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ABSTRACT Human error can be regarded as a significant factor contributing to high-speed railway
accidents. Cognitive Reliability and Error Analysis Method (CREAM) is well-known approach applied
to determine Human Error Probability (HEP). However, shortcomings are still disclosed and weaken the
applicability of such approach. These include the lack of sufficient failure data, lack of valid description
of Common Performance Condition (CPC) and does not consider the CPCs weights. In addition, Basic
CREAM does not provide a method to calculate the concrete HEP. In this paper, a modified CREAM is
proposed to assess HEP of high-speed railway dispatchers in dispatching tasks. The core of the modified
method is to use 2-tuple linguistic term sets to describe CPCs evaluation, combine weighted CPCs by
Evidential Reasoning (ER) approach, and adopt Multi-Attribute Group Decision-Making (MAGDM) method
to calculate HEP. To make CPCs weights more accurate, dynamically adjusting weights is adopted in this
paper. The rationality and validity of the modified CREAM approach are verified by two axioms and
compared other models. Finally this modified CREAM approach is applied to human reliability analysis
of high-speed railway dispatchers.

INDEX TERMS Cognitive reliability and error analysis method (CREAM), human error probability
(HEP), common performance condition (CPC), high-speed railway dispatchers, 2-tuple linguistic term sets,

evidential reasoning (ER), multi-attribute group decision-making (MAGDM).

I. INTRODUCTION

In recent years, high-speed railway has developed rapidly
in China. By the end of 2019, the operating mileage of
high-speed railway in China has exceeded 35000 kilometers,
accounting for about 70% of the world’s total. Due to the
characteristics of high-speed railway, such as high speed, high
density and large traffic volume, once an accident occurs,
it will cause a large number of casualties, huge economic
losses and bad social influence. There is a survey found
that 75% of railway traffic accidents are related to human
factors [1]. Therefore, it is necessary to study the human
factor reliability of railway transportation. As the nerve cen-
ter of high-speed railway transportation system, high-speed
railway dispatching system plays an important role in ensur-
ing the safety and punctuality of trains. High-speed railway
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dispatching system is a complex system composed of four
elements: human, equipment, environment and information.
As a system element with independent thinking, train dis-
patchers play a leading role in coordination and control sys-
tem. It is necessary and significant to study the human error of
train dispatchers to prevent the risk of railway transportation.
However, due to the lack of relevant work, the quantitative
analysis of human error of high-speed railway dispatchers
faces great challenges.

Human Reliability refers to the ability of participants to
complete the specified tasks without error within the speci-
fied time and under the specified conditions [2]. The human
error has been recognized as a predominant causal factor
in the occurrence of many accidents in numerous domains,
and many experts and scholars have devoted to develop-
ing and facilitating methodology and theories related to
Human Reliability Analysis (HRA) [3]-[6]. HRA method
has been divided into three generations, The first generation

56253


https://orcid.org/0000-0003-2970-6632
https://orcid.org/0000-0002-3012-3656
https://orcid.org/0000-0002-7319-1878
https://orcid.org/0000-0002-2951-1192

IEEE Access

Y. Sun et al.: Quantitative Analysis of HEP in High-Speed Railway Dispatching Tasks

methodologies of HRA focus on the study of human behavior
theory and error classification, and forms a statistical analysis
and prediction method of human error probability (HEP)
based on operator experience and expert judgment, among
which Technique for Human Error Rate Prediction (THERP)
is the representative method [7]. The second generation
methodologies further study the internal course of human
behavior, focusing on the mechanism and HEP in the whole
process from human observation, diagnosis, decision-making
and other cognitive activities to the execution of actions in a
specific situation. Cognitive Reliability and Error Analysis
Methods (CREAM) is one of the most recognized methods
of the second generation for addressing such contextual influ-
ence [8]. The third generation is dynamic HRA methodology
based on simulation.

CREAM contains two versions, namely the basic and the
extended ones. The basic method is used for determination
of control modes and corresponding error rate intervals at
a screening stage, while the extended method is employed
for error quantification of cognitive functions. In 2012, Pro-
fessor Hollnagel, the founder of CREAM method, issued a
disclaimer, which pointed out that only the A (for Analysis)
and M (for Method) make sense, Cognitive Reliability (the
CR) is defective. This caused the extended method to no
longer be applicable. Therefore, in recent years, many schol-
ars have not carried out in-depth research on the extension
method, but have improved the basic method and achieved
good results. For instance, Ung [S5] proposed a rule-based
fuzzy CREAM model considering the weight of Common
Performance Conditions (CPC) for marine oil tanker leakage
accidents. The introduction of fuzzy set theory to express
uncertain information can make the model easily convert the
qualitative information into quantitative probability result.
Yang et al. [9] proposed modified IF-THEN rules to con-
struct the relationship between the nine CPCs and the control
modes, where the control modes are expressed by belief
degree rather than 100% certainty. He et al. [10] and Sun et al.
[11] used the Context Influence Index (CII) to represent the
comprehensive level of CPC and use it to calculate HEP.

A method of estimating the level of CPC based on fuzzy
sets, and then calculating HEP according to fuzzy knowl-
edge reasoning and membership function of control mode
was used by Konstandinidou e al. [12] and Nivolianitou
and Konstantinidou [13]. In addition, the Bayesian Network
(BN), which has been widely used for HRA was intro-
duced in order to deal with the uncertainty in the reasoning
process [14]-[16]. Although the above methods have made
remarkable achievements in the field of HRA, if CREAM
is used to determine the HEP of high-speed railway dis-
patchers, there are still some problems need to be solved
in the existing research on the CREAM method:(1) Lack of
reliable historical data. Most CREAM studies dependent on
the domain knowledge and experiences of the HRA analyzers
and experts. (2) The linguistic variables of each CPC cannot
be precisely described. (3) Most of the literatures do not
consider the CPCs weights, or use AHP to obtain the weight.
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TABLE 1. The control modes and probability intervals.

COCOM Probability interval
Strategic (0. 00005, 0.01)
Tactical (0.001, 0.1)
Tactical (0.01, 0.5)

Scrambled 0.1, 1.0)

AHP is simple to calculate, but it is too subjective to make
the weights accurate. (4) The method of obtaining CII is
rough and not very accurate. (5) Although IF-THEN rules
and BN can solve the uncertainty problem well, the number
of inference rules that [F-THEN rule needs to set is too large,
and the conditional probability table of BN needs a lot of prior
data.

This article will provide a comprehensive method to
solve all the above-mentioned problems based on prior
research. The main contributions of this work are shown
in the following: (1) Constructed the CPCs detailed eval-
uation rules for high-speed railway dispatchers, and used
2-tuple linguistic term sets to evaluate CPCs to characterize
the fuzziness and uncertainty of information. (2) Proposed
a method of dynamic adjustment of weights, which can not
only obtain the accurate experts’ weights and CPCs weights,
but also reduce the conflicts between different experts’ eval-
uations. (3) Proposed a simple method for converting binary
semantics into confidence. Based on this, ER algorithm
is used to combine the degree of belief of CPCs to cal-
culate CII. (4) Adopted Multi-Attribute Group Decision-
Making (MAGDM) to improve CREAM, MAGDM has the
advantages of reasonable, brainstorming, and minimizing
unreasonable factors in calculation.

The paper is arranged as follows. Section II gives a brief
introduction about basic CREAM theory, 2-tuple linguistic
term sets, and Evidential Reasoning approach. In Section III,
the modified CREAM approach is proposed. Section I'V gives
a case of the high-speed railway dispatchers’ performances to
demonstrate the effectiveness of the proposed mode. Finally,
Section V concludes the whole paper.

Il. PRELIMINARIES

A. CREAM

The core of CREAM is that human error is not stochas-
tic, but more shaped by the context of the task. In the
basic CREAM, the Contextual Control Model (COCOM) is
defined as the competence of operator to adapt to the envi-
ronment. COCOM is defined by four characteristic control
modes, namely, Scrambled, Tactical, Tactical and Strategic
according to the human cognition and action context. Each
control mode has its corresponding HEP probability interval,
as shown in Table 1.

CREAM identifies nine CPCs, which are shown
in Table 2. Each CPC has different effects on human
performance, including reduced (negative), insignificant
(neutral) or improved (positive). By calculating the total
numbers of CPCs with improved, reduced effects are denoted
as Yimproved and Xreduced respectively. The control mode
determined by coordinate mode (Zimproved, Zreduced)> Which
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TABLE 2. Nine CPCs name.

CPC number CPC name
C Adequacy of organization
G, Working conditions
C, Adequacy of MMI and operational support
C, Availability of procedures/plans
Cs Number of simultaneous goals
C; Available time
G, Time of the day (circadian rhythm)
Cs Adequacy of training and experience
G, Crew collaboration quality
A
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FIGURE 1. Determination of control modes.

is shown in Figure 1 below. Finally, the HEP probability
interval is obtained by the control mode.

B. 2-TUPLE LINGUISTIC TERM SETS

Definition 1 [17]: Let S = {so, 51, ..., S¢} be a linguistic
term set with odd cardinality. For any s;,s; € S, where
i,j € {0,1,...,g}. The following attributes for S can be
defined as:

(D ifi < j, then s; < sj;

(2) Negation operator: Neg(s;) = sg_;.

Definition 2 [17]: Let S = {so, 51, ..., S¢} be a linguistic
term set. B € [0, g] be the result of an aggregation of the
indexes of a set of labels assessed in a linguistic term set S,
i.e., the result of a symbolic aggregation. Let i = round(f)
and ¢ = B — i be two values such that i € [0, g] and « €
[—0.5,0.5), then « is called a symbolic translation.

Definition 3 [17]: Let S = {so0, 51, ..., ¢} be a linguis-
tic term set. 8 € [0, g] be a value representing the result
of a symbolic aggregation operation, then the 2-tuple that
expresses the equivalent information to 8 is obtained by the
function A:

A :[0,g] > S x[-0.5,0.5),
i = round(B)

AB) = (o) =1 " a € [—0.5,0.5)

oa=p—I,
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where i = round(8), « = B — i, € [—-0.5,0.5),s; € S,
round (-) is the usual round operation, s; has the closest index
label to B and « is the value of the symbolic translation. Con-
trarily, A is one to one function. There is always a function
A~ from 2-tuple to the corresponding number:

A7l S x [-0.5,-0.5) — [0, g,
A s ) =i+ a; = B

Definition 4 [17]: Let (s;, ;) and (s}, &tj) be two 2-tuples,
then the distance between (s;, ;) and (s}, ;) is defined as

follows:
2 N
d ((si, o), (Sj,aj))=\/( ) _<A (;J’aj)) .
(D

C. EVIDENTIAL REASONING

The ER approach, which incorporates fuzzy set theory, deci-
sion theory, Bayesian probability theory, and the Dempster-
Shafer (D-S) theory, is a way of dealing with different kinds
of Uncertain Multi Attribute Decision Analysis (UMADA)
problems [18]-[20]. The basic concepts and definitions of the
ER algorithm relevant to this paper are briefly described as
follows.

Suppose there is a simple two-level hierarchy of attributes
with a general attribute Y at the top level and a number of
basic attributes E = {e¢;|i = 1, 2, ..., [} at the bottom level.
The weights of the attributes are given by w = {wi|li =

!
1,2,...,0},where0 < w; < 1, Y w; = 1.Let Y be assessed

A~ (si, )
g

at the [ attributes on the basisl_(if n distinctive evaluation
grades H = {hj|j = 1,2..., n}.Without loss of generality,
it is assumed that h;4 is preferred to h;. Then the evaluation
of attribute e; can be expressed as follows:

Vie)={(hj, Bij),i=1.2,....1;j=1,2,...

).

n
where B;; > 0, B;i; <1, and B;; denotes a degree of
=1
belief of e;. Assun{ing that the degree of belief of all the basic
attributes is known, the reliability of the general attribute Y on
H can be synthesized by ER algorithm. The process is briefly
described as the following steps.

Let m; ; be a basic probability mass representing the degree
to which the basic attribute e; supports the hypothesis that
the general attribute Y is assessed to the grade h;. Let m; gy
be a remaining probability mass unassigned to any individual
grade after all the n grades have been considered for assessing
the general attribute Y as far as e; is concerned. m; j and m; i
can be expressed as follows:

(@)

m;j = wifi;. 3)
1
mig =1—w; Y Bij=ming+min. )
i=1
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where m; i is caused by the relative importance of the
attribute e; and /m; g by the incompleteness of the assessment
on ¢; for the general attribute Y.

Define Ej(; as the subset of the first i basic attributes as
follows:

Eigy =ler, e, ..., ¢e}.

Suppose my;),; be a probability mass defined as the degree
to which all the attributes in Ej(; support the hypothesis
that Y is assessed to the grade h;.my() g is the remaining
probability mass unassigned to individual grades after all the
basic attributes in Ej(;) have been assessed. my ;) ; and my ;) 1
can be generated by the following recursive ER algorithm.

myi1),j = Krrnlmigj x miy1
+mip1 X myGyp + Mg n X mG ;- (5)

myi+1),H = Kigi+1) X My, H X Mit1,H. (6)
~1

n n

Kt = I_szl(i)’j X mpip1|, i=1,2,...,1—-1.
j=1p=1
P#

@)

where K is the conflict factor, indicating the extent to which
different attributes support a certain evaluation grade. In the
original ER approach, the combined degree of belief §; is
directly given by

my(iy,j
fi= ®
— MiQ),H
n
Bu = miyu=1-Y B (€))

j=1
where By is the degree of belief unassigned to any indi-
vidual evaluation grade after all the [ basic attributes have
been assessed. It denotes the degree of incompleteness in the
assessment generated.
Therefore, the degree of belief of generalized attribute Y
can be obtained, which is shown in:

V() ={(h1, B1), (h2, B2), - .., (hn, B), (her, Br)} . (10)

Ill. MODIFIED CREAM APPROACH

A. PRECONDITION DESCRIPTION

CREAM can be seen as a MAGDM problem, which has obvi-
ous characteristics of MAGDM. Experts evaluate multiple
CPCs and then calculate HEP based on the evaluation results.
So we can use the MAGDM method to analyze CREAM.

In this paper, ! experts are invited to evaluate the n CPCs
when the high-speed train dispatchers perform m different
tasks, so as to evaluate the human reliability of high-speed
railway dispatchers. Let A = {Ak|k =1,2,...,1} be a set
of tasks performed by the high-speed railway dispatchers,
C = {Cjli = 1,2,...,m} be a set of CPCs. And w;(i =
1,2, ..., m) be the CPCs weights vector, where 0 < w; <

m

1, wi = 1.Let B = {Bj|j = 1,2,...,n} be a set of
i=1
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the evaluation experts, X;Q' = 1,2,...,n) be the evaluation

!
experts subjective weights vector, with Aj >0, )JS‘ = 1.
k=1
Suppose that R = (ri];)mxn and T = (tjj)mxn are the two
2-tuple linguistic evaluation matrixes, ri’; takes the form of the
2-tuple linguistic, which is the evaluation of CPC C; given by
expert B; for task Ak, t;; also takes the 2-tuple linguistic form,
which denotes that evaluation of the importance of CPC C;
by expert B;.

B. CPCS ADJUSTMENT RULES

CREAM provides a simple description of the nine CPCs, and
it did not give detailed evaluation rules. In order to apply
CREAM to the HRA of the dispatchers, refer to the exist-
ing dispatching operation rules and handbooks, this article
formulates detailed evaluation rules for each CPC as shown
in Table 3.

Most of the literatures ignored the interaction of CPCs in
the calculation of HEP, and could not accurately capture the
joint CPC effects. The ER algorithm requires independent
evidence when it is used, i.e., no correlation between each
CPC, so the derivation of the combined CPC evaluation must
consider how the dependencies can be concretely treated.
The rules for considering dependencies and adjusting CPC
primary effect were defined by Hollnagel [8] and are shown
in Table 4.

According to the rules described in Table 4, for instance,
the state of C, will be updated into the positive/negative status
only when it has a neutral effect (other states don’t work) on
human reliability and 4 out of 5 CPCs it depends on have
positive/negative ones simultaneously.

As this article uses 2-tuple linguistic to evaluate CPC,
2-tuple linguistic is a kind of fuzzy linguistic, so the adjusted
evaluation of CPC needs to be amended. For instance, when
the state of C, becomes positive/negative status, its evaluation
should be changed to the min/max value in the rule CPC it
depends on.

C. CALCULATING CPC WEIGHT
The most widely used method to obtain the CPCs weights
is the Analytic Hierarchy Process (AHP) [9], [16]. Although
the AHP is simple to calculate, it is too subjective. In order to
make the calculation of weights more accurate, we provide
a combined model to determine the CPCs weights in this
paper.

First of all, we use experts’ evaluations method to obtain
the CPCs subjective weights as follows:

n

> AT A

j=1

L m n 1
— K}
~ _1A (tij))\j

1)

(1)

Next, we use the entropy method to determine the
CPCs objective weights. Mon et al. [21] proposed that the

VOLUME 8, 2020



Y. Sun et al.: Quantitative Analysis of HEP in High-Speed Railway Dispatching Tasks

IEEE Access

TABLE 3. CPCs detailed evaluation regulations.

CPC

Sub-index

The detailed evaluation regulations

Organization, responsibilities

and management system

Whether the internal organization structure of the dispatching agency is complete, whether the

division of responsibilities is clear, and whether a good job responsibility system is established.

Communication  and

Whether the team meets regularly for communication and exchanges, and whether team members

perform pre-shift handovers, site inspections and equipment inspections, and whether the

coordination
communication is smooth.
Adequacy of
Safety performance
organization Completeness of safety inspection, supervision, regular meetings and assessment systems, and
assessment and rewards and
C, whether the reward and punishment measures are qualified.
punishments
Does the team carry out safety education activities, and does the dispatcher have a sense of safety in
actively investigating hidden dangers and consciously operating according to standards? Are there
Safety culture of team
sufficient funds for safety to improve safety technology measures and create a safety culture
atmosphere?
Whether the temperature and humidity of the dispatching hall are appropriate, whether the lighting
Working Physical environment
is sufficient, and whether the noise around the work area is too loud.
conditions
Whether the working area environment is tidy and orderly, and whether various tools and documents
C, Soft environment

are put back in place in time after use.

Adequacy of Equipment function and Whether the functions of various hardware of the dispatching system are perfect and whether the
MMI and quality communication equipment is intact.
operational man-machine interface  Whether the display of interface information is clear and comprehensive, and whether the operation
support (MMI) of dispatching system software system is convenient and fast.
C; Intelligent alarm Whether the alarm content is accurate and comprehensive, and whether the alarm is clear.
Equipment operating Whether the operating instructions of the system's software and hardware are feasible and
Availability  of
procedures comprehensive.
procedures/plans
Emergency treatment
C, Whether there is a complete and feasible response plan.
specification
Number of Whether the technical complexity of the target task completion conforms to the objective law, the
Difficulty of task
simultaneous mental and physical exhaustion of the operator, and whether it is prone to fatigue, etc.
goals
c Number of multiple targets Whether overload occurs when multiple tasks are performed at the same time.

5

Available time

Cs

Urgency of the task

The time and speed required to complete the task, the severity of the consequences of the emergency,

and whether there are remedial measures.

Time to complete the task

‘Whether the schedule for completing tasks is balanced and reasonable, and whether the tasks can be

completed in a timely manner.

Time of the day

Physiological functions on

Influence degree of physical, mental and working state of dispatcher on operation quality.

(circadian duty

rhythm)

c The law of work and rest Whether the dispatcher has good work and rest rules.

7

Adequacy of  Knowledge and skills  Whether the training of dispatchers is comprehensive and has the necessary knowledge and culture

training and training level.

experience ‘Whether the dispatcher has rich operating experience and whether he frequently exchanges operating
Operational experience

Cq experience.

Whether the dispatcher's age and physical conditions meet the requirements; whether the work mood,

Personality characteristics

Crew risk appetite and concentration are good.

collaboration Whether the tasks of each jobber are clear and the allocation is reasonable; whether the

quality Division and Coordination communication and feedback are smooth, the process connections are tight, and coordination is

C, consistent.

Team atmosphere

Whether team members trust and cooperate with each other and have good team spirit.

VOLUME 8, 2020
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TABLE 4. Rules for adjusting CPCs.

CPC Depends on the following CPCs Threshold
C, C, C, C, C, Cq 4
C, C, C, C, — — 2
C, C, C, C, C, C, 4
C, C, Cq — — — 2

importance of an attribute can be measured by the entropy of
the attribute. According to the entropy theory, if the evalua-
tion value of a CPC on different tasks is closer, the entropy
value of the CPC is larger. It’s easy to see the larger the CPC
entropy value, the smaller the degree of difference, and the
smaller its weight [22]. So that the CPC C; entropy value is
defined as follows:

[
SO G
k=1

x In(A™L(rF)

1
IV
k=1

I
ZA_I(rl-k)) i=1,2,...,

k=1

m. (12)

Wherer = Zrl]]{)‘;’lf” = 0, then:

l
Z AT x AT @) [ AT ) =0.

k=1 k=1

ATNE
(13)

where A‘l(rk) Z A~ 1(rk)(k =1,2,...,[) are equal to

each other, the entropy value is the largest at this time, and

the maximum entropy is (E;)max = Ink. Normalize Eq. (12)

by using (Ej)max, we get: ¢; = (1/Ink)Ei(i = 1,2,...,m).
The CPCs objective weights can be calculated as follows:

o 1-— e; .
w; = o i=12,...,m. (14)
m—y e
i=1
Finally, the combined weights can be defined as follows:

wi=pw;i+1—pw! i=12,...,m. (15)

where p is the weight balance coefficient, Without loss of
generality p = 0.5 is adopted in this paper.

D. OBTAINING EXPERTS WEIGHT

In the process of MAGDM, it is generally considered that
there is a trend of consistency between individual evalua-
tion and group evaluations [23]. Therefore, experts can be
given different weights according to the degree of deviation
between individual expert evaluations and group evaluation
results. If the individual expert evaluation and group evalua-
tion results are closer, the expert weight is greater. While the
individual expert evaluation deviates from the group evalua-
tion results, the expert weight is smaller.

56258

For the expert B;, we defined that the deviation D; between
the expert B; evaluation and the group evaluation:

[
D =) d(f,
k=1

*y k=1,2,...,L (16)

m
=Y rbwi j=1L2..m k=121 (17

i=1

n
=Y A j=12....n (18)
where r;‘, r* represent individual and group evaluations of

experts with task AX respectively. Then the experts’ weights
can be defined as follows:

i=1,2,....n (19)

The experts combined weight can be calculated as follows:
kj:ﬂkj+(l—n)k;’ j=12,...,n (20)

where 7 is the weight balance factor, Without loss of gener-
ality n = 0.5 is adopted in this paper.

In order to reduce the conflict between experts’ evaluations
and make the group evaluation consistent, we dynamically
adjust the experts’ weights and CPCs weights.

Step 1: We replace the initial w; and Aj in Eq. (16)
and Eq. (17) with new w; and A; to obtain new r}‘ and r¥

respectively, which are defined as (r;‘)/ and (rk )/.

Step 2: Compare the gap between the group evaluation
results ¥ and the last evaluation (rk)/, and we define the gap
as follows:

D(r) = Xl: (d ((rk)’, rk))2 1)

Then, we need to set a threshold § for D (r). If D (r) < 4,
the gap of between 7; and r/ is small. It believe that the group
evaluation tends to be stable and consistent, then output the
CPCs weights w; and experts’ weights A; at this time.

Step 3: If D (r) > §, the difference of between 7; and r]
is large, so we need to dynamically adjust the CPCs and the
experts’ Weigl/lts.

Bring ('T/'k) and () into Eq. (16) to get new Dj, and then
bring D; into Eq. (15) to get new experts’ subjective weights
kjf’ , and use Eq. (19) to calculate the new experts’ combined
weights A;.

Then, replace )L]“f in Eq. (11) with A;, and get the CPCs
objective weights w{ by Eq. (14). Finally, the CPCs compre-
hensive weights w; are calculated by Eq. (15).

Repeat the above steps until D (r) < §, then output the
CPCs weights w; and experts’ weights ;.

Step 4: Take the adjusted experts’ weights and CPCs
weights as their definitive weights.

VOLUME 8, 2020
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FIGURE 2. Geometric representation of 2-tuple linguistic.

E. CALCULATION OF HEP
In order to better illustrate the modified CREAM, two widely
acknowledged assumptions must be presented be forehand.
(1) The control mode space is continuous [8], [24].
(2) HEP is also continuous, and it varies with the context
exponentially [25]
The above assumptions have been used in many literatures
and the results are validated to be acceptable in practice [10],

[11], [26]. CII was defined by Sun et al. [11]:
Cll = 2:reduced

max(Ximproved) min(Zreduced)
_ Eimproved 2:improved
-7 9
The functional relation between the CII variable and HEP
can be constructed as follows [11]:
HEP = HEPj x exp(u x CII). (23)

2:improved

(22)

Obviously, the maximum and minimum values of CII are

1 and —1 respectively. By substituting them into Eq. (23),
we have:

HEP min =

HEP.,x =

HEP( x exp(u)

HEPy x exp(—up). 24

From Table 1, it can be found that HEP.,;, = 0.00005
and HEP;,,x = 1. Then, the values of HEPy and p could
be calculated by Eq. (24).

HEP) = 7.07 x 1073, = —4.9517. (25)

The model key issue for calculating HEP is to obtain CIIL.
Similarly with the CII proposed by Sun e al., we also use
integrated positive reliability performance (improved) minus
the integrated negative reliability performance (reduced) as
the CII. However, since this article uses 2-tuple linguistic to
evaluate CPC. Only when the 2-tuple linguistic evaluation is
converted into a degree of belief can the CII be calculated
using the ER algorithm. Take Figure 2 as an example.

The 2-tuple linguistic coordinate of point A in Figure 2 is
(s3, —0.4), then the degree of belief of “reduced” at point
Ais / g, and the degree of belief of “improved” is [, / g,
where I, = A7 l(s3, —0.4),l, = g — l,. If I, = I, then
the state of CPC is neutral effect, i.e., neither “improved”
nor “reduced”. Let 1, B2 and B3 be the degree of belief of
“reduced”’, “‘not significant™ and ‘““improved”, respectively.
Then B4, B> and B3 are shown as follows:

1 whenl, =1,
0 whenly # L, B3=1a/s.
The HEP can be calculated by Eq. (24)

Bi=1Ub/s B= (26)

HEP = 7.07 x 1073 x exp[—4.9517 x CII]
= 7.07 x 1073 x exp[—4.9517 x (B3 — B1)].(27)
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The neutral effects are not considered in Eq. (24), because
the neutral effects are not significant for calculation of
the HEP which has been validated by many literatures
(51, 91, [11].

The steps of the modified CREAM approach are given as
follows:

Stepl: Obtain experts’ evaluation matrix R = (rl.’;)mxn
with CPCs and their importance assessment matrix 7' =
(tij)mxn-

Step2: Check whether the CPCs evaluation matrix R¥ =
(ri]j‘-)mx,, needs to be adjusted. If R¥ = (V,f-)mxn needs to be
adjusted, adjust R* = (ri’;)mxn to Rk = (f'i’]‘.),,,x,1 according to
Table 4.

Step3: Calculate the CPCs subjective weights based on
importance matrix T = (#;j)mxn, and calculate the CPCs
objective weights and the experts’ objective weights based
on matrix R¥ = (ri];)mxn or R = (f’i];)mx,,. Then
get the definitive CPCs weights w;(i = 1,2,...,m)
and experts’ weights ;G = 1,2,...,n) after dynamic
adjustment.

Step4: The matrix R = (ri];)mxn or ﬁk = (?{;)mxn is
transformed into the degree of belief of CPC corresponding
effects, and then the degree of belief of nine CPCs effects
are synthesized with ER algorithm to get the degree of belief
of each expert about integral CPC effects. Then the degree of
belief of each expert about integral CPC effects are combined
with ER algorithm to obtain the degree of belief of all experts
about integral CPC effects (81, 82 and S3).

Step5: Finally, the HEP is obtained by Eq. (27).

The flowchart in Figure 3 shows the modified CREAM
approach for process.

IV. CASE STUDY

A. TASK SELECTION AND ANALYSIS

High speed railway dispatching system is a safety-critical
systems. Therefore, the human reliability requirements of the
dispatcher is relatively high.

To calculate the HEP of the dispatcher, we choose two
common tasks, which are ‘“Temporary speed restriction of
train control system” as task 1 and ‘“‘Centralized traffic con-
trol (CTC) system control mode conversion” as task 2. Two
tasks disposal workflow can be provided in Table 5 and
Table 6.

B. CALCULATION OF HEP

Task1: A railway line of a railway group company suffered
a strong wind at 15:32 on 12 July 2019. For the safety of
the trains, speed restriction is required. Therefore, the dis-
patchers needs to perform temporary speed restriction of
train control system. The range of the speed restriction range
is the downward line 1286km+868m to 1293km +300m.
At this time, the ambient temperature was 26.5°C with
52% humidity in the dispatch hall. The train dispatcher,
train assistant dispatcher, and deputy director on duty are
all employees with many years of work experience. The
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B L CPCs importance matrix
Experts’  subjective

cc Analysis and evaluation of the
weights 4]

high-speed train dispatchers CPCs

=)

in 2-tuple form

TABLE 5. Disposal workflow of “Temporary speed restriction of train
control system”.

b

Deviation method

CPCs evaluation matrix
calculates experts” R =(),.,
in 2-tuple form

CPCs subjective weights
W by experts subjective
cvaluation

objective wcighlsi;'
A

Whether CPCs
evaluations are
adjusted? (according to the rules
in Table 3)

l Adjusted CPCs evaluation matrix l Original CPCs evaluation matrix

A

Entropy weight method
to obtain CPCs

objective weightsw

Experts’ comprehensive
weights 4,

CPCs comprehensive

weighs W;

— — Evaluation matrix in 2-

EXpensh final | CPCS‘“""“! tuple form transformed

comprehensive compre to degree of belief with
weights 4 weighs w; different effects

A 4
Synthesizing the degree of
belief CPCs by ER
algorithm

A
Synthesizing the comprehensive degree Expressing CII with the
of belief CPC of all experts by ER »| comprehensive degree of belief
algorithm CPC

l

’ HEP=7.07x10"xexp[—4.9517 CII] ‘

FIGURE 3. The flowchart of the modified CREAM approach.

team members have a good cooperative relationship and
they communicate smoothly with other types of workers.
The human-machine interface interaction of the CTC dis-
patch terminal is good, and the communication equipment is
fault-free.

Task2: At 11 am on November 16,2019, due to equipment
failure, the CTC control mode needs to be changed from
DCCM to ASCM. After rush repair by the staff, the CTC
equipment was repaired and the CTC control mode was
restored from ASCM to DCCM. The dispatchers of the two
tasks are the same. At this time, the ambient temperature was
26°C with 50% humidity in the dispatch hall. The dispatching
hall is shown in Figure 4.

Four experts By, By, Bz and B4 with different experience
and knowledge (According to their knowledge and experi-
ence, the subjective weights of four experts were 0.4, 0.3,
0.2 and 0.1) were invited to analyze the operation video
and log of the high-speed train dispatchers for two tasks,
Table 7 to Table 9 shows the evaluations of each CPC given by
the four experts. The CPCs evaluation with 2-tuple linguistic
is defined as

S ={so : very poor, s1 : poor, s> : slightly poor, s3 : medium,
s4 : slightly good, s5 : good, s¢ : very good}.
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No. Disposal workflow of task 1.

1 Confirm speed restriction mileage and speed restriction value.

Handling of related trains.

Trains that have entered the speed restriction section will

immediately notify the driver of speed limit operation.

Trains that have left the departure signal but have not started

2 (toward the speed limit section) will immediately inform the

? driver to stop in the station.
Set the departure route of the first train that is about to enter
the speed limit zone to be triggered manually (“The
3 departure route of XX stops of XX trains at XX stations is
manually triggered).
Issue speed restriction command.
Enter the command at the dispatch command terminal: "XX
1 line XX Km XX m to XX Km XX m speed limit XX
kilometers, set train control speed limit".
3 2 Enter speed restriction parameters.
3 Arrange train assistant dispatcher to write command.
4 Check the contents of dispatch command and release it
Confirm whether the speed restriction command is
: implemented one by one.
Let relevant trains pass.
Notify the parking train in the station to continue to run and
1 then resume the departure route one by one for automatic
! triggering.
Set the departure route of subsequent trains requiring speed
limit one by one as manual triggering.
Cancel train control speed restriction.
Enter the command at the dispatch command terminal: "XX
5 1 line XX Km XX m to XX Km XX m speed limit XX

kilometers, cancel train control speed limit".

2 Input the speed limit parameter and issue the command.

And CPCs importance evaluation with 2-tuple linguistic is
defined as
H = {ho : unimportant, A : slightly unimportant,
hy : medium, hj3 : slightly important, &4 : important}.
The concrete calculation steps are listed as follows:
Step1: For the CPC that needs to be adjusted, it can be

known from the adjustment rules in Table 4 that the evaluation
matrix R' = (ri}.)9><4 needs to be adjusted. The adjusted

. .oal ~ .
evaluation matrix R = (rijl. )ox4 shown in Table 10.
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TABLE 6. Disposal workflow of “CTC control mode conversion”.

No. Disposal workflow of task 2.

CTC equipment failure and needs to temporarily switch

dispatching control mode.

Switching the CTC control mode. Dispatching Center Control
Mode (DCCM) changed to Abnormal Station Control Mode
(ASCM).

Notify the deputy director on duty and the staff on duty at

the station.

Registered in the “CTC control mode conversion register”

2 and signed and confirmed by the duty officer.

3 Notify the station to change to ASCM.

Confirm whether the conversion is successful by controlling

the mode indicator light.

After the control mode conversion is successful, confirm
5 that the CTC terminal can display normally and the route is

correct.

CTC equipment failure repaired, control mode switched back

again. ASCM changed to DCCM.

Registered in the “CTC control mode conversion register”

and signed and confirmed by the duty officer again.

2 Notify the station to switch back to the DCCM.

After confirming that the dispatch terminal received the
conversion request, it then dictated the order: “Agree XX

station to be converted to central control.”

4 Execute a command that allows conversion.

Confirm whether the conversion is successful by controlling

the mode indicator light.

Adjust the train operation plan in time, and monitor the

follow-up status of the route sequence.

Step2: Calculate the definitive combined weights of
experts and CPCs.
Adopt the data in Table 9 to obtain the CPCs subjective
weights with Eq. (11).
w{ = 0.073, w§ = 0.092, w§ = 0.115, wg = 0.085,
ws = 0.140, wg = 0.132, w§ = 0.100, wg = 0.148,
wg = 0.115.
Compute the CPCs objective weights by Eq. (9) and Eq.
(10).
wi = 0.080, wy = 0.110, wj = 0.140, wj = 0.056,
wy = 0.074, wg = 0.141, wj = 0.091, wg = 0.184,
wy = 0.124.
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FIGURE 4. The dispatching hall.

TABLE 7. CPCs Evaluation matrix R! = (r,.} )oxs for task “Temporary speed
restriction of train control system”.

CPC B, B, B, B,
C (5,-04)  (5.0)  (5.02)  (5,.,-03)
C, (5000 (5.03)  (5,03) (5,0

C, (5,02 (5,,04) (5,00 (s,0.0)
C, (502 (5,0)  (5.0.1) (5,03
C, (5,03 (5,02 (5,0 (s,,0)

C, (s,,0) (5,00 (5,-02)  (s,,0.3)
C, (5,02 (5,-03)  (s,0)  (5,,-0.1)
Co (5,04)  (s,,0) (5,0)  (5,-02)
C, (5,0)  (5.-03)  (s,.0) (5,,0)

TABLE 8. CPCs Evaluation of matrix R2 = (r’.?)gﬂ for task “CTC control
mode conversion”.

CPC B, B, B, B,
C, (5,-04)  (s,.0) (55,0.3) (5,,0.1)
G, (5,00 (55,0)  (s55,-02) (55,0)
G (5502 (5.04)  (5,0) (55,0)
¢, (5,04  (s,,0) (5,,0.1) (5,,-02)
C, (5,02 (s,.0) (5,,-0.5) (5,,0)
C, (5.0)  (5,02)  (5,-03) (55,0.1)
G, (5,,04) (5,0 (55,0) (5,,—0.3)
Co (5,04)  (s,,0) (5,,0) (5,,-02)
¢, (55,0)  (5,=03) (5,0) (55,0)

Determine the CPCs combined weights by Eq. (15).

wi = 0.076, wp = 0.101, w3 = 0.128, wy = 0.071,
ws = 0.107, we = 0.136, w7 = 0.096, wg = 0.166,
wg = 0.119.
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TABLE 9. CPCs importance evaluation matrix T = (tjj)gx4-

CPC B, B, B, B,
¢ (h,-02) (h,,0) (h,,0.1) (h,,0)
G (h,,0) (y,0) (h,,0.3) (h,0)
C,  (h,—0.D) (,0) (h,03)  (h,,—0.4)
C, (h,,0.2) (h,,0.3) (h,,0) (h,0)
C;  (h,—03)  (h,-0.5) (h,,0) (h,,0)
G (h,,0) (h,,0.3) (h,,0.1) (h,0)
¢ (h,—02) (y,0) (h,,0) (h,,0.4)
G, (h,,0) (h,,0) (h,,—0.2) (h,,0)
G (;,0) (7,0.2) (4,0) (,0)

TABLE 10. CPCs adjusted evaluation matrix &' = (Fi})gx 4 for task 1.

CPC B, B, B, B,
C (5,704 (5,0)  (5,02)  (5,-03)
C, (5,0)  (55,03)  (5,03) (5,0

G, (5,-02)  (5,,04)  (5,0)  (s5,0.1)
C, (5,02 (5,00 (5,0.)  (5,,-03)
C, (5,03 (5,02)  (5,0.1)  (5,,-03)
C, (5,02 (5,00 (5,-02)  (s,,0.3)
G, (5,02 (5,-03)  (5,0)  (55,-0.1)
C, (5,04)  (s,,0) (5.,0)  (5,-02)
C, (55,00 (5,-03)  (s,.0) (5,,0)

The experts’ subjective weights were known, which are
0.4, 0.3, 0.2 and 0.1 respectively, and get the experts’ objec-
tive weights by Eq. (19) as 0.2745, 0.3197, 0.1464 and
0.2594. Then determine the experts’ combined weights by
Eq. (20) as follows:

A1 =0.337, 1 =0.310, A3 = 0.173, A4 = 0.180.

TABLE 11. The degree of belief of corresponding effects for task 1.

The gap between the group evaluation result 7% and the last
evaluation (rk)/ is D (r). We define the threshold of D () as
6 = 0.0001 in this paper. So we need to dynamically adjust
the experts’ weights and CPCs weights.

After six adjustments D (r) = 0.000072 < §,stop adjust-
ing, and the definitive CPCs weights and experts’ weights are
as follows:

w1 = 0.065, wr = 0.089, w3 = 0.075, wg = 0.069,
ws = 0.058, wg = 0.203, w7 = 0.161, wg = 0.132,
wg = 0.148.11 = 0.274, Ao, = 0.321, A3 = 0.153,
Ag = 0.252.
Step3: The CPCs evaluation matrix transformed into the
degree of belief of correfqonding effects.
The adjusted matrix R = (?i})gx4 of task 1 and matrix

R? = (r§)9X4 of task 2 transformed into the degree of belief
of corresponding effects are shown in Table 11 and Table 12.

Step4: Determining HEP by CII.

Each experts’ degree of belief of nine CPCs effects are
combined by ER algorithm. Table 13 shows degree of belief
of 4 experts’ CPC effects for two tasks.

Combine the data of 4 experts in Table 13 by ER algorithm
again, and the results are shown in Table 14.

According to Table 14, we can calculate CII; and CII, as
follows:

CII; = 0.8384 — 0.1497 = 0.6887.

CII, = 0.8885 — 0.1115 = 0.7770.

Then HEP is calculated by Eq. (23)
HEP; = 7.07 x 1072 x exp[—4.9517 x 0.6887]

=23355x 107
7.07 x 1073 x exp[—4.9517 x 0.7770]
=1.5083 x 107*

HEP,

So the HEP for Temporary speed restriction of train control
system and CTC system control mode conversion is 2.3355 x
10~* and 1.5083 x 10~* respectively.

B, B, B, B,
CPC
B B B B B, Bs B B B B B B

C, 02333 0 07667 00000 0 10000 0.333 0 08667 00500 0  0.9500
C, 00000 0 10000 0.167 0 0883 0.1167 0 08833 01667 0  0.8333
C, 02000 0 08000 02667 0 07333 00000 0 10000 01500 0  0.8500
C, 04667 0 05333 00000 1000 00000 04833 0 05167 0383 0 06167
C; 02833 0 07167 03000 0 07000 04833 0 05167 0383 0  0.6167
C, 04667 0 05333 03333 0 06667 03667 0 06333 0283 0 07167
C, 03000 0 07000 02167 0 07833 0.1667 0 08333 0183 0 08167
C, 02667 0 07333 03333 0 06667 03333 0 06667 03667 0  0.6333
C, 01667 0 08333 00500 0 09500 0.0000 0 10000 0.0000 0  1.0000
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TABLE 12. The degree of belief of corresponding effects for task 2.

B, B, B, B,
CPC
b B Bs iz B B BB b Yo Bs i
¢, 02333 0 0.7667 0.0000 0  1.0000 0.1167 0 0.8833 0.0167 0 0.9833
G, 0.1500 0 0.8500 0.1667 0  0.8333 02000 O 0.8000 0.1667 0 0.8333
C;  0.2000 0 0.8000 0.1000 0  0.9000 0.0000 0 1.0000 0.1667 0 0.8333
C, 04333 0 0.5667 03333 0 0.6667 03167 0 0.6833 03667 0 0.6333
G, 0.1333 0 0.8667 0.1667 0 0.8333 04167 0 0.5833 0.3333 0 0.6667
C,  0.1667 0 0.8333 0.1333 0 0.8667 02167 0 0.7833 0.1500 0 0.8500
G, 02667 0 0.7333 0.1667 0 0.8333 0.1667 0 0.8333 02167 0 0.7833
G 0.2667 0 0.7333 03333 0 0.6667 03333 0 0.6667 0.3667 0 0.6333
Cy  0.1667 0 0.8333 0.0500 0  0.9500 0.0000 0 1.0000 0.0000 0 1.0000
TABLE 13. Degree of belief of 4 experts’ CPC effects for two tasks.
Task B, B, B, B,
type B B B b B £ BB B B Bs b
Task 1 0.2406 0 0.7594 0.1678 0.0478 0.7844 0.1802 0  0.8198 0.1679 0 0.8321
Task2 0.1718 0 0.8282  0.1182 0 0.8818 0.1416 0  0.8584 0.1415 0 0.8585

TABLE 14. The definitive degree of belief for two tasks.

Task Degree of belief

type B B Bs
Task 1 0.1497 0.0119 0.8384
Task2 0.1115 0 0.8885

C. COMPARED WITH THE QUANTIFICATION RESULTS OF
THE OTHER CREAM METHODS

In order to verify the model calculation results validation, the
results of this model are compared with those of literature [5]
and literature [9].

Since neither of the two literatures uses MAGDM
method, it is necessary to combine the data of four experts
in Table 11 and table 12 respectively, which is different from
step 4 in part B of this section. Each CPC Effects on human
reliability are shown in Table 15.

For comparison purposes, given the same CPCs weights as
this model, the data in Table 16 are used to calculate the HEP
by the model in literature [S] and literature [9] respectively.
The calculation results are shown in Table 16.

Obviously, due to different calculation methods, the differ-
ence of the results by three approaches seems to be inevitable,
the model in this paper is a bit conservative. Since the
literature [9] is also calculated based on the ER algorithm,
compared with the literature [5], the results are closer to the
results calculated in this paper. However, a conservative HEP
is not unacceptable for reliability assessment of safety-critical
systems.

It shows the validation of the model in this paper.
However, literature [5] and literature [9] need to establish
the membership function and a large number of fuzzy rules
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TABLE 15. The degree of belief of nine CPCs for two tasks.

Task 1 Task2
CPC
Effects on human reliability
c 5.72% Negative 6.55% Negative
] 94.28% Positive 93.45% Positive
c 12.71% Negative 6.77% Negative
: 87.29% Positive 93.23% Positive
c 9.50% Negative 14.07% Negative
’ 90.50% Positive §5.93% Positive
29.25% Negative
33.77% Negative
C, 31.45% Neutral
66.23% Positive
39.30% Positive
c 19.10% Negative 30.92% Negative
’ 80.90% Positive 69.08% Positive
c 11.94% Negative 33.23% Negative
° 88.06% Positive 66.77% Positive
c 16.64% Negative 18.17% Negative
’ 83.36% Positive 81.83% Positive
c 28.75% Negative 28.75% Negative
’ 71.25% Positive 71.25% Positive
c 4.02% Negative 4.02% Negative
9

95.98% Positive 95.98% Positive

(The number of rules in literature [5] and literature [9] are
23328 and 46656 respectively). The establishment of mem-
bership function requires a lot of reliable data. And the
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TABLE 16. HEP for two tasks by different approaches.

Comparative HEP
literature Task 1 Task2
literature[5] 2.0286x10™ 1.3293x10™*
literature[9] 2.3045x10™ 1.5007x10™
This paper 2.3355x10™ 1.5083x10™*

methods for calculating CPCs weights in both literatures are
too subjective. These weakens the applicability of these two
approaches.

D. MODEL RATIONALITY VERIFICATION

1) THE MODEL RATIONALITY ANALYSIS

In this section, to verify the model rationality, we introduce
the following two axioms [5].

TABLE 17. HEP with increasing C; evaluation.

Axiom I: A slight positive/negative change in the status of
the CPCs would definitely result in the decrement/increment
HEDP, but it should not cause the mutation of HEP.

Axiom 2: Given the same observations of the CPCs,
the input variable with higher degrees of importance would
certainly give rise to a significant influence on the magnitude
of HEP.

Take the evaluation of task 1 by expert 1 as an example,
firstly, keep the evaluation of C; to C9 unchanged, and the
evaluation of C increases from (sg, 0) to (s¢, 0) at a step of
0.1, then keep the evaluation of C; to Cg unchanged, and the
evaluation of Cyg also increases from (sq, 0) to (s, 0) at a step
of 0.1.

It can be seen from Table 17 and Table 18 that a slight
positive/negative change in the status of the CPCs would defi-
nitely result in the decrement/increment HEP. From Figure 5,

C, (50,0) (50,0.1) (50,0.2) (50,0.3)  (5,,0.4) (s,,—0.5) (s,,—0.4) (s,,—0.3) (5,,—0.2) (s,,—0.1) —
HEP (x10™) | 4.4215  4.3736 4.3262 42794 42372 4.1913 4.1459 4.1009 4.0605 4.0165 —
C, (s,,0) (s,,0.1) (5,,0.2) (s5,,0.3) (5,,0.4) (5,,=0.5)  (5,,04)  (5,,-0.3) (5,,-0.2)  (s5,,-0.1) —
HEP (x107*) | 3.9730  3.9339 3.8912 3.8491 3.8112 3.7699 3.729 3.6923 3.6523 3.6163 —
c (5,,0)  (5,0.D)  (5,02)  (5,03) (5,04  (5,-0.5)  (s,,-04)  (5,,-03)  (s5,,-0.2)  (s;,—=0.1) _
HEP (x10™*) | 3.5771  3.5418 3.5035 3.4689 3.4314 3.3975 3.3641 3.3276 3.2916 3.2591 —
e} (5,0)  (5,0.) (5,02  (5,03)  (s5,04)  (5,,-0.5)  (s,,-04)  (5,,-03)  (s5,,-02)  (s,,—0.1) _
HEP (x107*) | 3.2414  3.1920 3.1606 3.1263 3.0955 3.065 3.0348 3.0019 2.9724 2.9431 —
e} (5,0)  (5,,0.D)  (5,,02)  (5,,03) (5,04  (5,-0.5)  (s;,—0.4)  (5:,—03)  (5,,-0.2)  (s5,—0.1) _
HEP (x107*) | 2.9112  2.8825 2.8541 2.826 2.7981 2.7678 2.7405 2.7135 2.6868 2.6603 —
C, (s5,0) (s5,0.1) (55,02)  (55,03)  (55,04)  (5,-0.5)  (5,,—0.4)  (5,,—0.3)  (5,,—0.2)  (s5,,-0.1) (54,0)
HEP (x107") | 2.6341  2.6081 2.5799 2.5544 2.5293 2.5043 2.4797 2.4552 2.4310 2.4071 2.3834
TABLE 18. HEP with increasing Cq evaluation.
C, (50,0) (50,0.1) (55,0.2) (50,0.3)  (5,,04)  (s5,—0.5) (s,,—0.4) (5,—0.3) (5,—0.2) (s,,—0.1) —
HEP (x10™*) | 10.1893  9.9107 9.6301 9.3667 9.1015 8.8526 8.6105 8.3750 8.1460 7.9232 —
c, (5,,0) (5,0.1)  (5,02)  (5,03)  (5.04) (5,-05)  (5,,-0.4)  (5,,-03)  (5,,-02)  (s,,—0.1) _
HEP (x10™") | 7.7141 7.5032 7.2980 7.1054 6.9179 6.7287 6.5512 6.3784 6.2101 6.0462 —
C, (5,,0) (5,,0.1)  (5,02)  (5,03)  (5,04)  (5.-0.5)  (s,,-04)  (5,,—03)  (5,.-0.2)  (s;,—0.1) _
HEP (x10™*) | 5.8867 5.7314 5.5801 5.4383 5.2948 5.1551 5.0241 4.8963 4.7672 4.6483 —
C, (s5,0) (s5,0.1) (s,,0.2) (s5,0.3) (s,,0.4) (s,,—0.5) (s,,—0.4) (s,,—0.3) (s,,—0.2) (s,,—0.1) J—
HEP (x10™*) | 4.6460  4.4128 4.3006 4.1913 4.0847 3.9848 3.8835 3.7848 3.6923 3.5984 —
C, (s4,0) (s4,0.1) (5,,0.2) (5,,03)  (s5,,0.4) (s5,=0.5)  (55,=0.4)  (s5,-0.3) (s5,—0.2)  (s5,—0.1) —
HEP (x10™*) | 3.5104  3.4246 3.3375 3.2559 3.1763 3.0986 3.0228 2.9489 2.8796 2.8092 —
C, (s5,0) (s5,0.1) (55,02)  (55,03)  (55,04) (5,05  (55,—0.4)  (5,,-0.3)  (5,,—02) = (5,,-0.1) (54,0)
HEP (x10™) | 2.7405 2.6762 2.6107 2.5494 2.4870 2.4286 23716 2.3159 2.3022 2.2084 2.1565
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we can see that the change of the HEP trend line is smooth
without any mutation. Therefore, it is reasonable to judge that
the logicality of the proposed modified CREAM is validated.
It can also be seen that Cg has a significant influence on
HEP than Cj(the weight of Cy is higher than that of Cy),
this is consistent with the principle of Axiom 2.. Therefore,
the rationality and logicality of the model are verified.

2) THE MODEL SENSITIVITY ANALYSIS

It can be seen from part C and D of section III that the
gap between group evaluation results D (r) has an important
impact on the weight of CPC and experts.

To test the influence of threshold é for D () setting on HEP,
a sensitivity analysis is conducted by changing the threshold &
values. The sensitivity analysis results according to different
threshold § is shown as Fig. 6. (Take task 1 as an example).
Since the initial D (r) is 0.002614, the abscissa § starts at
0.0025.

As it can be seen from Figure.6, the HEP indeed influenced
by changing the different 6 values, but when § < 0.0001,
the impact on HEP becomes less significant. This is because
when experts do not reach a certain consensus, it has a great
impact on the attributes (i.e. CPCs) and experts’ weights,
which in turn affects the calculation of HEP. Therefore, when
calculating HEP, the impact of weight must be considered.
The method of dynamically adjusting weights proposed in
this paper takes into account the role of experts’ opinions and
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CPCs information in determining the weights, making full
use of the advantages of MAGDM, making HEP evaluation
closer to the reality.

V. CONCLUSION

This paper proposed a modified CREAM for human reliabil-
ity in high-speed railway dispatching tasks. Due to Lack of
reliable historical data, most CREAM studies dependent on
the domain knowledge and experiences of the HRA analyzers
and experts. Consequently, the HEP calculation result is a bit
subjective inevitably. Different from other previous CREAM
based HEP quantification studies, the new method has some
unique and significant characteristics as follows:

(1) 2-tuple linguistic term sets can well characterize the
fuzziness and uncertainty of CPCs information, then 2-tuple
linguistic is transformed into degree of belief in a simple way.
The degree of belief approach, instead of a deterministic one-
or-zero way in specification of CPCs, can be used to well
model the uncertainty and be more practical when adopting
experts’ judgments.

(2) Considering both subjective and objective weights of
CPCs and experts by the dynamic adjustment method, which
provides a prerequisite for the application of the ER algo-
rithm.

(3) The ER algorithm with the degree of belief can deal
with the uncertainties caused by insufficient information and
data in the evaluation of CPCs

(4) Since the application of the MAGDM method, the eval-
uation of the expert group is crucial to the result of analy-
sis. The multiple experts avoid bias that may be presented
considering the subjective judgments of a single expert.
Accordingly, the MAGDM CREAM model is able to produce
reliable HEP results

Based on the existing research, the proposed model
overcomes the shortcomings caused by the lack of data.
Therefore, the model can not only use the HRA field of high-
speed railways, but also applicable to other fields. Further-
more, the extended method of CREAM is more valuable but
complex than the basic method. In the future, we will try to
do some modifications on the extended method.
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