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Preface

The dependability (defined in IEC 60050-192:2015) of engineering systems is
strongly affected by stochastic dependencies (s-dependencies) between their com-
ponents. Whenever a system crash occurs, it is always considered as a ‘“concat-
enation of tragic circumstances”, but detailed analyses have mostly uncovered that
system failures are caused by inadequate system design and s-dependencies
between components, often triggered by common cause failures (CCF) or, in the
worst case, by systematic failures. Also, the increasing interactions between com-
ponents of complex structured systems as well as preventive and corrective
maintenance (repair) strategies can cause s-dependencies and strongly affect system
dependability. The recent severe crashes of two airplanes of the type Boing 737
Max in 2018 and the failure of the Galileo satellite navigation system in 2019
underline the increasing importance of designing redundant structures including
human interaction for systems with high dependability requirements. Therefore, a
challenge is the accurate modeling and calculation of the dependability of system
structures in order to identify weaknesses in the system design and to assess the
impact of s-dependency on system dependability. A particular interest in this book
focuses on the impact of s-dependency on system-relevant redundant structures.

Dependability analysis method. The Markov minimal cut (MMC) approach
combined with the probable Markov path (pMp) approach is a powerful method for
the evaluation of the dependability of large and complex engineering systems
including s-dependent components. A MMC is a minimal cut (MC) which is
modeled as a Markov process. The main task in the development process of MMC
is to create Markov process models (Markov models), which are compatible to the
MC. The mathematical basics and the procedure to create these models are
described in (Kochs 2017).

What is new? The newly introduced systematics in the following chapters gives
an in-depth understanding of precise and approximate MMC modeling and cal-
culation techniques of engineering systems, which has not been addressed in pre-
vious works. The in-depth analysis demonstrates that it is only possible to precisely
model and calculate the dependability of systems including s-dependent compo-
nents with the knowledge of their (total) universe spaces, represented here by
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Markov spaces. They provide the basis for developing and verifying approximated
MMC models for engineering systems. Missing universe spaces can be a severe
problem for dependability analyses (apart from the lack of data and data uncer-
tainty). However, with the assumption of using realistic parameter values,
approximated MMC models of systems can be developed without consideration
of the total Markov spaces. Many examples of redundant structures show clearly
the universal application of MMC modeling and calculation techniques with
emphasis on model accuracy.

Objective of this book. The book persues the following aims with focus on
reliability, availability, and safety: (1) Determination of the minimal cuts (MC) of
systems; (2) New: Precise modeling of the Markov minimal cuts (MMC), based on
the equivalence between logical networks and Markov space models including
s-dependencies; (3) Development of approximated MMC models and analytical
calculation of their indices using the probable Markov path (pMp) approach;
(4) Integration of MMC models into the framework of Fig. 1.2 and calculation
of the system indices; (5) Application of the MMC approach to several examples,
which represent basic redundant structures of engineering systems; (6) Estimation
of the impact of s-dependencies on systems using the stochastic dependency impact
(sDI) factor; (7) New: Comparison between exact and approximate results. Points 1
to 4 represent the main steps of the MMC approach. Special emphasis is placed on
Points 1 and 7 in combination with Points 2, 3, and 4, which is new. With the
mathematical steps, described and applied to several examples throughout this text,
interested system developers and users can perform dependability analyses them-
selves. All examples are structured in precisely the same way.

Prerequisite. Mathematical interest, basic knowledge of dependability and
Boolean algebra, probability theory, and theory of stochastic processes.

Expression of thanks. 1 particularly would like to thank Prof. Dr. K. Echtle from
the university of Duisburg-Essen and the community of the Fault Tolerant
Discussion Panel (Diskussionskreis Fehlertoleranz, FG-FERS) as well as
Dr. J. Petersen for their substantial contributions and discussions. Furthermore, 1
would like to cordially thank Dr. J. Nachtkamp for his profound comments and
remarks. He is one of the former initiators of the probable Markov path approach
and its integration into the minimal cut approach for power systems and substations
at the Institute of Power Systems and Power Economics (IAEW) at the RWTH
Aachen. T am very grateful to Ms. S. Heidtmann for many remarks and proof-
reading of the manuscript.

Finally, but by no means least, I would like to particularly highlight and cor-
dially thank my wife Anne for her support during the creation of this book.

Special thanks are also due to the Springer staff, especially Dr. J.-P. Schmidt,
Prof. Dr. J. Kacprzyk, and Ms. P. Jantzen as well as the Springer production team
for their editorial support.

Duisburg, Germany Hans-Dieter Kochs
Nov 2019
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Symbols and Abbreviations

No distinction is made between singular and plural notation of the abbreviations.
For example, DBD, CCF, MC, MMC, and pMp indicate the singular as well as the

plural form.

aj k

AND

CCF, CCF;
Cik

D, D;, D
DBD

A
DFG

Fr(Z)
MC
MmC
MMC
MMC
MTTSF

n,nymc,nz
Q7 Qi7QS

OR

pMp
Pr(Z), PV(Z,'nd), Pr(Zdep)

Constant transition rate from Z; — Z;

Logical AND (conjunction, A)

Common cause failure, impact of component i on k
Probability of CCFx, 0<c;, <1

Down state due to failure, of component i, of system S
Dependability block diagram = logical diagram or
logical network which represents the up state mode
(similar to a reliability block diagram RBD, but used in
a more general context concerning the integration

of the MMC models)

Deviation, model inaccuracy (quantified in the tables)
German Research Foundation (Deutsche
Forschungsgemeinschaft)

Frequency of state Z (steady state)

Minimal cut

= —-MC (up state mode in relation to MC)

Markov minimal cut

= -MMC (up state mode in relation to MMC)

Mean operating time to system failure

Number, number of MMC, number of Z

Universe space, of component i, of system

S, Pr(Q._) =1 (Q. represented by Markov spaces)
Logical OR (disjunction, V)

Probable Markov path

Probability of state Z (steady state), of s-independent Z,
of s-dependent Z
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RBD
roon

sDI(...)
sDI(. . .)-factor
SFB

Ti(Z)

U, U, Us
Xc

X, Z

Symbols and Abbreviations

Reliability block diagram (replaced by DBD)
r-out-of-n, 1 <r<nmn, n>1

Index for system

s-Dependency impact of MMC and Dy

= Pr( . .dep)/Pr(. . ~ind)

German Collaborative Research Centre of the DFG
(Sonderforschungsbereich 291 der DFG)

Mean time (duration) of state Z (steady state)

Up state (operating state), of component i, of system S
Limit value for ¢, depending on the acceptable A
Markov states

Constant failure rate, constant restoration (= repair)
rate, A<p



List of Figures

Fig. 1.1 DBD of Example 1 ...... ... .. .. .. ... . ... .. ...
Fig. 1.2 Framework for dependability evaluation of engineering

systems (Kochs 2017) .. ... .. ... ... . ... . . . ...
Fig. 1.3 Markov space model of the DBD of Example 1

with emphasis on MMC = MC . ........................
Fig. 1.4 MMC, model for MC; (notations are valid

for all following figures) . ............. ... ... ... .......
Fig. 1.5 MMCy ..
Fig. 1.6 MMCs ..
Fig. 1.7 MMCy ..o
Fig. 1.8 Simplified MMC models developed as cutouts

from the Markov models in Figs. 1.4, 1.5, 1.6, and 1.7. ... ...
Fig. 1.9 Equivalent DBD of Fig. 1.1 based on MC = MMC. .........
Fig. .10 Component 1 of MMC affects component 3 of MMC,

and MMCs caused by €13 .. oo
Fig. 2.1 DBD of Example 2.1 .. ... ... ... .. ... . ..
Fig. 2.2 Markov space model of the DBD in Fig. 2.1 with emphasis

onMMC =MC........ . ... . ..
Fig. 2.3 MMC, (for notations see Fig. 1.4)........... ... ... ... ...
Fig. 2.4 MMCy .o
Fig. 2.5 MMCs ..
Fig. 2.6 MMCy ..o
Fig. 2.7 Simplified MMC models developed as cutouts

from the Markov models in Figs. 2.3, 2.4, 2.5, and 2.6. ... ...
Fig. 2.8 Equivalent DBD of Fig. 2.1 based on MC = MMC. .. .......
Fig. 2.9 Component 1 of MMC, and MMC, affects component 2

of MMC5 and MMCy caused by cip ... oot
Fig. 2.10 Modified DBD of Example 2.1 . .......... ... ... ........




Xvi

Fig.

Fig.

Fig.

Fig

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

Fig.

2.11

2.12

2.13

.2.14

3.1

32

3.3

3.4

3.5

3.6

3.7

3.8

3.9

4.1

4.2

4.3

4.4

5.1

5.2

53

6.1

6.2

List of Figures

Markov space model of the DBD in Fig. 2.10 with emphasis

on MMC = MC, submodel 1 (the blue transitions highlight

the failures) . . ... ... .. ... 48
Markov space model of the DBD in Fig. 2.10 with emphasis

on MMC = MC, submodel 2 (the blue dashed transitions

to Z; highlight the repairs). . .. ......................... 49
Simplified MMC models developed as cutouts

from the Markov models in Figs. 2.11 and 2.12 . . ... ... .. .. 52
Equivalent DBD of Fig. 2.10 based on MC = MMC. . ....... 53
DBD of Example 3.1......... ... ... ... . . 59
Markov space model of the DBD in Fig. 3.1 with emphasis

on MMC =MC . ... .. . 60

Simplified MMC models developed as cutouts
from the Markov models in Figs. 2.3 and 2.6

(= simplified models of Fig. 2.7). .. ..................... 61
Equivalent DBD of Fig. 3.1 based on MC =MMC.......... 62
Modified DBD of Example 3.1 ......................... 68
Markov space model of the DBD in Fig. 3.5 with emphasis

on MMC =MC . ... ... ... . . 69
Markov space model of the DBD in Fig. 3.5 with emphasis

on the pMp to MMC; and MMCy . . ........ ... ... ...... 70

Simplified MMC models developed as cutouts
from the Markov model in Figs. 3.6 and 3.7

(= simplified models of Fig. 2.13). . ....... ... ... ........ 71
Equivalent DBD of Fig. 3.5 based on MC = MMC . ......... 72
DBD of Example 4-7 .. ... ... ... . .. 77

Simplified MMC models developed as cutouts
from the Markov models in Appendix A.4,

Figs. A2and A5 ... ... . 78
Equivalent DBD of Fig. 4.1 (4004, series) based

on MC=MMC . ...... .. . . i 80
Component of MMC, affects component 2 of MMC,

caused by ¢, see also Tables 4.3, 4.5, and 4.7 ............ 80
Simplified MMC models developed as cutouts

from the Markov models in Appendix A.5, Figs. A.7-A.9 .... 86
Simplified MMC models developed as cutouts from the

Markov models in Appendix A.5, Figs. A.10-A.12. .. ... .. .. 87
Equivalent DBD of Fig. 4.1 (3004) based on MC = MMC . ... 89

Simplified MMC models developed as cutouts

from the Markov models in Appendix A.6,

Figs. A 14-A1S. ..o 96
Simplified MMC models developed as cutouts

from the Markov models in Appendix A.6,

Figs. ALL6-A17. ... 97



List of Figures

Fig.
Fig.

Fig.

Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

6.3
6.4

6.5

6.6
7.1

Al

A2
A3
A4
A5
A.6

AT
A8
A9
A.10
A1l
A.12
A.13

A.14
A.15
A.16
A.17
A.18

A.19
A20
A21
A22
A23

A24
A25
A26
A27
A28
A29

Equivalent DBD of Fig. 4.1 (2004) based on MC = MMC . . ..
Simplified MMC models developed as cutouts from the
Markov models in Appendix A.6, Figs. A.19-A.20..........
Simplified MMC models developed as cutouts from the
Markov models in Appendix A.6, Figs. A.21-A22..........
Equivalent DBD of Fig. 4.1 (2004) based on MC = MMC . . ..
Equivalent DBD of Fig. 4.1 (loo4, parallel) based

on MC=MMC . ... .. .. .. . . . i
Markov space model of the DBD of Example 4

with emphasis on MMC = MC . ........................
MMC, (for notations see Fig. 1.4).......................
MMCy ..o
MMCs ..
MMCy ..
Markov space model of the DBD of Example 5

with emphasis on MMC =MC . ........................
MMC, (for notations see Fig. 1.4).......................
MMCy ..
MMCs ..
MMCy ..
MMCs ...
MMCq ...
Markov space model of the DBD of Example 6.1

with emphasis on MMC = MC .. .......................
MMC, (for notations see Fig. 1.4).......................
MMCy ..
MMCs ..
MMCy ..o
Markov space model of the DBD of Example 6.2

with emphasis on MMC = MC .. .......................
MMCy ..
MMCy ..
MMCs ..o
MMCy ..o
Markov space model of the DBD of Example 7 with

emphasis on MMC = MC (for notations see Fig. 1.4)........
MMC, submodel 1 (s-independent components). ... .........
MMC, submodel 2 (CCF) . ......... ... .. ..
MMC layer of submodel 2 concerning ¢y ................
MMC layer of submodel 2 concerning ¢y 3 . ...............
MMC layer of submodel 2 concerning ¢y 4 .. ..............
MMC layer of submodel 2 concerning concatenated c. . ... ...

Xvii

100

106

107
109



List of Tables

Table 1.1

Table 1.2

Table 1.3

Table 1.4

Table 1.5

Table 1.6

Table 2.1

Table 2.2

Exact results of the DBD in Fig. 1.1 with precise MMC
models of Figs. 1.3, 1.4, 1.5, 1.6, and 1.7 and s-independent
components, numerically computed. The highlighted ‘=’
values serve as reference values for the deviations A in

Table 1.2 and as basis for the s-dependency impact sDI(...)
inTables 1.3 and 1.5. .. ... ... ... .. .. ... ... . .....
Approximate results of the DBD in Fig. 1.1 with simplified
MMC models of Fig. 1.8 and s-independent components,
calculated with the pMp approach......................
Exact results of the DBD in Fig. 1.1 with precise MMC
models of Figs. 1.3, 1.4, 1.5, 1.6, and 1.7, numerically
computed. The highlighted ‘=" values serve as reference
values for Ain Table 1.4. .. ... ... ... ... ... . ......
Approximate results of the DBD in Fig. 1.1 with simplified
MMC models of Fig. 1.8, calculated with the pMp

approach . ... . ..
Borderline case. Exact results of the DBD in Fig. 1.1

with precise MMC models of Figs. 1.3, 1.4, 1.5, 1.6,

and 1.7, numerically computed. The highlighted ‘=’

values serve as reference values for A in Table 1.6.........
Borderline case. Approximate results of the DBD

in Fig. 1.1 with simplified MMC models of Fig. 1.8,
calculated with the pMp approach. . ....................
Exact results of the DBD in Fig. 2.1 with precise MMC
models of Figs. 2.2, 2.3, 2.4, 2.5, and 2.6, numerically
computed. The highlighted ‘=" values serve as reference
values for A in Table 2.2. The highlighted ‘=" values in
Table 1.1 serve as basis for sDI(...) . ...................
Approximate results of the DBD in Fig. 2.1 with

simplified MMC models of Fig. 2.7, calculated

with the pMp approach . .. ...........................

21

22

23

XiX



XX

Table 2.3

Table 2.4

Table 2.5

Table 2.6

Table 2.7

Table 2.8

Table 2.9

Table 2.10

Table 2.11

Table 2.12

Table 2.13

Table 2.14

List of Tables

Exact results of the DBD in Fig. 2.1 with precise MMC

models of Figs. 2.2, 2.3, 2.4, 2.5, and 2.6, numerically

computed. The highlighted ‘=" values serve as reference

values for Ain Table 2.4. . .. ........ ... ... ... ........ 41
Approximate results of the DBD in Fig. 2.1. with simplified

MMC models of Fig. 2.7, calculated with the pMp

approach . ... ... 41
Exact results of the DBD in Fig. 2.1 with precise MMC

models of Figs. 2.2, 2.3, 2.4, 2.5, and 2.6, numerically

computed. The highlighted ‘=" values serve as reference

values for Ain Table 2.6. . ....... ... ... .. ... ........ 42
Approximate results of the DBD in Fig. 2.1 with simplified

MMC models of Fig. 2.7, calculated with the pMp

approach . ... ... 42
Exact results of the DBD in Fig. 2.1 with precise MMC

models of Figs. 2.2, 2.3, 2.4, 2.5, and 2.6, numerically

computed. The highlighted ‘=" values serve as reference

values forin Table 2.1 ... ... .. ... ... ... .. ... ...... 43
Approximate results of the DBD in Fig. 2.1 with simplified

MMC models of Fig. 2.7, calculated with the pMp

approach . ... .. 43
Exact results of the DBD in Fig. 2.1 with precise MMC

models of Figs. 2.2, 2.3, 2.4, 2.5, and 2.6, numerically

computed. The highlighted ‘=" values serve as reference

values for A in Table 2.10. ... ........ .. ... ... ........ 44
Approximate results of the DBD in Fig. 2.1 with simplified

MMC models of Fig. 2.7, calculated with the pMp

approach . . ... 44
Exact results of the DBD in Fig. 2.1 with precise MMC

models of Figs. 2.2, 2.3, 2.4, 2.5, and 2.6, numerically

computed. The highlighted ‘=" values serve as reference

values for Ain Table 2.12. ... ... ... ... ... .. .. ..... 45
Approximate results of the DBD in Fig. 2.1 with simplified

MMC models of Fig. 2.7, calculated with the pMp

approach . ... ... 45
Borderline case. Exact results of the DBD in Fig. 2.1

with precise MMC models of Figs. 2.2, 2.3, 2.4, 2.5,

and 2.6, numerically computed. The highlighted ‘=’

values serve as reference values for A in Table 2.14........ 46
Borderline case. Approximate results of the DBD in Fig. 2.1

with simplified MMC models of Fig. 2.7, calculated

with the pMp approach . . ............................ 46



List of Tables

Table 2.15

Table 2.16

Table 2.17

Table 2.18

Table 2.19

Table 2.20

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 3.6

Exact results of the DBD in Fig. 2.10 with precise MMC
models of Figs. 2.11 and 2.12 (¢ = 0), numerically
computed. The highlighted ‘=" values serve as reference
values for A in Table 2.16. The highlighted ‘=" values

in Table 1.1 serve as basis for sDI(...) . .................
Approximate results of the DBD in Fig. 2.10 with simplified
MMC models of Fig. 2.13 (c.. = 0), calculated

with the pMp approach . .. .......... ... ... ... ......
Exact results of the DBD in Fig. 2.10 with precise MMC
models of Figs. 2.11 and 2.12, numerically computed.

The highlighted ‘=" values serve as reference values

for AinTable 2.18 ... ... ... ... .. .. .
Approximate results of the DBD in Fig. 2.10 with simplified
MMC models of Fig. 2.13, calculated with the pMp

approach . . ...
Borderline case. Exact results of the DBD in Fig. 2.10

with precise MMC models of Figs. 2.11 and 2.12,
numerically computed. The highlighted ‘=" values

serve as reference values for A in Table 2.20 .. ...........
Borderline case. Approximate results of the DBD

in Fig. 2.10 with simplified MMC models of Fig. 2.13,
calculated with the pMp approach......................
Exact results of the DBD in Fig. 3.1 with precise MMC
models of Fig. 3.2 and s-independent components,
numerically computed. The highlighted ‘=" values

serve as reference values for A in Table 3.2 and as basis

for sDI(...) ... .. e
Approximate results of the DBD in Fig. 3.1 with simplified
MMC models of Fig. 3.3 with s-independent components,
calculated with the pMp approach......................
Exact results of the DBD in Fig. 3.1 with precise MMC
models of Fig. 3.2, numerically computed. The highlighted
‘=" values serve as reference values for A in Table 3.4......
Approximate results of the DBD in Fig. 3.1 with simplified
MMC models of Fig. 3.3, calculated with the pMp

approach . . ...
Exact results of the DBD in Fig. 3.1 with precise MMC
models of Fig. 3.2, numerically computed. The highlighted
‘=" values serve as reference values for A in Table 3.6. ... ..
Approximate results of the DBD in Fig. 3.1 with simplified
MMC models of Fig. 3.3, calculated with the pMp

approach . ... ...

XXi

55

64

65



xxii

Table 3.7

Table 3.8

Table 3.9

Table 3.10

Table 3.11

Table 3.12

Table 3.13

Table 3.14

Table 3.15

Table 3.16

Table 4.1

Table 4.2

List of Tables

Borderline case. Exact results of the DBD in Fig. 3.1

with precise MMC models of Fig. 3.2, numerically

computed. The highlighted ‘=" values serve as reference

values for Ain Table 3.8. . ........... ... .. ... ........ 66
Borderline case. Approximate results of the DBD

in Fig. 3.1 with simplified MMC models of Fig. 3.3,

calculated with the pMp approach...................... 66
Borderline case. Exact results of the DBD in Fig. 3.1

with precise MMC models of Fig. 3.2, numerically

computed. The highlighted ‘=" values serve as reference

values for A in Table 3.10. . ....... ... ... ... .. .. ..... 67
Borderline case. Approximate results of the DBD

in Fig. 3.1 with simplified MMC models of Fig. 3.3,

calculated with the pMp approach...................... 67
Exact results of the DBD in Fig. 3.5 with precise MMC

models of Fig. 3.6 (¢.. = 0), numerically computed.

The highlighted ‘=" values serve as reference values

for A in Table 3.12. The highlighted ‘=" values in Table 3.1

serve as basis for sDI(...) ....... ... .. ... ........... 73
Approximate results of the DBD in Fig. 3.5 with

simplified MMC models of Fig. 3.8 (¢.. = 0),

calculated with the pMp approach...................... 73
Exact results of the DBD in Fig. 3.5 with precise

MMC models of Fig. 3.6, numerically computed.

The highlighted ‘=" values serve as reference values

for AinTable 3.14 .. ... .. ... . . . 74
Approximate results of the DBD in Fig. 3.5 with simplified

MMC models of Fig. 3.8, calculated with the pMp

approach . ... ... 74
Borderline case. Exact results of the DBD in Fig. 3.5

with precise MMC models of Fig. 3.6, numerically

computed. The highlighted ‘=" values serve as reference

values for Ain Table 3.16. . ....... ... .. ... ... .. ..... 75
Borderline case. Approximate results of the DBD

in Fig. 3.5 with simplified MMC models of Fig. 3.8,

calculated with the pMp approach. . .................... 75
Exact results of the DBD 4004 (series) in Fig. 4.1 with

precise MMC models of Figs. A.1-A.5, numerically

computed. The highlighted ‘=" values serve as reference

values for A in Table 4.2 and as basis for sDI(...) ......... 81
Approximate results of the DBD 4004 (series) in Fig. 4.1

with s-independent components and simplified MMC

models of Fig. 4.2, calculated with the pMp approach . ... .. 81



List of Tables

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 4.7

Table 4.8

Table 5.1

Table 5.2

Table 5.3

Table 5.4

Table 5.5

Table 5.6

Table 5.7

Exact results of the DBD 4004 (series) in Fig. 4.1

with precise MMC models of Figs. A.1-A.5, numerically
computed. The highlighted ‘=" values serve as reference
values for Ain Table 4.4. .. .......... ... ... ... .......
Approximate results of the DBD 4004 (series)

in Fig. 4.1 with simplified MMC models of Fig. 4.2,
calculated with the pMp approach......................
Exact results of the DBD 4004 (series) in Fig. 4.1

with precise MMC models of Figs. A.1-A.5, numerically
computed. The highlighted ‘=" values serve as reference
values for Ain Table 4.6. .. ....... ... .. ... ... .......
Approximate results of the DBD 4004 (series)

in Fig. 4.1 with simplified MMC models of Fig. 4.2,
calculated with the pMp approach......................
Borderline case. Exact results of the DBD 4004 (series)

in Fig. 4.1 with precise MMC models of Figs. A.1-A.5,
numerically computed. The highlighted ‘=" values serve

as reference values for Ain Table 4.8. . .................
Borderline case. Approximate results of the DBD 4004
(series) in Fig. 4.1 with simplified MMC models of Fig. 4.2,
calculated with the pMp approach. . ....................
Exact results of the DBD 3004 in Fig. 4.1 with precise

MMC models of Figs. A.6—A.12, numerically computed.

The highlighted ‘=" values serve as reference values

for A in Table 5.2 and as basis for sDI(...) ..............
Approximate results of the DBD 3004 in Fig. 4.1

with s-independent components and simplified MMC

models of Figs. 5.1 and 5.2, calculated with the pMp
approach . . ...
Exact results of the DBD 3004 in Fig. 4.1 with precise

MMC models of Figs. A.6—A.12. The highlighted ‘=’

values serve as reference values for A in Table 5.4.........
Approximate results of the DBD 3004 in Fig. 4.1

with simplified MMC models of Figs. 5.1 and 5.2,

calculated with the pMp approach......................
Exact results of the DBD 3004 in Fig. 4.1 with precise

MMC models of Figs. A.6—A.12. The highlighted ‘=’

values serve as reference values for A in Table 5.6.........
Approximate results of the DBD 3004 in Fig. 4.1

with simplified MMC models of Figs. 5.1 and 5.2,

calculated with the pMp approach......................
Exact results of the DBD 3004 in Fig. 4.1 with precise

MMC models of Figs. A.6—A.12. The highlighted ‘=’

values serve as reference values for A in Table 5.8.........

XXiii

82

83

84

91

92

93



XXiv

Table 5.8

Table 6.1

Table 6.2

Table 6.3

Table 6.4

Table 6.5

Table 6.6

Table 6.7

Table 6.8

Table 6.9

Table 6.10

Table 6.11

Table 6.12

List of Tables

Approximate results of the DBD 3004 in Fig. 4.1

with simplified MMC models of Figs. 5.1 and 5.2,

calculated with the pMp approach. .. ................... 93
Exact results of the DBD 2004 in Fig. 4.1 with precise

MMC models of Figs. A.13—-A.17, numerically computed.

The highlighted ‘=" values serve as reference values

for A in Table 6.2 and as basis for sDI(...). .............. 101
Approximate results of the DBD 2004 in Fig. 4.1

with s-independent components and simplified MMC

models of Figs. 6.1 and 6.2, calculated with the pMp

approach . ... . 101
Exact results of the DBD 2004 in Fig. 4.1 with precise

MMC models of Figs. A.13—A.17. The highlighted ‘=’

values serve as reference values for A in Table 6.4......... 102
Approximate results of the DBD 2004 in Fig. 4.1

with simplified MMC models of Figs. 6.1 and 6.2,

calculated with the pMp approach...................... 102
Exact results of the DBD 2004 in Fig. 4.1 with precise

MMC models of Figs. A.13—A.17. The highlighted ‘=’

values serve as reference values for A in Table 6.6......... 103
Approximate results of the DBD 2004 in Fig. 4.1

with simplified MMC models of Figs. 6.1 and 6.2,

calculated with the pMp approach...................... 103
Exact results of the DBD 2004 in Fig. 4.1 with precise

MMC models of Figs. A.13—A.17. The highlighted ‘=’

values serve as reference values for A in Table 6.8......... 104
Approximate results of the DBD 2004 in Fig. 4.1

with simplified MMC models of Figs. 6.1 and 6.2,

calculated with the pMp approach. ..................... 104
Exact results of the DBD 2004 in Fig. 4.1 with precise

MMC models of Figs. A.18-A.22 (¢ = 0), numerically

computed. The highlighted ‘=" values serve as reference

values for A in Table 6.10. Basis for sDI(...)

isTable 6.1. ... ... ... . 110
Approximate results of the DBD 2004 in Fig. 4.1

with simplified MMC models of Figs. 6.4 and 6.5

(c.. =0), calculated with the pMp approach.............. 110
Exact results of the DBD 2004 in Fig. 4.1 with precise

MMC models of Figs. A.18-A.22. The highlighted ‘=’

values serve as reference values for A in Table 6.12...... .. 111
Approximate results of the DBD 2004 in Fig. 4.1 with

simplified MMC models of Figs. 6.4 and 6.5, calculated

with the pMp approach . .. .......... .. ... .. .......... 111



List of Tables

Table 7.1

Table 7.2

Table 7.3

Table 7.4

Table 7.5

Table 7.6

Table 7.7

Table 7.8

Table A.1

Table A.2

Table A.3

Table A.4

Table A.5

Table A.6

Table A.7

Exact results of the DBD 1004 (parallel) in Fig. 4.1

with s-independent components, calculated with

conventional approaches (from Fig. A.24). The highlighted
‘=" values serve as reference values for A in Table 7.2

and as basis for sDI(...) ............ .. ... ... .. . . .. ...
Approximate results of the DBD 1oo4 (parallel) in Fig. 4.1
with s-independent components and simplified MMC
submodel 1 of Fig. A.24, calculated with the pMp

approach (Eqs. 7.1 and 7.2, ¢1,=0). .. ..... ... ... .....
Exact results of the DBD 1oo4 (parallel) in Fig. 4.1

with precise MMC models of Fig. A.23. The highlighted ‘=’
values serve as reference values for A in Table 7.4. ... ... ..
Approximate results of the DBD 1004 (parallel)

in Fig. 4.1 with simplified MMC submodels

of Figs. A.24 and A.25, calculated with the pMp

approach (Eqs. 7.1 and 7.2). ... ... ... ... ... . ... ....
Exact results of the DBD 1004 (parallel) in Fig. 4.1

with precise MMC models of Fig. A.23. The highlighted

‘=" values serve as reference values for A in Table 7.6. ... ..
Approximate results of the DBD 1004 (parallel) in Fig. 4.1
with simplified MMC submodels of Figs. A.24 and A.25,
calculated with the pMp approach (Eqs. 7.3 and 7.4) .......
Exact results of the DBD 1004 (parallel) in Fig. 4.1

with precise MMC models of Fig. A.23. The highlighted

‘=" values serve as reference values for A in Table 7.8......
Approximate results of the DBD loo4 (parallel) in Fig. 4.1
with simplified MMC submodels of Figs. A.24 and A.25,
calculated with the pMp approach (Eqs. 7.3 and 7.4) . ... ...
Assessment matrices for identifying pMp of MMC,

inFig. 14 ...
Assessment matrices for identifying pMp of MMC,

in Fig. 1.5, MMC5 in Fig. 1.6 and MMC, in Fig. 1.7 .. ... ..
Assessment matrices for identifying pMp of MMC,

in Fig. 23 and MMC, in Fig. 2.4 ... ... .. ... ... ....
Assessment matrices for identifying pMp of MMC; in

Fig. 2.5 and MMC, in Fig. 2.6 . .. ...... ... .. ... .......
Assessment matrices for identifying pMp of MMC,

in Fig. A.2, MMC, in Fig. A.3, MMC; in Fig. A4,

and MMC,in Fig. A5 ... ... .
Assessment matrices for identifying pMp of MMC,

in Fig. A.7, MMC, in Fig. A.8, and MMCj; in Fig. A9 ... ..
Assessment matrices for identifying pMp of MMC,

in Fig. A.10, MMC;s in Fig. A.11, and MMCgq

inFig. A12. .o

XXV

117

118

119



XXVi List of Tables

Table A.8  Assessment matrices for identifying pMp of MMC,
in Fig. A.14, MMC, in Fig. A.15, and MMC;

inFig. A16. ..o 149
Table A.9  Assessment matrices for identifying pMp of MMC,
inFig. AL7. . 150

Table A.10  Assessment matrices for identifying pMp of MMC
in Fig. A23. ... 163



	Preface
	Contents
	About the Author
	Symbols and Abbreviations
	List of Figures
	List of Tables



