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A B S T R A C T

Safety is always a critical focus of the shipping industry, and it is well recognised that human factor is one of the major
causes of accidents and breakdowns in shipping sector. In this study, a quantitative cognitive reliability and error analysis
method (CREAM) is developed that provides point estimates of the human error probability (HEP) in tanker operational
safety. In effect, the quantitative CREAM incorporates weightage of common performance conditions (CPCs) that are
graded by the stakeholders (experts and seafarers). As different from the nine standard CPCs in the original CREAM,
eight customised CPCs are proposed to better capture the essential aspects of the work situations and conditions for
on-board tankers. The weighting of the CPCs is calculated by fuzzy analytical hierarchy process (FAHP), which pro-
vides reliable and practical results, while Markov method is applied to calculate human reliability and the mean time to
human error. An exemplified application using five seafarers’ reliability analysis generated quantified results of human
performance failure consistent with that produced by the original CREAM. The quantitative CREAM developed in this
research is useful for evaluating the reliability of on-board crew members, which contributes to a safety and more reliable
shipping industry.

© 2016 Published by Elsevier Ltd.

1. Introduction

Although the world economy is experiencing a period of
slow-moving recovery, global seaborne transport, especially the
tanker shipping industry which provides an economical and conve-
nient way to transport liquid bulk for international seaborne trade
(Zhou and Thai, 2016), is still an important way to move the world
merchandise trade. Safety is an essential issue in the shipping indus-
try. Thanks to shipping modernisation, the maritime accident rate has
recently been reduced; for instance, there were 2687 reported shipping
casualties (incidents) during 2015, down 4% year-on-year (Alianz
Global, 2016). Nevertheless, maritime accident rate is still high, being
mainly due to human errors when undertaking the operations because
the human factor plays an important role in the triggering and evolu-
tion of accidents (Hanzu-Pazara et al., 2008). Many studies have sug-
gested that human errors are the major contributory factor to shipping
accidents in which about 80% of marine casualties are caused, at least
in part, by some forms of human error (Fotland, 2004; Corovic and
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Djurovic, 2013; Ung, 2015; Akyuz and Celik, 2015a). According to
Hanzu-Pazara et al. (2008), human errors contribute about 89–96%
of collisions, 75% of explosions, 79% of groundings and 75% of al-
lisions. Therefore, human reliability analysis (HRA) is necessary and
important in the shipping industry.

HRA on safety is a systematic evaluation of the factors that in-
fluence the performance of human operators. It has been found to
be useful for the mitigation of human errors. The primary purpose
of HRA is to evaluate the operator’s contribution to system reliabil-
ity by predicting human error rates and evaluating the degradation in
human-machine systems likely to be contributed by human errors in
association with equipment functioning, operational procedures and
practices, and human characteristics which influence the system be-
haviour (Swain and Guttmann, 1983). Basically, HRA methods have
evolved through two generations. The first generation of the HRA ap-
proaches is developed based on the idea that, because of inherent de-
ficiencies, humans naturally fail to perform tasks just like mechani-
cal, electrical or structural components do (Marseguerra et al., 2007).
The second generation approaches consider the context as the most
crucial factor affecting the human performance failure and model the
relationship between the context and the associated HEP (Human Er-
ror Probability). The THERP (Technique for Human Error Rate Pre-
diction) is the best known method for the first generational HRA,
while CREAM (Cognitive Reliability and Error Analysis Method) and
ATHEANA (A Technique Human Error ANAlysis) are well known
methods for the second generation HRA (Bedford et al., 2013). By

http://dx.doi.org/10.1016/j.ssci.2017.02.014
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far, the most recognised method of the second generation is CREAM
(Hollnagel, 1998; Serwy and Rantanen, 2007; Sun et al., 2012; Yu et
al., 2014), which is adapted to this research.

The focus of this research is to evaluate human reliability of seafar-
ers when they are performing on-board operations based on CREAM
approach. As differentiated from the original CREAM, improved
common performance conditions (CPCs) are proposed according to
the shipping context conditions, fuzzy analytic hierarchy process
(FAHP) is used to calculate the weights of CPCs, and the quantified
CREAM is applied to evaluate HEP. Furthermore, Markov method is
used to evaluate human reliability in continuous working scenarios.
The results of this research can be used to evaluate seafarers’ reliabil-
ity during shipping operations. To achieve the objectives, the paper is
organised as follows: this section emphasises the role of human fac-
tor in maritime safety and the prevailing HRA approaches. Next, re-
lated works on CREAM are reviewed. The third section proposes HEP
calculation method based on quantified CREAM. A questionnaire sur-
vey sample for evaluating the effect of CPCs on human reliability is
shown in section four. Furthermore, an exemplified application and
discussion of results in the context of tanker shipping is presented to
demonstrate the proposed methodology in section five. The final sec-
tion gives the conclusions as well as original contributions and limita-
tions of the study.

2. CREAM (Cognitive Reliability and Error Analysis Method)

CREAM was originally proposed by Hollnagel (1998). It has been
widely applied in HRA in many different industries. Konstandinidou
et al. (2006) used CREAM methodology for HRA in order to calcu-
late the probability of erroneous actions according to CREAM in spe-
cific contexts e.g. maintenance tasks, in-field actions or control room
operations in the running of a chemical plant. He et al. (2008) pro-
vided a simplified CREAM prospective quantification process includ-
ing the basic method and extended method. Yang et al. (2013) pro-
posed a modified CREAM to facilitate human reliability quantifica-
tion in marine engineering by incorporating fuzzy evidential reason-
ing and Bayesian inference logic. Calhoun et al. (2014) applied mod-
ified CREAM for HRA in spaceflight applications. Tang et al. (2014)
applied CREAM to evaluate the HEP of a simple switching opera-
tion case and introduced HRA method into the power system reliabil-
ity analysis. Akyuz and Celik (2015b) adopted CREAM basic and ex-
tended versions to assess human reliability along with the cargo load-
ing process on-board LPG tanker ships. Meanwhile, Akyuz (2015)
presented a quantitative approach based on quantified CREAM to sys-
tematically predict HEP for designated tasks and ascertain the desired
safety control level in crude oil tanker ships. Ung (2015) proposed a
new fuzzy CREAM methodology using a rule based approach which
concluded that the proposed CREAM model was able to produce reli-
able human performance failure results.

The primary purpose of CREAM is to offer a practical approach
for performance analysis as well as attendant prediction. It attempts
to examine the environmental context in which humans operate and
evaluate actions within the framework of a psychological model. The
method allows for the retrospective analysis of historical events as
well as a prospective analysis of high-risk systems or processes. It
is based on a cognitive model to explain human behaviours. The
CREAM methodology starts with the construction of an event se-
quence in a specific situation. This is followed by the description of
actions and cognitive activities for performance segments to deter-
mine the relevant cognitive functions. Finally, the identification of the
likely error modes is conducted (Hollnagel, 1998). The scheme is ca-
pable of identifying tasks that require human cognition as dependent

on cognitive reliability and determining the conditions where cogni-
tive reliability may be reduced thereby constituting a source of risk. It
is also able to provide consequence analysis of human performance on
system safety by means of probabilistic results (Hollnagel, 1998).

In CREAM, the competence and control of operators are combined
to form contextual control model (COCOM) that is depicted in terms
of the degree of control that operators have over the situation (Ung,
2015). Thus, COCOM can be regarded as an outcome of the con-
trolled use of competence adapted to the requirements of the situa-
tion (Hollnagel, 1998). The objective of COCOM is not to explain
the masked ‘mental mechanisms’ of operator performance, but rather
to account for how people are able to maintain control of a situation
(Konstandinidou et al., 2006). COCOM is defined by four charac-
teristic control modes, namely, scrambled, opportunistic, tactical and
strategic as according to human cognition and action. Such control
modes are determined by a set of nine CPCs, which are characterised
using a set of pre-defined linguistic descriptors to provide a concise
description of how human performance is affected by the context.

3. Quantified CREAM

3.1. CPCS for the shipping industry

The original CREAM encompasses the influence of the work envi-
ronment into nine factors, called CPCs (Common Performance Con-
ditions), including adequacy of organisation, working conditions, ad-
equacy of man-machine interface (MMI) and operational support,
availability of procedures and plans, number of simultaneous goals,
available time, time of day, adequacy of training and experience, and
crew collaboration quality. There are three different CPC levels corre-
sponding to negative (decrease), neutral and positive (increase) effects
on human behaviour reliability (Hollnagel, 1998).

The CPCs are mapped at an early stage of the analysis to charac-
terise the context for the task as a whole, rather than as a simplified
way of adjusting probability values for individual events. In this way,
the influence of CPCs becomes closely linked to the task analysis.
The CPCs should be evaluated according to the specific work environ-
ment, and evaluated or scored by experts or technicians to determine
the expected effects on performance reliability. Konstandinidou et al.
(2006) suggested that CPCs could be modified or new ones be added
to expand the input parameters to cater for human performance in spe-
cific industrial conditions. Banda et al. (2016) proposed six CPCs,
namely, adequacy of the organisation, available procedures and plans
to execute the operations, man–machine interface and operational sup-
port, available time to plan and perform the operations, training and
preparation and the quality of the collaboration on the bridge, to eval-
uate the risk management of winter navigation operations, using a de-
tailed expert elicitation process.

According to the accident/incident reports of a large global
owner-operator of tankers with operations in over 10 countries, the
principal contributory factors of accidents/incidents in tanker ship-
ping include training; error enforcing conditions; organisation, pro-
cedure, maintenance management; incompatible goals; defences, de-
sign, hardware, housekeeping; and communication. Human factors in-
clude lack of knowledge, lack of skill, lack of direction, unfamiliar-
ity, complacency, haste, improper motivation, inattention, in-obedi-
ence, misperception or misinterpretation. Meanwhile, by interview-
ing the captains in this tanker shipping company, it was revealed
that contract-related information such as contract duration and work-
ing time in the contract also influence human reliability on-board.
Therefore, the contributory factors to the accidents/incidents in tanker
shipping are classified into eight categories, namely the eight CPCs.
As different from original
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nine CPCs, eight simplified CPCs are proposed in this research as a
way of capturing the essential aspects of work situations and condi-
tions for on-board tankers. The eight CPCs are described in Table 1.

According to Hollnagel (1998), most CPCs have three levels and
three effects on human reliability. Therefore, in this study, for each
CPC, there are three CPC levels with corresponding negative (de-
crease), neutral and positive (increase) effects on human behaviour re-
liability, as summarised in Table 1. Meanwhile, different CPCs will
affect human reliability directly or indirectly. The direct factors will
directly and quickly impact on human cognitive function, and affect
human reliability, as in CPCs of physical environment, vessel facili-
ties and so on; the indirect factors affect human cognitive function in-
directly, and gradually affect human reliability, as in CPCs of training
and experience, organisational management and so on.

3.2. Control mode

There are four characteristic control modes according to human
cognition and action, which are determined by the CPCs. The four
control modes, namely “Scrambled”, “Opportunistic”, “Tactical” and
“Strategic”, are linked with different failure probability intervals rep-
resenting human action failure probabilities (Hollnagel, 1998), as de-
scribed in Table 2. The control modes can be used to characterise the
performance of a team or group of people equally well as the perfor-
mance of an individual.

The control mode in which the operator is likely to act is defined by
the arithmetic sums of the positive and the negative influences of the
CPCs for the given work. Fig. 1 presents every possible combination
of the sum of the CPCs that have negative effects on human reliability
performance in the x-axis and the sum of the CPCs that have positive
effects on human reliability performance in the y-axis. There are nine
CPCs proposed by Hollnagel (1998), all of which will have negative
effects on human performance and just seven of the nine CPCs will
have positive effects on human performance. For a given situation, the
description of the CPCs will result in a specific value of the combined
CPC score, and then the control mode for the given situation will be
obtained. For example, according to original CPCs in Fig. 1, if there
are four CPCs having negative effects on human performance, two
CPCs having positive effects, and the remaining CPCs having neutral
effects, then x = 4, y = 2, therein the value (x, y) = (4, 2) is located at
the control mode of opportunistic, and the HEP is between 0.01 and
0.5 according to Table 2, which thus gives an interval of action failure.

3.3. CPC evaluation

As mentioned earlier, CPCs can influence human reliability in
three ways, being positive, neutral or negative, which means increas-
ing, no effect or decreasing human reliability. The effect of each ex-
ternal condition on a task can be quantified by defining a specific CPC

Table 1
CPCs and their levels, and effects on human reliability.

No. CPCs Description CPC levels Effects Effect mode

C1 Training and
experience

The quality and effect of training, the knowledge, skills and experience of the crew Adequate, high
experience

Increase Indirectly

Adequate but
limited

Neutral

Inadequate Decrease
C2 Physical

environment
Physical factors of the work environment, such as lighting, noise, vibration, temperature and
humidity, sea state, port and channel condition

Advantageous Increase Directly

Acceptable Neutral
Incompatible Decrease

C3 Organisational
management

The process of organising, planning, leading and controlling when doing operations during shipping.
Effect of organisation, supervision and administration

Very efficient Increase Indirectly

Acceptable Neutral
Deficient Decrease

C4 Work
characteristics

Work stress, task characteristics during shipping Satisfied Increase Directly

Acceptable Neutral
Unsatisfied Decrease

C5 Available time The time available to carry out a task and corresponds to how well the task execution is synchronised
to the process dynamics

Adequate Increase Directly

Temporarily
inadequate

Neutral

Continuously
inadequate

Decrease

C6 Contract
information

Such as contract duration, the working time on-board Satisfied Increase Directly

Acceptable Neutral
Unsatisfied Decrease

C7 Vessel facilities The defences, design, hardware, housekeeping and maintenance of the vessel Satisfied Increase Directly
Acceptable Neutral
Unsatisfied Decrease

C8 Crew
collaboration
quality

The quality of the collaboration between crew members, including the level of trust, the
communication and the general social climate among crew members

Efficient Increase Both
directly and
indirectly

Inefficient Neutral
Deficient Decrease
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Table 2
CPC control modes and their probability interval (Hollnagel, 1998).

Control mode Description
Probability interval
of action failure

Strategic In strategic control the person considers
the global context, thus using a wider
time horizon and looking ahead at higher
level goals. The strategic mode provides
a more efficient and robust performance
and may therefore seem the ideal to
strive for

(0.000005, 0.01)

Tactical In tactical control performance is based
on planning, hence more or less follows
a known procedure or rule. The planning
is, however, of limited scope and the
needs taken into account may sometimes
be ad hoc

(0.001, 0.1)

Opportunistic In opportunistic control the next action is
determined by the salient features of the
current context rather than on more
stable intentions or goals. The person
does very little planning or anticipation,
perhaps because the context is not
clearly understood or because time is too
constrained

(0.01, 0.5)

Scrambled In scrambled control the choice of next
action is in practice unpredictable or
haphazard. Scrambled control
characterises a situation where there is
little or no thinking involved in choosing
what to do

(0.1, 1.0)

Fig. 1. Relations between original CPC score and control mode (Hollnagel, 1998).

value, with positive effect being denoted by λCPCi = 1, neutral by
λCPCi = 0 and negative by λCPCi = −1 in this research. Meanwhile, the
arithmetic sum of the effects for these CPCs is called a CPC score. A
reliability index R is introduced, and

where n is the number of CPCs, wi is the relative weight of , and

Traditional CREAM model lacks the consideration of the weight
of each CPC, while noting that the influence of CPCs on human relia-
bility may be different. The weight for each CPC should thus be eval-
uated according to the specific work environment, which can make the
description of CPCs to the work environment more accurate and en-
able the results of quantitative HRA to be more reliable. Ung (2015)
proposed a weighted CREAM model for maritime HRA and found
that the outcomes are sensitive to minor alterations of input data and
weights. The relative weights of CPCs can be calculated by fuzzy an-
alytic hierarchy process (FAHP) method.

FAHP is a method to help incorporate fuzzy concept into analytic
hierarchy process (AHP) (Wang et al., 2014). The core of FAHP is to
establish a fuzzy congruous matrix. The foundation of fuzzy congru-
ous matrix is fuzzy judgment matrix B, which is similar to the judg-
ment matrix of AHP in form. It is derived after comparing the impor-
tance of factors in the lower hierarchy one by one. Assuming that there
are n factors ai, i = 1, 2, 3, …, n. The fuzzy judgment matrix is:

where rij is the relative importance by comparing factor ai to factor aj.
However, for the incorporation of fuzzy concept, fuzzy judgment

matrix adopts different criteria, which are listed in Table 3.
The importance of a factor can be determined based on Table 3,

also referred to as 0.1–0.9 method. rii means that the factor is of equal
importance compared with itself. If rij ∈ [0.1, 0.5], it means that rj is
more important than ri. Similarly, If rij ∈ [0.5, 0.9], it means that ri is
more important than rj. The steps of FAHP are as follows.

Table 3
Criteria of fuzzy judgment matrix.

Value Definition Description

0.5 Equally
important

Equally important compared with one
another

0.6 Slightly
important

One factor is slightly more important than
the other

0.7 Obviously
important

One factor is obviously more important than
the other

0.8 Much more
important

One factor is much more important than the
other

0.9 Extremely
important

One factor is extremely more important than
the other

0.1, 0.2, 0.3, 0.4 Converse
comparison

If ai is rij compared with aj, then aj is
rji = 1 − rij compared with ai

(1)

(2)

(3)
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(1) Establish a hierarchy model, i.e., to determine the factors to be
evaluated after an analysis of the solution and hierarchy of these
factors. The top hierarchy is the target hierarchy which is the prob-
lem to be solved; the middle hierarchy or hierarchies is/are the cri-
teria hierarchy/hierarchies; and the bottom hierarchy is the solu-
tion hierarchy, composed of concrete solutions to the problem.

(2) Establish a fuzzy judgment matrix by comparing the factors
pair-wise one on one. Derived according to 0.1–0.9 method, the
fuzzy judgment matrix satisfies definitions in Table 3. Therefore,
this fuzzy judgment matrix is a reciprocal matrix.

(3) Transform the fuzzy judgment matrix into fuzzy congruous ma-
trix.

(4) Calculate the weight of each factor. Based on the fuzzy congruous
matrix, using root method, weight sector can be calculated. After-
wards, the weight sector is normalised as:

where , , and
is the weight of CPCi.

3.4. Human error prediction

Work environment has an important influence on human reliabil-
ity (human error probability) in the CREAM model. It is assumed
in CREAM that human reliability increases when work environment
is improved. The relationship between work environment and human
performance reliability in CREAM is shown in Fig. 2 (Hollnagel,
1998). Therefore, the relationship between HEP (PHEP) and work en-
vironment can be modelled by a Napierian logarithm function (He et
al., 2008; Chai et al., 2011).

where is a constant, calculated by

Fig. 2. Relationship of work environment and human reliability (Hollnagel, 1998).

According to the proposed 8 CPCs and Table 2,

Therefore,

The HEP is

The key issue for calculating HEP is to evaluate reliability index R,
which can be calibrated by a survey of the stakeholders.

3.5. Human reliability by Markov method

The Markov method, named after Andrei Andreyevich Markov, a
Russian mathematician, is widely used to perform various types of re-
liability studies in the industrial sector. In the past, the Markov method
has also been used in performing human reliability analysis (Dhillon,
2007). Firstly, the state space model should be established. It is as-
sumed that there are two situations when seafarers perform a task,
namely performing a task correctly and performing a task with human
error.

Assuming that a seafarer makes errors at a constant rate, λ, the fol-
lowing equations can be obtained by using the Markov method:

where

is the probability that the seafarer is performing the task
normally or correctly at time ;

is the probability that the seafarer is performing the task nor-
mally at time ;

is the constant error rate of the seafarer;
is the probability of human error by the seafarer in finite time in-

terval ;
is the probability of no error by the seafarer in finite time

interval ;
is the probability that the seafarer has committed an error at time

;
is the probability that the seafarer has committed an error

at time .

(4)

(5)

(6)

(7)

(8)

(9)

(10)
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By rearranging and taking the limit as ,

At time , and .
In performing seafarers’ human reliability, solutions to first-order

linear differential equations may have to be found. The use of Laplace
transforms is considered to be an effective method to find solutions to
such equations (Dhillon, 2007). By using Laplace transforms,

where s is the Laplace transform variable. By taking the inverse
Laplace transforms,

Thus, the seafarer’s reliability, , at time is given by:

The seafarer’s mean time to human error, , is given by:

The HEP, , is the average value of human error over a period
of time, thus, . Therefore, the major issue is how to evaluate
reliability index R based on the CPCs.

4. Reliability index (R) evaluation

The effect of CPCs on human reliability (on a sea-going vessel)
can be obtained by administering a questionnaire survey with the
on-board crew. Banda et al. (2015) estimated cognitive failure proba-
bilities extracted from the experts’ elicitation. In this research, an ex-
ample of CPC effect questionnaire is shown in Table 4. There are ten
degrees for the effects of each CPC on human reliability. According to
Eq. (2), the value for CPC levels being adequate, advantageous, satis-
fied or efficient is +1, being acceptable is 0, while being inadequate,
incompatible, deficient or unsatisfied is −1. Herein, a linear equation
can be applied to transform the results of the survey into the value that
is in the range of [−1, 1]. Herein, according to Eq. (1) the reliability
index R can be calculated based on the survey results.

Table 4
Example of the scores for CPCs.

CPCs Inadequate/unsatisfied → Adequate/ satisfied

1 2 3 4 5 6 7 8 9 10

Training and experience √
Physical environment √
Organisational management √
Work characteristic √
Available time √
Contract information √
Vessel facilities √
Crew collaboration quality √

Note: Please tick one for each row.

5. Sample analysis and discussion of the results

To demonstrate the applicability of the quantified CREAM pro-
posed in this research, an example about tanker shipping is intro-
duced. The quantified HRA methodology based on CREAM proposed
in study is not confined to a specific task or procedure in tanker ship-
ping, but a generalized method used to evaluate the HEP and human
reliability of seafarers when performing their operations on-board.
Therefore, five scenarios of seafarers’ HEP evaluation are presented
to demonstrate the proposed method. The results are compared to the
probability values given in CREAM for the reliability intervals.

5.1. Weights of CPCs

In the original CREAM, all CPCs are assumed of equal impor-
tance. However, the effects of CPCs on human reliability in the ship-
ping industry may be direct or indirect (see Table 1), which means
that the effects are quick and sudden, or are gradually accumulated
on human cognitive behaviour. For example, training and experience
will gradually affect the seafarers’ behaviour over time, so the effect
is indirect, while physical environment affects the seafarers’ behav-
iour directly and timely. Hence, the CPCs have different levels of im-
portance to human reliability. For tanker shipping, when seafarers are
working on-board, the direct influence factors may have significant
effect on human performance. Therefore, the individualised weights
of CPCs are considered in this research, which can be evaluated by
FAHP through inviting assessment by experts from the shipping in-
dustry. In order to reduce the subjectivity of the experts’ opinions, the
following measures are applied. (1) Higher-rank officers who are fa-
miliar with the CPCs are invited to do the assessment, such as the
captain on-board. (2) The CPCs are compared pair-wise one on one
by referring to Eq. (3) and Table 3, which means that the key fac-
tors of CPCs can be obtained based on the pair-wise comparison. (3)
The pair-wise comparisons are conducted by several high-rank offi-
cers based on their judgment rather than just one expert, and it serves
to lower the bias of the results. (4) The returned comparison results
are checked to see if respondents had given the same answers to sec-
tions or a sequence of questions as these responses indicate that the
respondents might not have given truthful or reliable answers. Herein,
there are four invited experts conducting the pair-wise comparison.
According to the research conducted by Ölçer and Odabaşi (2005) and
Akyuz (2016), dominance factors are used to distribute the weights to
the experts, since the experts are all captains on different vessels in

(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)
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this study, and a more objective criterion would be years of experi-
ence. Therefore, during the interview, all four experts were treated as
of equal dominance, and equal weights were awarded to the experts.
An example of the comparison is shown in Table 5. The weights of
respective CPCs are thus ‘calibrated’ as shown in Table 6.

5.2. Data input

An example of evaluating the human reliability of five seafarers is
presented. The key issue is how to obtain the scores of CPCs for the
five seafarers. So it is necessary for the seafarers to perform self-eval-
uation like in Table 4. The weights of the CPCs are used to adjust the
impact level of seafarer’s judgments during self-evaluation. Accord-
ing to Table 6, among the 8 CPCs, the key factors affecting the sea-
farers’ reliability are crew collaboration quality (C8), contract infor-
mation (C6), work characteristic (C4) and physical environment (C2).
The results of self-evaluation are given in Table 7. The scores of each
CPC are used as data input.

By applying linear scaling, the above CPC scores can be trans-
formed into the range of [−1, 1]. According to Eq. (1), the reliability
index for the five seafarers can be obtained, as shown in Table 7. If the
work shift on-board is every 8 h, according to Eqs. (17) and (18), the
seafarer’s reliability is given by

The seafarer’s mean time to human error is given by

Based on Eqs. (8), (19) and (20), the HEP, human reliability and
mean time to human error of the five seafarers can be calculated.

5.3. Results and discussion

Table 8 shows the results of human error reliability, human re-
liability and mean time to human error of the five seafarers based
on the methodology proposed in this research. According to original

Table 5
Example of survey.

CPC Relative importance of CPCs

C1 C2 C3 C4 C5 C6 C7 C8

C1 0.5 0.3 0.5 0.2 0.4 0.3 0.2 0.4
C2 0.7 0.5 0.7 0.5 0.4 0.6 0.7 0.4
C3 0.5 0.3 0.5 0.4 0.3 0.4 0.2 0.4
C4 0.8 0.5 0.6 0.5 0.7 0.5 0.5 0.3
C5 0.6 0.6 0.7 0.3 0.5 0.4 0.5 0.3
C6 0.7 0.4 0.6 0.5 0.6 0.5 0.6 0.4
C7 0.8 0.3 0.8 0.5 0.5 0.4 0.5 0.4
C8 0.6 0.6 0.6 0.7 0.7 0.6 0.6 0.5

CREAM and Fig. 1, the control modes for the five seafarers based on
their self-evaluation results are summarised in Table 9.

For seafarer number 1, a best case is presented with all input CPCs
being assigned a high score, which means the contextual conditions
have positive effects on human reliability. As shown in Table 7, the
scores for the CPCs are the same at 9, which all have improved effects
on the seafarer’s performance. According to CREAM, the control
mode for the seafarer is ‘strategic’ in this specific scenario. Therefore,
the HEP is very low, with the interval from 0.5 × 10−5 to 1 × 10−2.
The result of HEP based on the quantified CREAM for this seafarer is
1.9408 × 10−5.

On the contrary, seafarer number 2 is a worst case scenario with
all input CPCs being assigned a low score, which means the contex-
tual conditions have negative effects on human reliability. As shown
in Table 7, the scores for the CPCs are the same at 2, which imply re-
duced effects on the seafarer’s performance. According to CREAM,
the control mode for the seafarer is ‘scrambled’ in this specific sce-
nario. Therefore, the human error probability is very high, with the
interval from 1.0 × 10−1 to 1. The result of human error probability
based on the quantified CREAM for this seafarer is 2.5763 × 10−1.

The results for the other three seafarers are for normal conditions.
The expected control mode for seafarers number 3 and number 4 is
‘tactical’, with the relevant action failure probability interval from
1.0 × 10−3 to 1.0 × 10−1, while the results for these two seafarers based
on quantified CREAM are 8.1112 × 10−3 and 4.1473 × 10−3, respec-
tively. The human error probability for seafarer number 4 is slightly
lower than that of seafarer number 3, mainly because the overall CPCs
scores for seafarer number 4 are higher than that of seafarer number 3.
For seafarer number 5, the expected control mode is ‘opportunistic’,
with the relevant action failure probability interval from 1.0 × 10−2 to
0.5, while the result for the quantified CREAM is 2.2053 × 10−2.

As shown in Table 8, similarly, seafarer number 1 is of the high-
est human reliability and the mean time to human error is the longest,
while seafarer number 2 is of the lowest human reliability with the
mean time to human error being the shortest, just a little under four
hours, which is less than the work shift time. If this is an actual ship-
ping scenario, the supervisor should pay more attention to seafarer
number 2, and some measures can be applied to improve his human
reliability. By considering the daily on-board task of seafarer number
2, the measures can include but not limited to the following aspects.

• Provide practical training before embarking the vessel.
• Proper supervision is carried out during the task.
• Remain alert to other on-going operations nearby.
• Never take short cuts that could put own or other people’s safety at

risk.
• Make sure the equipment has been checked thoroughly before it is

used for the first time.
• Must be particularly careful when the motion of the vessel is being

adversely affected by weather conditions.
• Do not use a chemical without familiarising oneself with the haz-

ards.
• Avoid any spillage of oil and chemicals by good housekeeping and

operating practices.
• Time for work and time for rest should be strictly followed.

Table 6
Weights of CPCs.

CPC C1 C2 C3 C4 C5 C6 C7 C8 Sum

Weights (wi) 0.091 0.138 0.109 0.142 0.107 0.141 0.120 0.152 1.000

(19)

(20)
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Table 7
Sample analysis input.

Seafarer No. C1 C2 C3 C4 C5 C6 C7 C8 Reliability index (R)

1 9 9 9 9 9 9 9 9 6.2222
2 2 2 2 2 2 2 2 2 −6.2222
3 2 3 4 5 6 1 8 7 −1.6890
4 2 4 5 5 7 2 8 7 −0.8098
5 7 6 2 3 2 5 4 2 −3.0001

Table 8
Results of the five seafarers.

Seafarer
No.

Human error
probability

Human
reliability

Mean time to human error
(h)

1 1.9408E−5 0.9998 51526.03
2 2.5763E−1 0.1273 3.88
3 8.1112E−3 0.9372 123.29
4 4.1473E−3 0.9674 241.12
5 2.2053E−2 0.8383 45.35

Table 9
Comparison of the expected results from CREAM with the results based on quantified
CREAM.

Seafarer
No.

Human error
probability
(quantified
CREAM)

Probability interval (according to
CREAM)

Control mode
(according to
CREAM)

1 1.9408E−5 0.5 × 10−5 < p < 1 × 10−2 Strategic
2 2.5763E−1 1.0 × 10−1 < p < 1.0 × 100 Scrambled
3 8.1112E−3 1.0 × 10−3 < p < 1.0 × 10−1 Tactical
4 4.1473E−3 1.0 × 10−3 < p < 1.0 × 10−1 Tactical
5 2.2053E−2 1.0 × 10−2 < p < 0.5 × 100 Opportunistic

• Share opinions with other crew members.
• Improve the facilities and layouts of the work place on-board if pos-

sible, and so on.
As can be seen in Table 9, the results of the proposed quantified

CREAM are in the range of the expectations of probability intervals
based on the original CREAM. Therefore, the methodology proposed
in this research is reliable to some extent. The improvement by the
proposed quantified CREAM is that the output is probability evalua-
tion with point values, which thus provides definitive values for quan-
titative risk assessment.

6. Conclusions

CREAM has been applied to analyse human reliability in many in-
dustries. In this study, a quantified CREAM methodology for eval-
uating human reliability in the shipping industry is developed. Eight
improved CPCs are proposed according to the main contributory fac-
tors to shipping accidents/incidents recorded by an international tanker
shipping company, which can better reflect the real work characteris-
tics and task environment in the shipping industry. FAHP is applied to
evaluate the weights of the CPCs, which shows the relative importance
of the CPCs. Napierian logarithm function is proposed according to
the relationship between human reliability and work environment. Re-
liability index is calculated based on seafarers’ self-evaluation and lin-
ear scaling equation. Markov method is applied to evaluate the human
reliability and mean time to human error.

An example study is presented, in which the proposed quantified
CREAM is used to calculate five seafarers’ human error probability,

human reliability and mean time to human error. As different from
original CREAM which just gives the control mode and the proba-
bility interval of an action failure, quantitative results are obtained in
this research, which are found to be satisfactory for which point values
fall within the range of the probability intervals based on the original
CREAM. The outcomes are sensitive to the minor alterations of the
input data and with outcome in the right direction.

This study is expected to contribute to on-going efforts towards the
improvement of safety in the shipping industry, since a large propor-
tion of the world trade volumes are transported by sea. The proposed
methods in this study can be used by the senior management sec-
tors of shipping companies, to evaluate seafarers’ reliability in ship-
ping. For seafarers with high human error probability, improved mea-
sures such as more training can be carried out to improve their reli-
ability. Meanwhile, the methodology for this enhanced CREAM that
embodies weighted-CPCs as computed from expert-cum-user ratings
of the CPCs can be used in other industries where human operators
play an important role. However, there are additional steps and inputs
when applying this methodology. For example, for the case of ship-
ping companies, the seafarers need to do self-evaluations as input data
to generate individual reliability indices. Likewise, in order to assign
the weights of the CPCs, several higher-rank on-board officers who
are familiar with the CPCs are needed to grade the importance of the
CPCs.

There are some drawbacks for the original CREAM approach, for
example, it focuses on how actions can fail, rather than on the vari-
ability of performance. It focuses on one part of the ‘component’ of a
system only, namely the human being. In addition, it lends support to
the concept of ‘error’. In this study, however, the original CREAM ap-
proach is improved. The CPCs proposed in this study include the man-
agement factors, environment factors and seafarers’ individual factors,
which make it more related to shipping scenarios. The relative im-
portance of the CPCs is also considered. Meanwhile, a quantitative
CREAM method is proposed, and the results are found to be satisfac-
tory.
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