
Appendix A
Design Engineer’s Scope of Work

Initial Definitive Study Planning and Implementation

Fully develop and detail the scope and implementation methodology of the definitive
study and submit to the owner for approval. Specific deliverables to be submitted as
part of this initial phase are to include:

• Study scope of work and specific study deliverables list.
• Study resourcing plan.
• Study schedule.
• Study budget.
• Study procedures.

Feasibility Studies

Carry out a number of feasibility studies leading to specific recommendations in
order to confirm and validate the optimal plant design and configuration. Studies to
be undertaken will include but will not be limited to:

• Plant throughput.
• Plant location.
• Onsite production of additives.
• Availability of local supplies of materials.

The following requirements are divided into the different engineering disciplines
and their relevant activities, such as process engineering, control systems engineer-
ing, mechanical engineering, civil, structural architectural and environmental engi-
neering, and electrical engineering.
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Process Engineering

Testwork Review of all testwork completed to date together with a review of the
proposed future testwork program. The results of any additional testwork under-
taken are also to be incorporated into the design. The contractor is also expected
to participate in any additional testwork program undertaken by way of attendance
during testing and logging of results to ensure timely and accurate incorporation of
data from testwork into the process design.

Process design Process engineering deliverables generally issued for detail design:

• Process description and block flow diagrams.
• Process design criteria.
• PFDs for normal, start-up, shutdown & upset conditions.
• Heat and material balances for normal, start-up, shutdown and non-steady-state

conditions.
• Dynamic mass-balance simulation model.
• Plant water balance (including tailings & evaporation ponds).
• Process and utility P&IDs.
• Consumption, waste and emission summary.
• Utility summary.
• Process/utility integration and optimisation study for normal operation, start-up,

shutdown and upset process conditions.
• Preliminary Hazop reviews.

Plant layout

• Dimensional site plan.
• Unit plot plans.
• General arrangement plans, elevations and sections.

Piping

• Piping design criteria.
• Pipe and valve specifications.
• Line and valve lists.
• Site plan review for critical and expensive pipe routings, access arrangements

and process requirements.
• Preliminary MTOs in sufficient detail for estimate purposes.

Control Systems Engineering

• Control system, operating philosophy & strategy.
• Advanced controls—where applicable.
• Applicable codes & standards.
• DCS specifications.
• Instrumentation list.
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• Inline instrument data sheets.
• Control and automation plan.
• Process package plant control philosophy.
• Emergency shutdown philosophy.
• Fire and gas detection philosophy.
• Plant communications philosophy.
• CCTV & UHF radio requirements.
• Instrument air and UPS requirements.
• Standard installation details.
• Specifications for general instruments, control valves and safety systems.
• Control room layout.

Mechanical Engineering

• Mechanical design criteria.
• Full equipment list.
• Technical specifications.
• Technical data sheets.
• Reliability and maintainability analysis.
• Maintenance spares list.

Civil, Structural and Architectural Engineering

• Civil, structural and architectural design criteria.
• Coordination and integration of geotechnical investigations and topographic sur-

veys.
• Preliminary designs for:

– Buildings; descriptions and conceptual designs for any required buildings and
structures.

– Water supply systems and dams.
– Standard steelwork connection details.
– Underground drainage:

· sanitary.
· contaminated storm water.

• Roads and site earthworks.
• Pipe racks—loads and congestion.
• Foundations—design requirements.
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Electrical Engineering

• Electrical design criteria.
• Electrical equipment list.
• Electrical load list.
• Motor list.
• Technical specifications and data sheets.
• Preliminary design of all facilities downstream of the main power transformers

through to main users including all transformers, sub-stations and MCCs.
• Voltage selection for high-KW motors.
• Emergency power supply requirements.
• Plant lighting design.
• Preliminary data and communication equipment requirements.
• Optimisation study on number and size of generating units.
• Power generation control philosophy.
• Load cycle strategy for various plant operating modes.
• Load sharing study between diesel and steam turbines.
• SLDs for each unit.
• Overall SLD for total power supply system.
• GAs for electrical equipment/sub-stations.
• Standard installation drawings.
• Standard schematic and termination drawings.
• Grounding/earthing system preliminary design.
• Cable ladder route layout drawings.
• MTOs for estimate purposes.

Loss Prevention

• Fire protection, and safety equipment requirements review.
• Plant layout review—spacing of equipment.
• Emergency shutdown plan.
• Area classification (schedule and layout drawings).
• Design of fire and gas detection systems.
• Design of fire protection system.
• Spill control/containment strategy.
• Noise control.
• Ventilation.
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Environmental and Permitting

Liase, interface and support the nominated environmental consultant with the eval-
uation and assessment of impacts as required, including:

• Ambient air quality/source.
• Waste water discharge.
• Fugitive emissions.
• Noise regulations.
• Visual impacts.
• Product transportation issues.
• Permitting/statutory requirements.

Mining

Liase, interface and support the nominated mining consultant as required on activi-
ties that will include as a minimum:

• Geotechnical investigations.
• Pit optimisations.
• Preparation of pit designs and ore reserve statements.
• Mine scheduling.
• Preparation of waste dump and haul road designs.
• Pit permeability investigations.
• Determination of materials handling properties.
• Preparation of a detailed report.

Constructability and Logistics

Constructability and logistical study addressing the following:

• Identification of delivery routes and lifting/rigging of heavy equipment.
• Site access for construction equipment.
• Scope for modularisation and offsite assembly.
• Strategy for minimising double handling of equipment and different bulk mate-

rials.
• Strategy for minimising clashes onsite.
• Plan for incorporation of locally based contractors as appropriate.
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Procurement

• Develop procurement policies and procedures.
• Issue & evaluate bids for major equipment items and sub-contracts.
• Develop installed equipment costs.
• List suitable vendors for key equipment.
• Identify long-lead items.

Development of Capital and Operating Cost

The capital and operating cost estimates will be developed into a format to be agreed
by the owner. The estimates will be developed to an accuracy of ±10%.

Development of the Project Schedule

• The master schedule will be developed for the project.
• The format and level of detail to be included is to be agreed by the owner.
• The master schedule must reflect the following:

– Fabrication/installation schedules.
– Vendor baseline commitments.
– Construction schedules.
– Commissioning schedules.

Value Engineering and Risk Assessment

The contractor will ensure that during the definitive study phase, engineering effort
is directed at minimising the cost of the EPC phase of the project without intro-
ducing unacceptable risk. As part of this requirement, a full risk assessment will be
undertaken on the project to ensure that all risks have been adequately identified
and quantified. Significant effort will be put into the planning of the project deliv-
ery to ensure the best approach. The constructability of the plant and such issues as
onsite or offsite pre-assembly of structures and vessels will be assessed for the im-
pact on overall cost and schedule. During engineering, discussions will be held with
the owner to look at ways to optimise the design especially the full utilisation of
services and utilities. Commonality of designs will be considered to reduce spares
inventories, and prior studies will be reviewed and incorporated where appropriate.
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Project Execution Plan

A project execution plan will be prepared that includes the following sub-plans as
a minimum:

• Occupational health and safety plan.
• Contracting plan.
• Industrial relation plan.
• Procurement plan.
• Human resources plan.
• Quality assurance plan.
• Automation plan.
• Procedures for the implementation phase of the project.

General

All work during the course of the definitive study is to be completed in accordance
with procedures to be developed by the contractor and approved by the owner. The
contractor will make suitable office facilities available for the owner’s entire project
team including office accommodation and general office administration and IT sup-
port. The contractor is to provide progressive reporting on the progress of the pro-
gram together with cost and schedule status.

Final Report

The contractor will be responsible for the preparation of the final study report. This
is to include preparation, compilation, review & editing, and final issue. The con-
tractor will also be responsible for incorporating the owner’s contributions into the
full report where relevant. The format and content of the final report will be devel-
oped by the contractor and approved by the owner.

This report will include:

• A written description of the plant and all of its sub-facilities.
• A written description of the services provided.
• A written description of the major equipment required for each area of the plant.
• All the information produced as part of the services.

Ten copies of the final report (bound) are to be made available to the owner on com-
pletion, together with a computer hard disk drive containing the complete report,
all of the study deliverables and all of the information/calculations, etc. used to de-
velop the study deliverables. All information is to be appropriately logged to ensure
its rapid retrieval if required.
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ABD see availability block diagram
abstraction rule 115
accelerated life testing 715
accessibility 305
achieved availability 303, 355, 359, 387
acquisition costs 316, 318
activation function 712
actual degree of safety 653
AFIC see automatic fault isolation capability
AI see artificial intelligence
AIB see artificial intelligence-based
algorithm description

using binary decision diagrams 695
algorithm-level description 726
algorithmic complexity 457
algorithmic knowledge 26
algorithmic modelling 142
alternative performance index (API) 113
ambiguity uncertainty 216
analytic model 425
ANN see artificial neural network
ANS see artificial neural system
API see alternative performance index
application modelling outcome 518
applied computer modelling 22
arbitrary nesting 482
artificial intelligence (AI) 3, 25
artificial intelligence (AI) language 28
artificial intelligence (AI) modelling 13,

330, 774
artificial intelligence (AI) system 592
artificial intelligence in design 21
artificial intelligence-based (AIB) blackboard

762

artificial intelligence-based (AIB) blackboard
model 24, 242, 419, 422, 727

artificial intelligence-based (AIB) blackboard
system 536

artificial intelligence-based (AIB) model
241, 486, 725

artificial intelligence-based (AIB) modelling
3, 11, 21, 22, 37, 107, 139, 415, 680

artificial intelligence-based (AIB) user
interface 753

artificial neural network (ANN) 20, 485,
498, 592, 702, 703

analysis capability 721
back propagation 711
building blocks 704
computation 743, 748, 778
computational architecture 722
learning 709
model 744
model architecture 722
structure 707
training 718

artificial neural system (ANS) 13
artificial perceptron (AP) 707
assembly of components 16
assembly reliability 58
asymptotic behaviour 194
automated continual design review 22, 24,

25, 34, 774, 777, 790
automatic diagnostic systems 393
automatic fault isolation capability (AFIC)

393
automatic test equipment (ATE) 393
availability 5, 14, 18

analysis 12
analytic development 415
application modelling 486
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assessment 296, 349, 351, 436
basic relationship model 297
block diagram (ABD) 465, 466, 468, 469,

476, 478
cost modelling 308
cycle 345
evaluation 385
Petri net model 453, 454
prediction 296
specific application modelling 399
theoretical overview 302

B

back-propagation (BP) algorithm 711
back-up system 46
backward analysis 540, 565
backward chaining 766, 770
barrier analysis 553
basic structure of a rule 768
Bayes theorem 221, 222, 234, 235
Bayesian estimation 14
Bayesian framework 15
Bayesian method 215, 300
Bayesian model 148
Bayesian updating 230, 233, 235
BBMS see blackboard management system
BDD see binary decision diagram
behaviour model 702
behavioural knowledge 147
Benard’s approximation 201
Benard’s median rank position 200
benefit-cost ratio 322
Bernoulli distribution 231
Bernoulli probability distribution 75
Bernoulli transform 633
beta distribution 229, 236

characteristics 236
beta factor model 623, 624
bill of material (BOM) 270
binary decision diagram (BDD) 567, 573,

687, 695
safety valve selection 696

binomial distribution 104, 231
binomial method 73, 75
BIT see built-in testing
BITE see built-in-test-equipment
black box 704
black box CER 592
blackboard concurrent execution 782
blackboard data object 779
blackboard management system (BBMS) 13

blackboard model 11, 25, 29, 30, 34, 107,
241, 330, 334, 415, 421, 486–488, 678,
680, 724, 725

artificial intelligence-based (AIB) 726
context 491
dynamic systems simulation 493
systems selection 489
user interface 491

blackboard system 682, 780
blackboard systems design

formalised model 778, 779
performance analysis 780

block diagram 466
Boolean disjunction operation 175
Boolean expression 643
Boolean function 710
Boolean operator 764
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Boolean truth tables 232
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boundary condition event tree 563
branched decision tree 765
break-even discount rate 323
broad-brush analysis 79
built-in or non-destructive testing 391
built-in-test-equipment (BITE) 391
built-in testing (BIT) 304, 360, 389, 391, 393

design 397
performance 394
system

evaluation 398

C

CAD see computer-aided design
calculated system unavailability 648
capability 327
capability index 330, 333
capacity 20
capital costs 4, 309
capital spares 381
cash operating costs 4
causal analysis 529, 540
causal factor analysis 553
cause-consequence analysis (CCA) 543,

565, 567, 587, 634
cause-consequence diagram (CCD) 565,

567, 642, 643
construction 570, 645
quantification 568
symbols 568
symbols and functions 569

CCA see cause-consequence analysis
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CCD see cause-consequence diagram
centralised control 458
certain loss 596, 598
certainty rule 165
change analysis 553
Chapman–Kolmogorov equation 611
characteristic life 227
Chi-square distribution 15
classification problem 747
classifications of failure 540
closed mode probability 106
closed system 461
clustering problem 746
collaborative design 679
collaborative engineering design 22, 261,

416, 419, 428
collective identity 16
combination fault tree 646, 647
common cause failure (CCF) 622

engineering causes 622
operational causes 622

common failure mode 77, 757, 758
common mode failure (CMF) 621
common root cause analysis 553
complete functional loss 176
complex 476
complex fuzzy rule 156
complex logical test 768
complex system 458

complicatedness 481, 483
counteraction results 461
increased automation 533
interdependency 461
safety analysis 537

complex systems theory (CST) 456
complexity logistic function 484
component failure density 670
component failure mode 137
component failure rate λp 86
component functional relationship 136
component level 44
component reliability 58
computational complexity 458
computer-aided design (CAD) 38, 329, 741
conceptual design 7, 45, 107, 332
conceptual design optimisation 112
conceptual design performance prediction

60
conceptual design phase 535
conceptual design reliability 60
conceptual design review 301
conceptual design safety and risk prediction

588, 678
conceptual design solution 682

conceptual effort 63
concurrent design 22
concurrent engineering design 107, 679
concurrent execution 787
condition diagnostics 262
condition inspection 365
condition measurement 365
condition monitoring 364
condition screening 365
condition worksheet 263
conditional probability 221, 564
conditional reliability 96, 670
conditional survival function 96, 672
conditions description 784
conditions failure 784
confidence level 14, 195
confidence method

managing uncertain data 772
confidence value 763, 773
conjunction-based fuzzy rule 166
consequence analysis 529, 530, 540
consequences of failure 18, 271
constant demand rate 382
constant failure rate 74, 89, 382
constant hazard rate 67
constraint-based technique 684
constraint label 114
constraint propagation 39, 113
constraints evaluation 472
constructability 329
construction costs 64
continuous monitoring 364
continuous-time Markov chain (CTMC)

439, 443, 447
continuous-time simulation model 426
contract spares 380
control panel 30
control shell 490
control software design 534
control systems engineering 800
corrective action 299, 362
corrective maintenance action 19
corrective maintenance costs 376
corrective maintenance time 396

lognormal distribution 359
cost

blow-outs 9, 34
cost critical item 243
cost criticality analysis 662
cost driver 593
cost effectiveness (CE) equation 325
cost efficiency ratio 368
cost estimating

pitfalls 65
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cost estimating relationship (CER) 586, 590
development 593
multiple regression 593

cost of dependency 310, 312
cost of loss 654
cost optimisation curve 657
cost optimisation modelling 360
cost risk 655
critical design review 301
critical failure 652
critical risk 610
critical risk theory hypothesis 610
criticality analysis 135, 786
cross validation dataset 747
crossover breeding operator 693
CST see complex systems theory
cumulative distribution function 91
cumulative sum charting method 717
cusum charting procedure 721
cut-off probability method 622

D

damage risk 584
data point generation 72
data-directed invocation 39
database analysis tool 244
DCF see discounted cash flow
de-bottlenecking 662
decision logic 759
deductive analysis 543
deductive validity 168
defect maintenance 363, 369, 372
defects risk 584
delayed fatality 614
delta learning rule 710, 711
demand 20
dependability modelling 385
dependent demand maintenance spares 382
DES see domain expert system
design assessment 784, 790
design assistance 38
design automation (DA) 33, 38, 740
design basis event 677
design calculation check 421
design capacity 310, 335, 400
design checklist 419
design complexity 4
design cost risk analysis 586
design criteria 3, 9, 763, 784
design definition 535
design dictate 307
design effectiveness (DE) 326
design effort 63

design engineer
scope of work 799

design integrity see also engineering
integrity, 172, 327, 370

automation 33
development and scope 12
methodology 3
uncertainty 18

design intent 577, 741
design knowledge

base 487, 681
source 487, 681

design-level FMEA 79, 757
design model

development programming 498
design optimisation 681, 689

designing for safety 617
design problem 459

definition 462
design process 29

integration with blackboard models 726
design reliability

total cost models 60
design representation 576
design review 7, 9, 21, 24, 301, 420
design space 22, 679
design specification 784
design specification FMECA 281
design synthesis 9
design to cost (DTC) 590, 591
design tool 28
design variable 31, 145
design verification 10, 142
designing for availability 18, 309

using Petri net modelling 453
designing for maintainability 19, 296, 309,

358
designing for reliability 16, 43, 69, 72, 296,

297
labelled interval calculus 123

designing for safety 20, 134, 531
cost risk models 588
critical risk theory 614
design optimisation 617
genetic algorithm 21
Markov point process 608
point process event tree analysis 627
profile modelling 738
requirements 628

detail design 11, 17, 90, 146, 332, 385
detail design model 684
detail design phase 535
detail design plant analysis 24
detail design reliability evaluation 190



Index 815

detail design review 301
detail design safety and risk evaluation 627,

702
deterministic analysis 676
deterministic knowledge 775
deterministic safety analysis approach 677
deviation analysis (DA) 544
device performance index (DPI) 418
digital prototyping 742
digraph 543
discounted cash flow (DCF) 322
discrete event system (DES) 604
discrete-event simulation model 426
diseconomies of scale 344
disjunction 175
disorder independence 177
distributed control system (DCS) 242, 256,

272, 599, 616, 645
domain expert system (DES) 13, 27, 606
downtime 299, 403, 405
DPI see device performance index
Drenick’s theorem 383
DTC see design to cost
durability 301
dynamic data exchange (DDE) capability

498
dynamic penalty function 692, 693
dynamic programming 689
dynamic systems simulation 492, 502
dynamic systems simulation blackboard model

487, 518
dynamic systems simulation modelling 10,

486, 736
dynaset 244, 246

E

early failure 92
economic loss 310, 312, 324
economic optimum reliability 60
economy of scale 343, 344
EDA see evaluation design automation
effective capacity 335
effective discount rate 322
effective maintenance 367
effectiveness 296
effectiveness measure 471
effects analysis 276
effects of failure 16
efficiency 76
efficiency measurement 337
elimination condition 117
emergency shutdown (ESD) system 560
engineered complexity 485

engineering design
analysis

concept of uncertainty 145
incompleteness 173
uncertainty 173

analytic development of safety and risk
676

application modelling of safety and risk
725

artificial neural networks 715
complexity 460
complicatedness 480
effort 63

management review 64
evaluating complexity 480
flexibility 488
integrity 3, 5
intolerable risk 530
negligible risk 531
project management expert systems 28
risk 529, 535
safety 529, 537, 551
tolerable risk 530

engineering language 6
environment risk 584
environmental protection 6
equal strength principle 111
EQUIPID 244, 246
equipment

burn-in period 92
failed state 404
hazard curve 654
maintainability 372
operational condition 372
potential usage 371
survival curve 654
useful life period 92
wear-out phase 93

equipment age analysis 651, 670
equipment aging model 73, 77
equipment availability 371
equipment condition 361, 756–758
equipment criticality 8
equipment failure 20, 581
equipment failure mode 79, 137
equipment FMEA 79
equipment listing 246

at assembly level 250
at component level 250
at system level 249

equipment maintainability 88
equipment protection 6, 652
equipment reliability 16, 371
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equivalent availability (EA) 400–402, 413,
414

change 410
equivalent maintainability measures

downtime and outage 403
equivalent mean time to outage 405
equivalent mean time to restore 406, 407
equivalent operational time 401
ergonomics 304
error back propagation 709
error-prone automation feature 535
establishment costs 319
estimated degree of safety 653
estimating failure rate 198
estimation 502
estimator 196

consistent 197
unbiased 197

evaluation design automation (EDA) 33, 38
event 178, 190
event tree

boundary condition 563
conditional probability 560
construction 557
evaluation 562
fault-tree linking 564
quantitative assessment 560
RBD 641

event tree analysis (ETA) 543, 554, 568, 634
evolutionary algorithm (EA) 496, 678, 685
evolutionary computing 681
evolutionary computing technique 686
evolutionary design 146, 681
execution policy 442
EXP transition 444
expected availability 408
expected maximum corrective maintenance

downtime 359
expected performance 20
expected useful life 613, 615
expert judgement 214, 215, 228, 234, 728
expert system 27, 28, 728, 777

branched decision tree 769
framework 173
models 217
multiple-choice question editor 767
rule-based 29
rule editor 771
rules of the knowledge base 770
shell 29
tool 148
user interface 762

exponential distribution
estimating the parameter 200

exponential failure distribution 90, 93, 198
exponential probability density function 198
ExSys c© Expert System 765, 777
Extend c© 486
Extend c© ModL language 497
Extend c© Performance Modelling 495, 511
extended FMECA 179, 190

uncertainty 180
extended reachability graph 445
external uncertainty 428–430
extreme condition approach 428, 429, 434

F

fabrication costs 64
facts frame 760, 761
failed state 404
failure analysis 12
failure cause 138, 141
failure consequences 140, 541

severity 666
failure cost criticality 272
failure criticality ranking 272
failure data analysis 282
failure definition and quantification (FDQ)

46
failure density 379
failure density function 670
failure detection 138
failure detection ranking 81
failure distribution 93
failure distribution function 632
failure effect probability guideline value 84
failure effects 138, 140, 541
failure elimination analysis (FEA) 47
failure hazard analysis (FHA) 135, 141
failure identification 786
failure logic diagram 733
failure mode 138, 139, 785

critical number 82
discriminability 179

failure mode occurrence probability 81
failure mode proportion α 86
failure modes and effects analysis (FMEA)

7, 34, 73, 78, 135, 137, 260, 262, 397,
755, 757

advantages and disadvantages 80
algorithmic modelling 142
modelling uncertainty 174
steps for performing 80
types and benefits 79
worksheet 85

failure modes and safety effects (FMSE)
650, 667
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process criticality using residual life 674
qualitative risk-based 668
sensitivity testing 673

failure modes effects and criticality analysis
(FMECA) 7, 34, 47, 80, 134, 229, 260,
650, 657, 757

analysis 774
cost criticality 663
data sources and users 84
expression of uncertainty 178
logical expression 175
modelling uncertainty 174
preventive maintenance activities 659
process and cost criticality 665
process criticality 658
uncertainty 18, 188
worksheet 85

failure occurrence likelihood 666
failure of equipment 45
failure operational consequences 651
failure pattern 227
failure physical consequences 651
failure probability (FP) 83, 93, 549, 648, 671
failure rate 228, 345
failure rate function 97
failure replacement 379
false alarm rate (FAR) 621, 626
FAP see fuzzy artificial perceptron
FAR see fatal accident rate, see false alarm

rate
fatal accident rate (FAR) 560
fault graph 543
fault tree 735

diagram 731, 734
dormant failure 620
linking 563
probability evaluation 550
quantification 573
RBD transformation 640
select event 694
transformation 640, 641

fault-tree analysis (FTA) 34, 73, 86, 236,
541, 542, 552, 565, 568, 587, 616, 634,
687, 694

logic and event symbols 546
safety and risk assessment 90
safety systems design 615
steps 88

FBC see feature-based costing
FDQ see failure definition and quantification
FEA see failure elimination analysis
feasibility study 799
feature panel 30
feature-based costing (FBC) 591

feed-forward ANN 718
feed-forward network 705, 706
final detail design 7
firing policy 442
firing time 441, 454
first cost curve 61
first cost estimate 62
fitness value 698, 700, 701
flow capacity 474, 475
FMEA see failure modes and effects analysis
FMECA see failure modes effects and

criticality analysis
FMSE see failure modes and safety effects
formal elicitation 214
forward analysis 540
forward chaining 771
frame name 761
frame slot 761
frame-based knowledge 38
FTA see fault-tree analysis
full outage 409, 413
function

complete loss 71
definition 71
partial loss 71

function approximation problem 746
functional analysis 464
functional block diagram (FBD) 135, 136,

138, 466
functional effectiveness 337, 423
functional event tree 556
functional failure 17, 70, 71, 134, 139, 141,

257, 362, 378
physical consequences 652
safety operational consequences 652

functional FMEA 78
functional knowledge 147
functional performance 17, 71
functional performance limit 70, 72
functional relationship 135
functional specialisation 789
functional systems breakdown structure

(FSBS) 135, 136
functions analysis 256, 784
functions description 785
fuzzification 144
fuzziness of probability 148
fuzzy ANN modelling 720
fuzzy artificial perceptron (FAP) 714
fuzzy Euler integration 144
fuzzy fact 158
fuzzy implication 164
fuzzy inference 153
fuzzy interval 144



818 Index

fuzzy judgment 224, 230, 239
reliability evaluation 225

fuzzy knowledge 147, 157
fuzzy logic 158, 161, 216, 217, 773
fuzzy logic expert system 775
fuzzy membership function 163, 773
fuzzy neural rule-based system 713
fuzzy pre-processing technique 721
fuzzy preference 679
fuzzy reasoning 158, 165
fuzzy rule 153, 154
fuzzy set 18, 52, 147, 149, 151, 159, 216,

217, 220, 476, 714
intersection 714
theory 148, 150, 218

fuzzy simulation 144
fuzzy system 240

G

gamma distribution 15, 228, 287
general algorithm (GA)

methodology 701
parameter 701

general law of addition 50
generalised modus ponens (GMP) 164, 167
genetic algorithm (GA) 20, 411, 590, 678,

686, 687, 690, 696, 748, 750
implementation 697
natural selection 697
optimal safety system design 687

genetic operator 698
geometry panel 30
global contribution 157
goodness-of-fit results 284
goodness-of-fit test 283, 502
gradient descent technique 710
gradual rule 165
graphical user interface (GUI) 742

H

HazAn see hazards analysis
hazard and operability study (HazOp) 599
hazard consequences 540
hazard identification (HAZID) 537, 538,

547, 582
qualitative modelling 605

hazard rate 613
hazard rate curve 92, 227
hazard rate function 90, 91
hazard severity 539
hazard-contributing factor 558

hazardous operations (HazOp) 7, 34, 544,
545, 575, 604

hazardous operations (HazOp) assessment
784

hazards analysis (HazAn) 7, 34, 529, 530,
537, 541, 582, 587

hazards criticality analysis 263, 264
condition spreadsheet 264
costs spreadsheet 268
costs worksheet 268
criticality worksheet 265
logistics spreadsheet 270
logistics worksheet 269
strategy worksheet 266

hazards definition 535, 576
HAZID see hazard identification
HAZOP see hazardous operability studies
HazOp see hazardous operations

secondary keyword 601
HAZOP study 577

consequences 581
process parameter 578
safeguard 581

HazOp study
methodology 601
primary keyword 600
secondary keyword 600

health risk 584
health status and monitoring (HSM) 304
hedge 151
heuristic knowledge 27, 29
hierarchical frame 762
high-integrity protection system (HIPS) 619,

625, 638, 687, 690
cause-consequence diagram 649
component functions 644
control valve 270

higher-order uncertainty 172
HIPS see high-integrity protection system
holding ability 334
Holland’s fixed-length coding 687
house event 619, 621
human error 581
human error analysis 534
human factor 533
human factor analysis 535
human–machine interaction 534
human performance evaluation 553
hypothesis testing 501, 502, 673

I

IIT see information integration technology
implication-based fuzzy rule 165
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incidence matrix 477
incompleteness 15
independent demand maintenance spares

382
indeterminate rate of return 325
inductive analysis 543
industry perception 34
information integrated technology (IIT) 624
information integration technology (IIT) 18,

214, 346, 348
inherent availability 303, 344, 346, 387

exponential function 345
inhibitor arc 441
initial failure rate estimate 586
initial operational test and evaluation (IOT&E)

399
initiating event 556
installation costs 64
instantiation parameter 494, 738
integrated information technology (IIT) 630
integrity engineering design 3
integrity prediction 420
intelligent computer automated methodology

12
intelligent design system 37
intensity function 610, 613
interaction and feedback loops 458
interaction model taxonomy 493
interchangeability 305
interference theory 65
internal rate of return (IRR) 322–324
internal uncertainty 428, 430
inter-process communication (IPC) 498
interval matrix 130
inventory control 380
IPAT SO3 cooler 275
IRR see internal rate of return
item criticality number 84

J

job safety instruction (JSI) 603
judgment bias 222
jump connection back propagation 722

K

k-out-of-m unit network 104
Kaplan–Meier estimator 202
Kaplan–Meier survival curve

rotating equipment 655
kinetic energy 342
knowledge base 766
knowledge-based decision process 624

knowledge-based expert system 11, 22, 25,
26, 34, 37, 107, 330, 334, 415, 419, 486,
678, 717, 752, 754

testing and validating 771
knowledge engineer 27, 682
knowledge engineering 26, 703
knowledge-level specification 726
knowledge source 11, 30, 488–490, 768,

776, 779, 780
connectivity analysis 778
interdependence 778, 782, 790
serialisation 778, 781, 790
specialisation 778, 781, 787
specialisation value 780

knowledge training 742
Kohonen self-organising map 724
Kolmogorov backward equation 611
Kolmogorov differential equations 610, 613
Kolmogorov forward equation 611
Kolmogorov’s theorem 703
Kolmogorov–Smirnov (K–S) test 283

L

labelled interval 130
labelled interval calculus (LIC) 17, 112, 113,

123
labelled interval inference 115
Laplace transform 75, 89, 354
Latin hypercube sampling technique 429
law of multiplication 48
laws of probability 52
LCC see life-cycle costs
Lebesgue logic 220
level of diversity 617
level of redundancy 52, 617
LIC see labelled interval calculus

inference rules 124
life-cycle analysis 314, 315
life-cycle costs (LCC) 309, 314, 316

present value calculations 321
trade-off measurement 325

life risk 584
likelihood function 222, 223
limit of capability 416
limit theory 383
linguistic variable 150, 159

translation rule 160
logic diagram 733
logical flow initiation 503
logical flow storage 504
loss in production 310
loss-less transformation 714
loss of function 139, 403



820 Index

loss risk 584
lower limit interval 128
lower tolerance limit (LL) 507, 509, 512,

517

M

maintainability 5, 14, 19, 298
analysis 12, 299, 304, 306
analytic development 415
application modelling 486
assessment 349, 356, 436
checklist 422
cost indices 392
cost modelling 308
design review 19, 301
evaluation 385, 391
evaluation indices 391
function 347
measures 358
modelling 300
score 306
specific application modelling 399
theoretical overview 302

maintenance
assessment 358
basic principles 361
cost optimisation modelling 375
modelling 356
practice 67
ratio (MR) 392
spares

dependent demand 381
independent demand 381

strategy 360, 367, 368, 372, 377, 657
management oversight and risk tree (MORT)

analysis 553
manpower costs 376
manufacturability 328
mapping 160
marking 438

tangible state 444
vanishing state 444

marking-dependent arc multiplicity 441
Markov chain 610, 613
Markov modelling 73, 349, 350, 543
Markov point process 608
Markov regenerative process (MRGP) 452
Markov reward model 451
Markovian stochastic Petri net (MSPN)

definition 443
measures 449

mass-flow balance 340, 341
mass-flow rate 339

mathematical model 10, 338, 350
preventive maintenance physical checks

365
preventive maintenance replacement costs

377
preventive maintenance replacement shuts

366
spares requirement 382

maximum dependable capacity (MDC) 401,
406, 412, 471

maximum likelihood 14, 223
maximum likelihood estimation (MLE) 193,

194, 203, 348
parameter estimation 193

maximum likelihood ratio test 224
maximum-likelihood technique 76
maximum limit interval 124
maximum process capacity 412
maximum safety margin 17
maximum time to repair (MaxTTR) 304,

391
MDT see mean downtime
mean downtime (MDT) 18, 389, 403
mean expected loss risk (MEL-risk) 595,

597
mean residual life (MRL) 672
mean squared error (MSE) 750
mean time between failures (MTBF) 18,

211, 478, 662, 671
mean time between maintenance actions

(MTBMA) 392
mean time for maintenance 357
mean time to fail (MTTF) 94, 97, 379, 672
mean time to repair (MTTR) 18, 300, 304,

391, 403, 406, 478
measure of performance 370
measure of probability 652
median rank 201
membership function 151, 217, 218, 223,

225, 240
probability measures 219

memory policy 442
military standard technique 82
minimal cut set (MCS) 548
minimal network 748
minimum limit interval 125
MLE see maximum likelihood estimation

normal distribution 195
MLP see multi-layer perceptron
model

component 518
configuration 494, 738
functional behaviour 500
scripting 498
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structure uncertainty 428
validation 500, 501
verification 500, 501

modelling result, evaluation 271, 776
modular architecture 494

interface connection 494
object connection 494

modus ponens 163
modus tollens 163
moment matching method 435
Monte Carlo (MC) simulation 15, 230, 232,

286, 300, 302, 416, 432, 433, 731, 733,
735

MTBF see mean time between failures
MTTF see mean time to fail
MTTR see mean time to repair
multi-layer perceptron (MLP) 706

weight matrix 706
multi-layered network 703
multi-state Markov model 351, 353
multiple expert system 762
multiple logical flow 737
mutation operator 693

N

net present value (NPV) 322
network complexity 749
network diagram 731, 732, 734
neural expert program 725, 743
neural network 411, 678

iterative prediction 747
NeuralExpert c© program 744, 750
non-destructive test (NDT) 365, 391
non-Markovian marking process 452
non-Markovian stochastic Petri net

definition 451
non-Markovian system 352
non-recurring costs 63
normalised mean squared error (NMSE) 751
NPV see net present value
nuclear power plant 77
numerical analysis 142

O

OA see optimisation algorithm
object-oriented programming (OOP) 21, 486

encapsulation 727
inheritance 727
simulation model 21, 23, 541

occupational safety and health (OSH) 532
occurrence probability 84

off-system maintainability indices 392
OOP see object-oriented programming
open mode probability 106
open system 461
operability analysis 587
operating costs 309
operating environment 67
operational availability 303, 355, 387, 400

time-line model 389, 390
operational condition 423
operational failure rate λo 86
operational integrity 370, 386
operational modelling 385
operational risk analysis 586
operational time 401
operator control panel (OCP) 550
OPI see overall performance index
optimisation algorithm (OA) 10, 415, 680

Petri net (PN)-based 514
optimisation capability 496
optimisation module 681
order of magnitude 143
OSH see occupational safety and health
outage 403, 405

measurement 408
output conversion function 504
output performance results 505, 511, 514
output set overlap 780
overall performance index (OPI) 113, 131,

133

P

parallel configuration 50
parallel network 103, 105
parallel reliability block diagram 467
parameter performance index (PPI) 130,

132, 417, 418
parameter profile index (PPI) 113
parameter profile matrix 108, 112, 338, 417,

421
parametric cost estimating (PCE) 592
parametric estimating (PE) 590
Pareto principle 243, 667, 680
partial functional loss 176
partial loss of system function 409
partial outage 409, 413, 415
partial redundancy 617
partial state matrix 413
PDS see procedural diagnostic system
PEM see process equipment model

holding tank 739
penalty formula 698
penalty function 699
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people risk 584
percent error 752
performance 16, 35, 43, 70
performance and reliability evaluation with

diverse information combination and
tracking (PREDICT) 214

performance assessment 783, 790
performance distribution

statistical approach 435
performance measure 31
performance specification 783
performance variable 31
periodic monitoring 364
personal protection 6, 652
perspective 22
Petri net (PN) 19, 436, 437, 745

definition 439
graphical representation 440
model

numerical computations 453
steady-state solution 454

reachability graph 445
theory 437
transition 451

Petri net-based optimisation algorithm 740,
744

Petri nets and performance models (PNPM)
437

PFD see process flow diagram
PHA see preliminary hazard analysis
phenomena event tree 556
physical design factor 307
pipe and instruments diagram (P&ID) 45,

264, 303, 575, 605
plant analysis 773
point of reference (POR) 580
point process 608

intensity function 609
point process analysis 587
point process consequence analysis 630
point process event tree analysis 627
Poisson demand 384
Poisson distribution 15, 67, 231, 383, 560,

561
Poisson process 94, 300, 630
POR see point of reference
possibilistic knowledge 775
possibilistic logic

generalised modus ponens 178
possibility distribution 151
possibility rule 166
possibility theory 16, 18, 169, 216, 220, 347

deviation from fuzzy logic 170
engineering design analysis 172

post-design testing and training 742
potential energy 342
potential failure 141, 362
potential risk 676
PPI see parameter profile index, see

parameter performance index
predictable behaviour 458
prediction problem 746
predictive maintenance 364
preliminary 73
preliminary design 135

safety and risk assessment 607, 687
preliminary design phase 535
preliminary design process analysis 24
preliminary hazard analysis (PHA) 539
preliminary hazards identification (PHI) 607
preventive action 362
preventive maintenance 344, 363, 369, 436,

455
preventive maintenance policy 355
preventive maintenance program 358
preventive maintenance strategy 378
preventive replacement modelling 378
probabilistic analysis 676
probabilistic knowledge 775
probabilistic reasoning 171
probabilistic risk analysis (PRA) 635
probabilistic safety evaluation (PSE) 627,

628
probability density function 91, 93, 193,

199, 345
probability distribution 14
probability distribution definition 675
probability function 225
probability generating function 633
probability law 52
probability of failure 20, 210
probability of failure consequence β 86
probability of survival 210
probability plotting 200
probability qualifier 666
probability theory 216, 347
probable loss 596, 598
problem analysis 501
procedural diagnostic system (PDS) 13
process analysis 13, 21, 23
process block diagram 479
process capability 328, 331, 386, 423
process capability model 330
process capacity 334

measuring 335
process critical item 243
process criticality 8
process definition 31, 783



Index 823

process description 783
process design 800
process design blackboard section 786

functional independence 791
functional specialisation 791

process design criteria 8
process design specifications 510, 514
process effectiveness 337, 471
process engineering 800
process equipment model (PEM) 10, 241,

439, 486, 503, 504, 510, 513, 713, 725,
737

logical flow 495
logical flow storage 504
model component 503

process failure consequences 8
process flow block diagram 464, 466, 468
process flow diagram (PFD) 8, 45, 250, 251,

264, 303, 605, 736, 737, 754
sector 1 503
sector 2 509
sector 3 513

process flow rate 339
process hazard identification (PHI) 599
process industry 4
process level 44
process-level FMEA 79
process operational risk modelling 594
process parameter 578, 580
process reliability 8
process risk 584
process simulation model 488, 493
process stability 333
process utilisation 338
process view 332, 333
processing element (PE) 704, 749
procurement costs 64
product assurance 6, 21
product risk 584
product yield 336
productive capability

efficiency measurement 337
productivity 337
productivity ratio 368
profitability index 322
programmable logic controller (PLC) 273,

274, 599, 616
project cost estimation 62
project execution plan 805
propagation rule 121
proportional hazards (PH) model 191, 193

non-parametric model formulation 191
parametric model formulation 192
reliability function 193

propositional logic 161
PSE see probabilistic safety evaluation

Q

Q-matrix 612
qualitative analysis 12, 16
qualitative assessment scale 666
qualitative cost estimating 592
qualitative criticality analysis 667
qualitative FMECA 178, 189
qualitative parameter estimation 194
qualitative simulation 143
quantitative analysis 12
quantitative maintainability analysis 19
quantitative review 420
queuing theory 300

R

RA see risk analysis
RAM assessment 783
RAMS analysis 3, 6, 10
RAMS analysis list 251, 258
RAMS analysis model 21, 23, 241, 242, 486,

725
RAMS program 373

principles 374
RAMS study 657
random failure 77, 94
random failure occurrence 613
random failure test 285
rapid risk ranking (RRR) 539
rated capacity 335, 400
Rayleigh distribution 204, 208
RBD see reliability block diagram
RCA see root cause analysis
reachability analysis 606

checking safety 607
reachability graph 445, 452, 542
reachable markings

distribution of the tokens 447
reactor safety study 630
receiving ability 334
recovery costs 320
recovery time 390
recurrent back-propagation 722, 723
recurrent network 704
recurring costs 63, 64
reduced efficiency 399, 400
reduced reachability graph 445, 447
redundancy 15, 56
redundancy allocation problem 689, 691

objective function 692
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redundancy condition 118
relative lost time cost 311, 312
relative value of dependency 311
reliability 5, 14, 35, 43
reliability analysis 12, 46, 654, 676
reliability application modelling 241
reliability assessment 44, 45, 69, 72, 86, 106,

133, 174, 560
reliability Bayesian evaluation 233
reliability block diagram (RBD) 466, 634,

635
parallel configuration 467

reliability checklist 422
reliability-critical item 134
Reliability Enhancement Methodology and

Modelling (REMM) project 551
reliability evaluation 44, 45, 69, 90, 106

fuzzy logic 217
fuzzy set 217
three-state device networks 105
two-state device networks 102

reliability function 91
reliability index 691
reliability initial calculation 230
reliability modelling 65
reliability of a component 47
reliability of a system 47
reliability prediction 44, 45, 68, 106, 110
reliability system-level 226
reliability theory 670
reliability uncertainty 239
reliable life 96
remote terminal unit (RTU) 274
renewal theory 383
repair action 19, 299
repair rate 88
replacement costs 309
replacement policy 379
replacement-power costs 309
reproduction probability 700
requirements analysis 464
residual life 96, 672
residual life evaluation 651, 670
residual risk 676
reuse 23
Reynolds number 341
risk

actual severity 653
estimated severity 653
verification 536

risk analysis (RA) 47, 546, 582
decision criteria 662

risk assessment 536, 804
risk assessment scale 585, 667

risk-based maintenance 655, 661
risk cost analysis 593
risk cost curve 61
risk cost estimation 60
risk equation 594
risk estimation 536, 582, 583
risk evaluation 785
risk hypothesis 594
risk identification 785
risk measure 595
risk of failure 20
risk priority number (RPN) 582
risk priority number (RPN) technique 80
robust design (RD) 329, 416, 419, 428, 429,

434, 436
root cause analysis (RCA) 47, 542, 551, 552,

587
common cause failures 621
safety 551

routine maintenance 363, 369, 372
RRR see rapid risk ranking
rule editor 767
rule-based expert system 759

multiple-choice question editor 764

S

safety 6
actual degree 584
estimated degree 583

safety analysis 534, 537, 565
safety consequences 559
safety criticality 530
safety criticality analysis 650, 651, 654, 661
safety criticality rank 586
safety engineering 532
safety function 557, 558
safety intent specification 531
safety margin 20, 31, 67, 71, 72, 108, 416
safety protection system 616
safety risk 655
safety system 89, 688
safety systems design, cause-consequence

analysis 634
safety systems, assessment with FTA 619
satisficing 23
SBS see systems breakdown structure
SCADA system 274
scale parameter 227
schematic design 7, 11, 73, 682, 729
schematic design review 301
scripting 498
SEA see systems engineering analysis
sector 1, simulation output 508
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sector 3, simulation output 520
select event 694
selected equipment specifications 254
sensitivity testing 673
series configuration 50
series formula of reliability 54
series network 102, 106
series reliability 48
serviceability 300
set label 114
set-point control 273
shell 28, 38
sigmoid function 709
simplex 476, 477
simulation 230
simulation analysis 12
simulation model 384, 416, 423, 425, 427

output 499
sector 1 506, 508
sector 2 509, 512
sector 3 513, 515, 520

single failure mode 177
sizing design capacity 343
software deviation analysis (SDA) 544
solution encoding 691
spares requirements planning (SRP) 380
specification costs 319
specifications worksheet 260
square symmetric matrix 618
SRP see spares requirements planning
standard back propagation 722
standard deviation 211
standard work instruction (SWI) 603
standby redundant system 105
state matrix 412, 413
state probability 448
statistical approach 428, 429
statistical model 702
statistical technique 14
steady-state availability 351
stochastic optimisation technique 690
stochastic Petri net (SPN) 438, 441
stochastic point process 630
stochastic reward net (SRN) 451
stochastic system 384
stress/strength interference diagram 66
string fitness 698
sufficiency 76
sum squared error (SSE) 719
super-projects 4, 9
supervised learning 716
supervised learning paradigm 722
supervised training 717

supervisory control and data acquisition
(SCADA) 273

supplementary variable 352
supportability 301
sustaining costs 316, 318
synthetic fault insertion 399
system analysis 12, 23

with GAs and fault trees 694
system availability 30, 449, 455
system boundary 463
system breakdown structure (SBS) 8, 47, 61,

69, 72, 88, 134, 135, 138, 243, 246, 397,
607, 627, 728, 729, 762

system complexity 457, 480
system component 464
system composition 494
system configuration 463
system definition 784
system dependency 310
system design blackboard section 786

specification 788
system effectiveness (SE) 325, 327, 388
system engineering 456, 459

complexity 460
system engineering analysis (SEA) 69, 411,

456, 457, 460, 462
system event tree 556
system failure 353, 562, 632

quantification 571
system failure effect 8
system hazard analysis 534
system hierarchical modelling 541
system hierarchy 70, 78
system integrity 478
system-level FMEA 79
system-level reliability 226
system life-cycle analysis 315, 551
system modelling option 729
system objective 463
system operability 342
system output

deviation 432
nominal value 432

system performance 134, 145, 328, 342
prognosis 44

system performance analysis 416, 423, 424
system performance index (SPI) 111, 130,

132
system performance measures 108
system performance model 425
system performance sensitivity 703
system procedures blackboard section 786
system reliability 16, 46, 134, 449, 637

effect of redundancy 55
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system safety 533
system simulation option 739
system state space 74
system success 562
system transition diagram 74
system unreliability 46, 623

T

T-conorm function 715
t-norm operator 168
Taguchi’s methodology 329
Taguchi’s orthogonal arrays technique 429
Taguchi’s robust design 429, 434, 704
target engineering design project 21
tautology 162
Taylor series 618, 621
technical specification document 253
test equipment 305
test point 305
testability 301, 305
theory of constraints (TOC) 343
three-parameter beta distribution function

237
three-parameter Weibull distribution 209
three-parameter Weibull fit 285
threshold logic unit (TLU) 708
threshold of chaos 457
throughput capacity 595, 597

hazard-free 598
time before failure (TBF) 286
TOC see theory of constraints
total energy balance 341, 342
total loss of system function 409
total preventive maintenance 355
total system cost

objective function 699
trade-off matrix technique 478
traditional cost estimating 588
transition priority 441
translation rule 121
truth table 162
truth value 149
two-state Markov model 349, 353

U

unavailability 301, 408
unavailability profile graph 735
uncertainty 15, 146, 153, 216
uncertainty analysis 428

extreme condition approach 430
statistical approach 432

uncontrolled process
quantitative representation 606

universal approximation 703
universe of discourse 150
unreliability 46, 54, 301

consequences 51
unsupervised learning 716
unsupervised network 722
unsupervised neural network 724
updating process 235
upper limit interval 127
upper tolerance limit (UL) 507, 509, 512,

517
useful life expectancy 613

survival function 614
utilisation costs 320
utilisation factor 450
utilisation rate 388

V

value engineering 804
value of the system 326
vertex 476, 477
virtual prototyping 492, 736
volumetric energy 342
volumetric flow rate 340
voting redundancy 621

W

Ward back propagation 723
WBS see work breakdown structure
Weibull analysis 735
Weibull cumulative failure probability graph

737
Weibull density function 99
Weibull distribution 15, 192, 285, 485, 672

function 100
standard deviation 212
statistical properties 98

Weibull distribution model
expansion 204
qualitative analysis 212
quantitative analysis 212

Weibull equation 231
Weibull failure distribution 90, 97
Weibull failure rate function 206
Weibull graph 210
Weibull graph chart 101
Weibull hazard rate function 101, 227
Weibull life distribution 191
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Weibull probability density 199, 227
Weibull probability distribution 219
Weibull reliability function 205
Weibull scale parameter 208
Weibull shape parameter 99
Weibull unreliability function 205
work breakdown structure (WBS) 63, 317

Y

Young’s modulus 745, 746

Z

Zadeh’s possibility measures 147




