosis error and execution error are calculated through
the nominal error probability. The nominal error probabilities of each error are 0.01 and 0.001,
respectively. But, for this paper, HEP is calculated by applying equation 12 because OR gate

calculation gives more consistent results.
HEP =1 — (1 — Diagnosis Error Probability )x(1 — Execution Error Probability) (12)

Step 8. Reliability assessment: After the HEP values of the subtasks are determined, a set of
rules exists to calculate the overall human error probability of the main tasks and the operation
(He et al., 2008). The notations of these rules are shown in Table 2. The dependency of the
subtasks according to the notations is specified in series or parallel. Subtasks are considered
series 1f the failure of one of the subtasks causes the task to fail. If the success of one of the
subtasks is sufficient for the task to be successful, the subtasks are considered parallel. On the
other hand, the related notation is applied by taking into account the dependencies of the tasks

(Akyuz and Celik, 2015).
<Table 2> 1s inserted here.

In addition, after calculating the general HEP value, the reliability (R) of the operation can be
calculated with the help of the following axiom (Sezer et al., 2022).

R = 1-HEP (13)
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3. Ilustrative: HRA for cargo discharge operation in crude oil tanker ship

In this section, the discharge operation on crude oil tankers is explained by including the
dangers of the operation and the importance of the human factor. The process is also presented

step by step following HTA.
3.1 Cargo discharge operation in crude oil tankers

Crude oil is carried via specialised vessel types such as medium-range, Panamax, Aframax,
Suezmax and Very Large Crude Carriers whose tonnage is about 29 % of the worldwide fleet.
Their capacities generally start from 25000 dead-weight tons and can reach above 320000 dead-
weight tons (UNCTAD, 2021). Crude oil is discharged according to the design and equipment
specifications of the type of ship it is transported. Since it is carried in large tonnages, the vessels
are required to meet powerful unloading equipment, such as steam turbine pumps, to maintain
a safe operation and agreed operational times at terminals.

The whole operation starts before the tanker’s arrival at the terminal since the preparation is
crucial in terms of safety. The responsible officers and the crew should test and prepare the
equipment which will be used during the discharge. For instance, the effective running of the
inert gas system (IGS) is extremely important to prevent flammable air mixtures in cargo tanks
(ISGOTT, 2020). For producing the inert gas, the fuel is burned in the ship's boilers; then its
oxygen content is adjusted before use. Following the unloading, another essential process
begins, namely crude oil washing (COW). Due to its physical properties, crude oil leaves
residues on the tank walls and particularly on the tank bottom in a way that cargo pumps cannot
efficiently discharge. Since it would be challenging and unpractical to remove these residues
with water, it is used crude oil - the cargo itself in COW by utilizing its solvent characteristics.
The process is completed with a stripping that helps transfer the remained crude oil to the
terminal extent possible by creating a vacuum. COW allows for unloading more cargo and
reduces environmental pollution due to the discharge of oily tank washing waters (IMO, 2017).
All steps of the discharge operation require approved and effective discharge systems and

trained personnel on tanker vessels.

3.2 Problem statement
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Crude oil discharge consists of essential and complex stages on both vessel and the tanker
terminal. On crude carriers, ship personnel are required to take safety precautions and
implement appropriate procedures during the discharge. Basically, crude oil is composed of
hydrocarbons (HC) in its structure and it can be mixed with nitrogen, oxygen, sulphur and
various metals. In a crude oil storage tank, the HC vapors naturally fill the tank atmosphere and
there is a risk of explosion in certain mixtures of HC with air in enclosed spaces (ISGOTT,
2020). Also, there is another critical risk, the static electricity onboard, may lead to explosion
and fire (Elidolu et al., 2022). Additionally, there may be certain risks arising from
inappropriate use of the discharge equipment. For instance, operating the pumps, which are the
main elements of the discharge, is impacted directly by the human factor.

Crude oil discharge is a significant marine operation because of the crude oil's characteristics
and the challenging details of the process. Considering the potential hazards to life, property
and the environment, human errors should be analyzed and evaluated. This study aims to
systematically predict human error probability during crude oil discharge and improve the
safety of crude oil tankers. The paper seeks the procedural steps with the highest probability

valued human errors and proposes appropriate safety actions to minimize human-related risks.

3.3 Numerical HRA analysis

A real discharge operation case onboard a crude oil tanker was chosen to perform the proposed
human reliability analysis method. A Suezmax-typed crude oil carrier was loaded with 100000
tons of oil and about to discharge its cargo to Ceyhan Port, Turkey. After the ship-shore safety
checks and the agreement on the discharge plan, the operation started in the morning times. The
weather was clear, there was no wind, and the sea condition was calm throughout the discharge
operation. The temperature was 35°C and the humidity was 75%. On the tanker, the crew
members appropriately implemented the working and resting hours rules, and they were
familiar with such cargo operations. Ship crew with sufficient experience were familiar with all
operational procedures. The crew on board were of the same nationality. The company that
owns the ship has obtained the International Organization for Standardization (ISO) certificates
on the quality management system and manages a total of 10 ships with both the company's
Document of Compliance (DOC) certificate and Safety Management Certificates (SMC) for
ships, which are in force by the International Safety Management Code (ISM). Two non-
conformities identified during a recent industry inspection had been rectified. The next cargo

of the ship was fixed, and there was enough time for the laycan. The process of crude oil



O J o U bW

OO OO UTTUIUTUTUTUTUTUTUTOTE B DB DB DD DSDNWWWWWWWWWWNNNMNNNMNNNNNNR R PR PR RRP R R
O WNRPOWVWOJdANT D WNRPRPOW®O-TAUBRWNROWOWO®-JdNUD™WNRFROWOW-JOUDWNR OW®W--I0 U D WN R O W

Applying evidential reasoning extended SPAR-H modelling to analyse human reliability on crude oil tanker cargo operation

discharge is provided in Table 3. Steps are deeply researched and derived from company
circulars, international safety guidelines for tanker shipping and inspection program guides
(ISGOTT, 2020; OCIMF, 2019). According to Table 3 showing the HTA, the cargo discharging
process on the crude oil tanker ship includes six main tasks. These are preparation for discharge
operation, discharging crude oil to the terminal, ballasting during the discharge, COW towards

the end of the discharge, stripping of the cargo tanks, and after discharge operation.
<Table 3> is inserted here.

Nine PSFs from Table 4 are adopted in the paper. The derivation of PSFs is done by reference
to sources in the literature. Derived PSFs for ship operations (Ahn et al., 2022) were presented

to marine experts and approved after discussion.

<Table 4> is inserted here.

Five marine experts with sufficient knowledge and experience in crude oil tanker ships and
maritime safety were selected to evaluate PSFs. Marine experts consist of academicians with
master competence and ocean-going masters working on crude oil tanker ships. For the
application of the proposed method, the experts are asked to evaluate the linguistic terms
belonging to the PSFs of each task. The different evaluations obtained from experts are
combined with the ER method. For this, equations 6-10 are performed. As an example, the
stages of aggregation of expert opinions are shown in Table 5, taking into account the level of
experience or training skill, which is the third PSF of sub-task 1.5. In Table 5, marine experts
have beliefs about the first three linguistic terms (Moderate Positive (B1,n), Low Positive (B2,n),
and Nominal / Not Applicable (B3,n)). Therefore, other linguistic terms are not included in the
table.

<Table 5> is inserted here.

In addition, the results of the evaluations carried out by the experts for all PSFs of sub-task 1.5
are illustrated in Table 6. Accordingly, for each PSF, experts' belief degrees, aggregated belief
degrees, aggregated ratings, and interpolated multiplier values are given. After the aggregation
of the belief degree of the experts, the aggregated rating results are obtained with equation 11.
Then, the interpolated multipliers are determined with the equations applied for the

interpolation in Table 1.

10
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<Table 6> is inserted here.

Finally, the HEP values for each sub-task of the cargo discharging operation on the crude oil
tanker are listed in Table 7. Human error probabilities are calculated based on the SPAR-H
technique. In this context, the diagnosis error and execution error of each task is defined with
equations 2 and 3, respectively. Then the probability of human error is computed by equation
12. After determining the HEPs for each sub-task, the overall HEP can be estimated based on

the notations in Table 2, considering the correlations between the tasks.
<Table 7> is inserted here.

3.4 Findings and extended discussion

There are six main tasks and forty-three sub-tasks to perform a cargo discharge process onboard
a crude oil tanker. To successfully complete main task 1, which is the preparation stage for
discharge operation, all thirteen sub-tasks must be accomplished. HEP is found as 3.48E-01
since thirteen subtasks have a high dependency. Likewise, main task 2, which has nine high-
dependency sub-tasks, fails on the failure of any sub-task. So HEP for main task 2 is 2.94E-01.
On the other hand, for main task 3, HEP is calculated as 1.19E-01 because there is a serial-high
dependency between sub-tasks. Respectively, HEP is determined as 4.42E-02 (serial system-
high dependency) for main task 4, 7.81E-02 (serial system-high dependency) for main task 5,
and 3.41E-02 (serial system-high dependency) for main task 6. For the cargo discharging
operation to be conducted successfully, all main tasks must be performed without errors. The
overall HEP value is calculated as 3.48E-01 as there is a high dependency between them.
Finally, the reliability of the process is found by equation 13 as 6.52E-01 and illustrated in
Figure 2.

<Figure 2> is inserted here.

The results of the HRA show that the final HEP value is 3.48E-01, which means the crew's
performance concerning the crude oil discharge operation is not satisfactorily reliable. For all
other sub-tasks, the probability of human errors takes values between 8.83E-03 and 3.45E-01.
The sub-tasks that contribute the most to reducing human reliability during the operation are
1.5 (check the condition of the systems and the equipment in terms of static electricity), 1.2
(make sure that the boilers are ready for discharge and inerting), 2.9 (control the pump room
regularly against any abnormalities such as leaks and vibrations, 1.3 (line up and initiate the

IGS and check its running parameters), 2.6 (check the lines and valves for any malfunction or
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leaks), 3.4 (follow the discharge plan for simultaneous ballasting operation) and 3.2 (check the
condition of fixed discharge arms and lines between the ship and the terminal.

The highest HEP-valued sub-task 1.5 concerns static electricity risks during the discharge
operation. Static electricity may occur onboard due to various factors unless proper safety
measures are taken. There may be a severe risk of explosion and fire considering the static
accumulation characteristics of crude oil. This sub-task requires high-level attention since it is
highly dependent on the entire operation. To avoid failures during this stage, the responsible
officer should be well qualified, and the crew should be trained about the nature and the
development of static electricity. In addition, monitoring equipment that helps to understand
the condition inside the cargo tanks should run properly, and the tank measurement apparatus
must be type-approved and calibrated for correct gas reading.

The second critical sub-task 1.2 represent the step of preparing the boilers. Boilers produce
steam which drives cargo pumps and inert gas for the safety of the cargo operation. They are
crucial auxiliary machinery onboard and must be correctly operated by the crew. Running
procedures of the boilers should be followed without omitting to increase human reliability
during this sub-task. The basis of its efficient execution is training and knowledge; however, its
planned maintenance must be completed at appropriate times. Spare parts for maintenance or
emergencies should be onboard in adequate quantities.

The other important sub-task 2.9 concerns checking the pump room. The pump room is one of
the vital areas of a crude oil tanker since it is where the steam turbines used for pumping the
cargo are installed. It is actively used during cargo discharge and can run under heavy loads at
certain times. The watchkeeper who controls the pump room should report its state to the
responsible officer periodically. Safety training should be given to the crew by illustrating the
visual and audible conditions of the pump room. Also, the importance of this step should be
highlighted in the safety meetings carried out before the discharge.

On the other hand, sub-task 1.3 is another step which reduces the human reliability in the
process. For conducting a successful cargo discharge, IGS is of crucial importance in terms of
safety. When preparing it for the operation, IGS should be lined up by the ship crew. The system
is connected to the boilers for collecting the flue gas outputted from the boiler due to fuel
burning. Then, the oxygen content in the flue gas mixture is arranged to supply optimum inert
gas to the cargo tanks. To successfully implement this task, all officers and engineers should be
well trained per operation and safety manuals. During non-operational times, routine checks
and the maintenance of the IGS should be performed, and it should be tested before every

discharge operation.
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The sub-task 2.6 is another critical task for the crew. Lines and valves can leak due to
abnormalities and should be checked regularly to prevent onboard and overboard pollution. The
deck watchkeeper should be aware of any failure of pipelines and the manifold area and
regularly report the situation to the responsible officer. If there will be simultaneous works on
deck, additional watchkeepers should be assigned for this task. In addition, periodic tests of this
system should be carried out to control their solidity against liquid flow pressure.

In addition, the sixth highest HEP-valued sub-task 3.4 states managing the discharge and ballast
operations in good order. Ballasting and de-ballasting operations are performed to maintain the
balance of the vessel. During discharge, the vessel’s stability changes; in other words, the ship
starts to list or trim. The responsible officer should equalize the variations according to the
discharge plan at the correct times. Constant monitoring of the ship’s stability should be
provided, including visual checks, and the ballast operations should be performed only by
trained personnel.

The other important sub-task 3.2 is checking the connections between the ship and the terminal
during ballast operations. The connection involves mooring lines that hold the ship next to the
terminal and cargo lines that transfer crude oil. The discharge causes certain sides of the ship
to lighten and may cause listing of its counter sides. However, there is a limit for the hoses,
cargo arms and mooring lines to resist the sloping. Therefore, the deck watchkeepers should
constantly check the connections, report to the responsible officer, and optimally arrange the
tension of the lines when necessary.

Table 8 shows the reduction strategies for the sub-tasks with the highest HEP values. All actions
were prepared with the support of experts since they have significant experience in crude oil

tankers and ship safety management systems.
<Table 8> is inserted here.
3.5 Comparison with extended HEART Dempster—Shafer evidence theory

To demonstrate the performance of the proposed method, a comparison is conducted with the
HEART method based on Dempster—Shafer (D-S) evidence theory. HEART, which is
frequently used in HRA, was introduced by J. C. Williams (Williams, 1988). Although HEART
is an effective method, it has some weaknesses. Modified D-S evidence theory is used to deal
with weaknesses (Sezer et al., 2022). The application phase of the extended HEART D-S

evidence theory basically consists of three steps. These are; i) GTT and EPC selection, ii)
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APOA calculation, iii) HEP calculation. In methodology, the following equations are applied

respectively.

ZEPClnEPCm#:(Z) ep(EPCeq(EPCy)

Sim(ep,eq) = (14)
J (2 (e (EPCZ))Z) . (2 (eq (EPCm))Z)
sup(ep) = Z sim(ep,eq) (p=12,..n) (15)
q=1,9#p
Crd(e,) = _suplep) (p=12..n) (16)
p=1 sup(ep)
e, (EPC,) = Z e,(EPC,).Crd(e,) (t=1,2,..,38) (17)
p=1
— e (EPC)? 3
APOA, = e(EPC,) = ST o (EPC,)? (t=1,2,..,38) (18)
HEP = GEP x {H[(EPQ — 1)APOA, + 1] (19)
t

According to the extended HEART D-S evidence theory, first of all, the generic error
probability (GEP) and error-producing conditions (EPC) defined in the original HEART
method are determined by the experts (e,) for each task. APOA calculation is needed when
more than one EPC is selected for a task. Equations 14-18 are applied for this. First, the
similarity coefficient (sim(ep, eq)) between the experts is calculated. Then the experts' support
degree (sup(ep)) and credibility (C rd(ep)) are defined. The basic true distribution of each EPC
(ec(EPC,)) is computed and the combined APOA, is obtained with the normalization process.

Finally, the HEP value of the tasks is determined by equation 19.

Table 9 was created in accordance with the above equations. Data sets are obtained from five
marine experts with extensive experience and knowledge in crude oil tanker operations. In light
of the calculations, the reliability for the cargo discharging operation on the crude oil tanker is
determined as 6.81E-01. In this context, Figure 3 shows the comparison graph where HEPs are

given.
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<Table 9> is inserted here.

<Figure 3> is inserted here.

4. Validation and conclusion

Proper implementation of operations in the maritime industry requires successful human
performance. Particularly in crude oil tankers, critical elements of the worldwide energy trade,
it is vital that the ship's systems are operated correctly by the crew for safe cargo transportation.
Otherwise, failures or accidents that occur due to human errors may have serious consequences
such as loss of life, environmental pollution and considerable economic losses. In this context,
it has become an essential need for maritime transportation means to analyze human reliability

in order to carry out safer and cleaner onboard operations.

This paper aims to analyze and evaluate the human errors during the cargo discharge on crude
oil tankers since the process is one of the potentially hazardous shipboard activities. In this
context, a hierarchical task analysis is prepared with the support of maritime experts who have
significant knowledge and experience concerning tanker vessels and crude oil discharge.
Accordingly, the crew's tasks for the operation are divided into six main tasks: preparation,
discharge, ballasting, COW, stripping and after discharge, with a total of forty-three subtasks.
The process was evaluated by the experts, and the human error probability prediction was made
with the proposed method SPAR-H extended by ER. While SPAR-H is a robust technique for
computing human error probability, ER deals with uncertainty during the expert's decision-
making process. According to analysis results, the overall human reliability for the crude
discharge operation was found to be 6.52E-01. The most critical sub-tasks that reduce the
reliability are related to checking the systems and equipment to be used in crude oil discharge
in terms of static electricity; preparation of boilers for discharge and inerting; leakage and
vibration controls of the pump room, preparation and operation of the IGS and monitoring its
running parameters. Specific strategies for enhancing operational safety have been presented
for the highest HEP-valued sub-tasks. The results were also compared for verification with the
HEART methodology since it is a valuable tool for systematically analyzing human errors. The
outputs of SPAR-H extended ER and D-S HEART were compared, and the results were found
almost similar. There is slight difference among the final HEP values of the subtasks due to the
difference of mathematical approach of both methodologies. For further investigation of the
findings, the paired samples t-test was performed for paired human error probabilities of each

sub-task that are calculated by the ER SPAR-H and D-S HEART methods, respectively. A t-
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test is a statistical test that compares the means of two groups (Kim, 2015). The paired t-test is
likely the most frequently used statistical technique for comparing the differences between two
samples (Xu et al., 2017). For this comparison test, the test's null hypothesis assumes that the
mean difference between the results of ER SPAR-H method and the D-S HEART method is
zero. This null hypothesis means that the two methods' human error probabilities for each
subtask are equivalent. The SPSS software was used to conduct the paired samples correlation
and paired samples t-test. N consists of forty-three (43) total samples from subtasks 1.1 to 6.3.
The result in Table 10 demonstrates that two HRA methods are highly correlated with the
correlation coefficient (r=0.972), and statistical significance is supported by the fact that both
p values are less than 0.001. Meanwhile, the result in Table 11, t value 1.340 with 42 degrees
of freedom, is less than the critical t-value in two tails t-distribution table with a 0.05
significance level. On the other hand, the p-values, corresponding to the t-value(1.34), are larger
than 0.05. In other words, there is insufficient evidence to reject the null hypothesis statistically.
In summary of a hypothesis test, although the two HRA methods show slightly different results
for each sub-tasks, the difference is not statistically significant. Furthermore, the correlation
between the two methods is positive and strong. In conclusion, the results support the findings

of the study in terms of rationality and consistency of two HRA methods.
<Table 10> is inserted here.
<Table 11> is inserted here.

Very few studies in the literature focus on crude oil tanker operations; therefore, this paper also
aims to fill the gap by conducting a comprehensive HRA concerning the cargo discharge
process. The HTA and the paper's results can be examined in detail and provide useful
perspectives for tanker officers, company operation departments, technical managers and safety
researchers to improve the safety onboard. Besides, the proposed methodology can be used for
other operational processes in the marine industry. The number of experts who participated in
the study can be considered a limitation of the paper. The nine PSFs in this study are mainly
designed to boost human error quantification process and identify causes of failure. However,
these PSFs does not deeply deal with organisational factors especially potential error factors
caused by poor system and safety culture. In this work, the human error is based on a binary
approach in which human tasks are considered only as either success or failure. Therefore, it is
not possible to deal with human errors without failure and safety cases that did not cause

mission failure. The two diagnosis and excution errors of the SPAR-H method do not provide
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a complete taxonomy to facilitate an understanding of human actions especially various
cognitive behaviours (Bye et al, 2017; Salas et al., 1996). It is aimed to overcome this limitation

and develop the study's framework in further studies.
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< Figure 1. Conceptual framework of the proposed methodology >
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< Figure 2. Overall human reliability >

Serial System Reliability block diagram for the Crude oil discharging process on tanker ship
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< Figure 3. HEP comparison results >
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<Table 1. The linguistic scale of PSF levels and multipliers >

PSF level Rating The score of PSF SPAR-H Interpolated

(N) multiplier multiplier
Extremely High Negative 8 HEP=1 HEP=1
Very High Negative 7 N=7 50 50

6<N<7 - 25N-125
High Negative 6 N=6 25 25

5<N<6 - 15N-65
Moderate Negative 5 N=5 10 10

4<N<5 - 5N-15
Low Negative 4 N=4 5 5

3<N<4 - 3N-7
Very Low Negative 3 N=3 2 2

2<N<3 - N-1
Nominal / Not Applicable 2 N=2 1 1

1<N<2 - 0.5N
Low Positive 1 N=1 0.5 0.5

0<N<1 - 0.4N+0.1
Moderate Positive 0 N=0 0.1 0.1

*
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< Table 2. Notations associated with rules >

System description System sub-task dependency Notation for task HEP

Parallel system High dependency HEPr, o = Min{HEPs,j,_task i}
Low or no dependency HEPrus = [I(HEPsyp—task i)

Serial system High dependency HEPr, o = Max{HEPg,p,_tasic i}

Low or no dependency HEPpq 6 =Y (HEPsyp—task i)
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Table 3. Discharge process onboard crude oil tanker.

1 Preparation for discharge operation

1.1 Prepare cargo discharge plan including COW and brief it with deck team members

1.2 Make sure that the boilers are ready for discharge and inerting

1.3 Line up and initiate the IGS and check its running parameters

1.4  Ensure that the cargo oil pump turbines are in good condition

L.5 Check the condition of the systems and the equipment in terms of static electricity risks

1.6  Test the cargo tank's high overfill alarm system

1.7 Check and calibrate the fixed gas detection system

1.8 Test valve remote control system

1.9  Keep shut off the scupper plugs on the deck

1.10  Set up safety equipment in certain areas against fire, oil spill etc.

1.11  Ensure that all communication lines between CCR and ECR are working well

1.12  Make sure that communication means between the tanker and the terminal are ready to use

1.13  Carry out meeting with the loading master about discharge details

2 Discharging crude oil to the terminal

2.1 Operate the cargo lines & valves on deck according to the cargo discharge plan

2.2 Ensure that the cargo pump(s) started at a slow rate for line displacement

23 Check the I1G deck main pressure and maintain the supply of the IG

2.4  Make sure that the O, content of the IG is less than 5%

2.5  Follow the condition of the deck main pressure of the IGS regularly

2.6  Check the lines and valves for any malfunction or leaks

2.7 Increase slowly the discharge rate as agreed according to the loading master’s confirmation

2.8  Ensure that the rate of crude oil is followed and recorded regularly

2.9 Control the pump room regularly against any abnormalities such as leaks and vibrations

3 Ballasting during the discharge

3.1 Monitor the hull stress and the vessel’s list

3.2 Check the condition of fixed discharge arms and lines between the ship and the terminal

33 Arrange the fixed gas detection system according to the ballast plan

3.4  Follow the discharge plan for simultaneous ballasting operation

4 COW towards the end of the discharge

4.1 Inform terminal representatives about starting the COW

4.2 Ensure that there is a suitable amount of crude oil in the tank’s bottom

43 Prepare the fixed tank washing machines

4.4 Check the operation of COW guns

4.5 Measure the O level inside the cargo tanks which should be less than 5%

4.6  Observe the COW system for any leaks

4.7  Reduce the pressure in the COW line for tank change overs

5 Stripping of the cargo tanks

5.1 Arrange the tanker’s trim on the stern optimally

52 Observe the cargo pump’s pressure

53 Operate the stripping system

5.4  Ensure that the drained oil is delivered into the vessel’s planned slop tank

55 Discharge the crude oil collected in the slop tank to the terminal

5.6 Make sure that the bottom of the slop tank, the cargo lines and the separator were discharged by the
stripper pump

5.7 Shut all valves and blind the lines used in the process

6 After discharge operation

6.1 Check the amount of remaining crude oil in the tank via tank survey

6.2 Prepare to collect means in the manifold area for any leakage

6.3 Make sure that the arms are disconnected without oil pollution

*
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<Table 4. Derived PSFs>

No PSF Definition
1  Human-machine Refers to the interaction between the operator and the
interface equipment.
2 Threat stress Expresses the expectation of physical or mental harm.
3 Level of experience or  Represents the operator's task-related experience and training.
training skill
4  Procedures Expresses the existence and use of the operational procedure
for the task.
5  The complexity of the  Reports the difficulty of the task.
task
6  The working condition Reflects the influence of physical variables such as noise level,
humidity, and temperature
7  Environmental Includes conditions expressing the state of the ship's
conditions environment (such as weather conditions, time of day, and sea
conditions).
8  Time pressure Indicates the amount of pressure required to complete the task
in a time.
9  Ship safety Expresses the adequacy and implementation of the SMS as

management system
(SMS), and supports

well as company support.

*
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<Table 5. Aggregation of expert opinions for PSF 3 of sub-task 1.5>

Belief degree of expert Aggregated basic probability
Bi,i 03 P21 0.7 P31 - my e My M3ie) M4ie)  Msie) M)
Bo 03 Pos 05 Bsa 02 0.102 0211 0033 0 0 0.655
B,z 025 P23 0.5 PBssz 025 mp 3 M3 M3 3 M43 Ms i3 My o)
Bi,a 0.2 B4 03 P3a 0.5 0.125 0.266  0.063 0 0 0.546
Brs 05 Pas 05 Pss - mi 4 M@ Ma @) Maie)  Ms i@ MA@
0.135 0279 0.119 O 0 0.467
Relative weight my sy Mpys) M3 s Mg s  Msys) My o)
Wi W2 w3 W4 Ws 0.180 0319 0.102 O 0 0.399

02 02 02 02 02
Aggregated belief degree
Basic probability mass B1 B2 B3 Ba Bs Bu
my; 006 my; 014 m;; 0 0299 0531 0170 O 0 0
mi, 2 0.06 mp, 2 0.1 ms, 2 0.04
mi, 3 0.05 mp, 3 0.1 mas, 3 0.05
my, 4 0.04 mp, 4 0.06 ms, 4 0.1
m, s 0.1 mp, s 0.01 mas, s 0
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<Table 6. Expert evaluation results for PSFs of sub-task 1.5>

PSF El B2 E3 F4  ES Aggre gated Aggrg gated Intemplgted
No belief degree rating multiplier

Moderate Positive - - - - -

Low Positive 0.5 0.25 0.2 03 09 0.412

Nominal / Not

Applicable 0.5 0.75 0.8 07 0.1 0.588

Very Low Negative - - - - - -
PSF 1 1.588 0.794
Low Negative - - - - - -
Moderate Negative - - - - - -
High Negative - - - - - -

Very High Negative - - - - - -

Moderate Positive - - - - - -

Low Positive - - - - - -

Nominal / Not
Applicable
Very Low Negative - 0.35 0.3 02 02 0.212
PSF2 3.603 3.808
Low Negative 0.3 0.35 04 02 - 0.257

- 0.3 0.3 - 0.8 0.284

Moderate Negative 0.3 - - 0.3 - 0.114
High Negative 0.4 - - 0.3 - 0.134

Very High Negative - - - - - -

Moderate Positive 0.3 0.3 025 02 05 0.299

Low Positive 0.7 0.5 0.5 03 05 0.531

Nominal / Not

Applicable - 0.2 025 05 - 0.170

Very Low Negative - - - - - -
PSF 3 0.870 0.448
Low Negative - - - - - -
Moderate Negative - - - - - -
High Negative - - - - - -

Very High Negative - - - - - -

Moderate Positive 0.2 - - - 0.5 0.120

Low Positive 0.5 0.3 0.3 03 04 0.357

Nominal / Not

Applicable 0.3 0.7 07 07 0.1 0.523

Very Low Negative - - - - - -
PSF 4 1.403 0.701
Low Negative - - - - - -
Moderate Negative - - - - - -
High Negative - - - - - -

Very High Negative - - - - - -

Moderate Positive - - - - - -

Low Positive - - - - - -

PSF 5 3.955 4.865

Nominal / Not
Applicable

Very Low Negative 0.1 0.1 035 02 08 0.315

- - - 02 02 0.073

*
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Low Negative 0.3 0.3 045 0.2 - 0.250
Moderate Negative 0.4 0.5 0.2 0.4 - 0.307
High Negative 0.2 0.1 - - - 0.055
Very High Negative - - - - - -

Moderate Positive - - - - - -

Low Positive - - - - - -

Nominal / Not
Applicable

Very Low Negative 0.4 0.5 0.5 03 05 0.466
PSF 6 2.977 1.977

Low Negative 0.2 0.15 0.2 0.1 03 0.178

0.4 0.25 0.1 0.6 02 0.304

Moderate Negative - 0.1 0.2 - - 0.052
High Negative - - - - - -
Very High Negative - - - - - -

Moderate Positive - - - - - -

Low Positive - - - - - -
Nominal / Not
Applicable

Very Low Negative 0.1 025 0.15 02 09 0.279
PSF 7 2.279 1.279

Low Negative - - - - - -

0.9 075 085 0.8 0.1 0.721

Moderate Negative - - - - - -
High Negative - - - - - -
Very High Negative - - - - - -

Moderate Positive - - - - - -

Low Positive - - - - - -

Nominal / Not
Applicable

Very Low Negative 0.2 - 0.2 0.5 09 0.375
PSF 8 3.488 3.464

Low Negative 0.2 0.5 0.3 - 0.1 0.218

0.45 - - 0.5 - 0.182

Moderate Negative 0.15 0.5 0.5 - - 0.226
High Negative - - - - - -
Very High Negative - - - - - -

Moderate Positive - - - - 0.1 0.016

Low Positive 0.3 0.2 0.3 02 09 0.356

Nominal / Not

Applicable 0.7 0.8 0.7 08 - 0.628

Very Low Negative - - - - - -
PSF 9 1.612 0.806

Low Negative - - - - - -

Moderate Negative - - - - - -

High Negative - - - - - -

Very High Negative - - - - - -
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<Table 7. HEP for each sub-task of cargo discharging operation on crude oil tanker >
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Task No Diagnosis Error Execution Error

Human Error

1
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11
1.12
1.13
2
2.1
2.2
23
24
2.5
2.6
2.7
2.8
2.9
3
3.1
3.2
33
3.4
4
4.1
42
43
4.4
45
4.6
4.7
5
5.1
5.2
53
5.4
5.5
5.6
5.7
6
6.1
6.2
6.3

3.44E-02
3.23E-01
1.71E-01
2.12E-02
3.26E-01
5.45E-03
2.64E-03
6.83E-03
1.27E-02
1.03E-02
2.72E-03
2.99E-03
1.38E-02

4.28E-03
3.41E-03
2.98E-02
1.68E-02
9.82E-03
1.52E-01
5.46E-03
2.16E-02
2.74E-01

4.02E-02
1.03E-01
2.59E-03
1.10E-01

8.04E-03
3.54E-02
3.07E-02
3.27E-02
1.23E-02
4.04E-02
1.85E-02

1.65E-02
1.41E-02
4.10E-02
7.15E-02
1.83E-02
2.22E-02
1.95E-02

3.11E-02
1.69E-02
2.13E-02

3.44E-03
3.23E-02
1.71E-02
2.12E-03
3.26E-02
5.45E-04
2.64E-04
6.83E-04
1.27E-03
1.03E-03
2.72E-04
2.99E-04
1.38E-03

4.28E-04
3.41E-04
2.98E-03
1.68E-03
9.82E-04
1.52E-02
5.46E-04
2.16E-03
2.74E-02

4.02E-03
1.03E-02
2.59E-04
1.10E-02

8.04E-04
3.54E-03
3.07E-03
3.27E-03
1.23E-03
4.04E-03
1.85E-03

1.65E-03
1.41E-03
4.10E-03
7.15E-03
1.83E-03
2.22E-03
1.95E-03

3.11E-03
1.69E-03
2.13E-03

3.77E-02
3.45E-01
1.85E-01
2.33E-02
3.48E-01
5.99E-03
2.91E-03
7.51E-03
1.39E-02
1.14E-02
2.99E-03
3.29E-03
1.51E-02

4.71E-03
3.75E-03
3.27E-02
1.84E-02
1.08E-02
1.64E-01
6.01E-03
2.37E-02
2.94E-01

4.40E-02
1.13E-01
2.84E-03
1.19E-01

8.83E-03
3.88E-02
3.37E-02
3.58E-02
1.36E-02
4.42E-02
2.03E-02

1.81E-02
1.55E-02
4.49E-02
7.81E-02
2.00E-02
2.43E-02
2.14E-02

3.41E-02
1.86E-02
2.34E-02
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<Table 8. Control actions for the highest HEP-valued sub-tasks in the system.>

Sub-task  HEP value Actions
e Provide detailed training for the crew about static electricity risks
onboard
= 348E-01 e Use approved tank monitoring systems and calibrated measurement
devices
e Follow ship operational procedures
e Carry out planned maintenance for boilers
1.2 3.45E-01 . . .
o Supply spare parts without delays for routine maintenance and
emergency situations onboard
e Take regular reports from the watchkeeper about the condition of the
pump room
2. 2.94E-01 . : L . .
? 94E-0 e Train the crew by illustrating visual and audible elements concerning the
variations in the pump room
13 1.85E-01 ¢ Provide refreshment training about IGS to officers and engineers
' ' o Test the functions and the components of the IGS before every discharge
o Check the manifold area regularly during the operation
26 1 64E-01 ¢ Follow the watchkeeper’s reports from deck

o Assign additional personnel on deck if there are simultaneous works
o Carry out pressure tests of pipelines periodically

o Check the listing condition of the ship visually
34 1.19E-01 e Monitor vessel’s stability throughout the discharge operation
¢ Train the officers for successful ballasting and de-ballasting

e Evaluate the watchkeeper’s reports regarding the vessel’s mooring
connections

32 1.13E-01 o Arrange the tensions of mooring lines
o Contact terminal personnel about the condition of cargo arms/hoses in
case of an emergency

*
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<Table 9. HEP values calculated with D-S HEART >

Task GTT EPC APOA, HEP

1

1.1 F EPC 11 0.210 1.86E-02
EPC 13 0.790

1.2 D EPC 17 0.655 2.51E-01
EPC 25 0.345

1.3 E EPC2 0.198 1.05E-01

EPC 17 0.379
EPC 23 0.423

1.4 F EPC 11 0.694 1.30E-02
EPC 25 0.245
EPC 32 0.062

1.5 D EPC 10 0.195 3.19E-01
EPC 12 0.296
EPC 16 0.510

1.6 G EPC 1 0.111 7.31E-03
EPC 10 0.316
EPC 13 0.573

1.7 F EPC 12 0.198 6.32E-03
EPC 28 0.802
1.8 G EPC 10 0.694 2.65E-03

EPC 14 0.203
EPC 32 0.103

1.9 F EPC 17 0.759 1.52E-02
EPC 22 0.241
1.10 F EPC 12 0.716 1.50E-02

EPC 14 0.063
EPC 19 0.221

1.11 G EPC 3 0.653 3.32E-03
EPC 23 0.347

1.12 G EPC3 0.818 3.71E-03
EPC 23 0.182

1.13 F EPC 2, 0.069 1.49E-02

EPC 13 0.643
EPC 14 0.288

2

2.1 G EPC 11 0.692 2.24E-03
EPC 14 0.274
EPC 17 0.034

2.2 F EPC 8 0.058 5.34E-03
EPC 28 0.942

23 E EPC 23 0.578 3.15E-02
EPC 26 0.422

24 G EPC 1 0.544 1.64E-02
EPC2 0.322
EPC 12 0.134

2.5 E EPC 23 0.090 2.88E-02

EPC 26 0.910
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2.6 E EPC 11 0.651 1.40E-01
EPC 13 0.315
EPC 25 0.034

2.7 F EPC 15 0.389 5.82E-03
EPC 33 0.611

2.8 E EPC 28 1.000 2.80E-02

2.9 D EPC 12 0.341 2.30E-01

EPC 27 0.659

3.1 F EPC 2 0.511 3.38E-02
EPC 17 0.423
EPC 23 0.067

3.2 E EPC 12 0.420 1.03E-01
EPC 17 0.383
EPC 19 0.197

3.3 F EPC 11 0.190 8.15E-03
EPC 17 0.187
EPC 31 0.623

34 E EPC 11 0.894 9.62E-02
EPC 23 0.078
EPC 33 0.028

4

4.1 G EPC 3 0.578 4.58E-03
EPC 16 0.422

4.2 F EPC 11 0.380 1.69E-02
EPC 15 0.620

4.3 F EPC2 0.473 1.94E-02
EPC 29 0.300
EPC 33 0.227

4.4 F EPC 10 0.620 1.79E-02
EPC 19 0.380

4.5 E EPC 15 0.125 4.48E-02
EPC 19 0.175
EPC 23 0.700

4.6 E EPC 13 0.422 5.58E-02
EPC 27 0.578

4.7 F EPC8 0.871 1.73E-02
EPC 24 0.129

5.1 E EPC 2 0.090 5.88E-02
EPC 23 0.910

5.2 E EPC 34 1.000 2.20E-02

53 E EPC 11 0.463 6.01E-02
EPC 34 0.537

5.4 D EPC 23 0.012 9.96E-02
EPC 35 0.988

5.5 E EPC 19 0.463 4.12E-02
EPC 28 0.537

5.6 F EPC2 0.759 2.64E-02

EPC 34 0.241
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5.7 F EPC2 0.345 2.72E-02
EPC 13 0.347
EPC 28 0.308

6

6.1 E EPC 14 0.241 4.49E-02
EPC 27 0.759

6.2 F EPC 17 0.557 1.12E-02

EPC 28 0.220
EPC 35 0.223
6.3 E EPC 11 0.034 3.89E-02
EPC 22 0.240
EPC 23 0.726
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<Table 10. Paired samples correlations>

Significance
N Correlation ~ One-Sided p Two-Sided p
Pair1  RSPARH& 43 972 <.001 <.001

DS HEART
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<Table 11 Paired Samples t-Test>

Paired Differences Significance
95% Confidence
ER Interval of the
SPAR-H Difference
& Std. Std. Error One- Two-
D-S Mean Deviation Mean Lower Upper t df  Sidedp Sidedp

HEART
0.00515 0.02520 0.00384 -0.00261 0.01290 1.340 42 0.094 0.188
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