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absolute value function
complex-step method, 236
smoothing, 145
accuracy, 49
activation functions, 410
rectified linear unit (ReLU),
410
sigmoid, 410
active constraints, 165, 190
active-set method, 190
acyclic graph, 486
adjoint method, 39, 40, 255
AD partial derivatives, 260
constraintaggregation, 211,
260
coupled, 504
equations, 256
structural problem, 259
variables, 243, 256
vector, 256
verification, 262
aerodynamic shape optimiza-
tion, 20, 40, 283, 444
aerostructural
analysis, 477
model, 481
affine function, 424, 435
aggregation functions
p-norm, 213
induced exponential, 213
induced power, 214
Kreisselmeier—Steinhauser
(KS), 212
aircraft fuel tank problem, 218

airfoil optimization, 444
Aitken acceleration, 490, 491,
498
algorithmic differentiation (AD),
41, 225,237,497
adjoint variables, 243
checkpointing, 247
computational cost, 246
computational graph, 242
connection to complex-step
method, 249
coupled systems, 502
directional derivative, 242
forward mode, 238,239, 502
forward vs. reverse, 246
matrix operations, 251
operator overloading, 247,
248, 250
partial derivatives, 260
reverse mode, 43, 239, 243,
412, 502
scaling, 246
seed, 243, 246
shortcuts, 251
software, 250
source code transformation,
247,250
taping, 249
verification, 262
analysis, 3, 6, 70
analytic
function, 232
methods, see implicit ana-
lytic methods
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analytical target cascading (ATC),
524
anchor points, 360
approximate Hessian, 124, 572
approximate minimum degree
(AMD) ordering, 486
Armijo condition, see sufficient
decrease condition
artificial intelligence (AI), 39, 43
artificial minimum, 282
asymmetric subspace optimiza-
tion (ASO), 529
asymptotic error constant, 63
augmented Lagrangian method,
176,181, 198, 315
automatic differentiation, see al-
gorithmic differentia-
tion (AD)

back substitution, 245, 561
backpropagation, 43, see also al-
gorithmic differentia-
tion (AD)
backtracking, 99, 100, 185
backward difference, 228
banana function, see Rosenbrock
function
Barnes problem, 447, 586
barrier methods, see interior penalty
methods
basis functions, 384, 385, 398,
462
Gaussian, 399
radial, see radial basis func-
tion (RBF)
bean function, 98, 113, 119, 122,
130, 133, 291, 314, 319,
580
Bellman
equation, 38, 342
principle of optimality, 342
benchmarking, 320

616

gradient-based algorithms,
133, 135
gradient-free algorithms, 284
MDO architectures, 533
stochastic algorithms, 286
BFGS method, 38, 126, 129, 550,
572,574,576
damped, 200
derivation, 126
Hessian reset, 129
limited memory, see L-BFGS
method
SQP, 199
update, 128
bilevel integrated system syn-
thesis (BLISS), 527
binary
decoding, 308
encoding, 308
representation, 308
variables, 327, 331
binding-direction method, 191
biological reproduction, 307
bisection, 108, 110
black-box model, 18, 227, 232,
281, 484,501, 519
derivatives, 225
solver, 507
blocking constraint, 194
Boltzmann distribution, 347
bound constraints, 7, 154, 155,
319
artificial, 156
brachistochrone problem, 35,152,
583
bracketing, 103
branch-and-bound method, 285,
330, 333
integer variables, 336
relaxation, 331
breadth-first tree search, 333
Broyden’s method, 69, 496, 571
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bugs, 58

calculus of variations, 34-36
callback functions, 15
Cauchy-Riemann equations, 233
ceiling, 320
central difference, 228, 230
central limit theorem, 389
chain rule, 237, 238, 541
forward, 239
multivariable, 542
reverse, 243
characteristic equation, 554
checkerboard pattern, 320
checkpointing, 247
Cholesky factorization, 61, 561
chromosome, 307, 311
encoding, 308
classification
convex problems, 425
gradient-free algorithms, 284
MDO architectures, 534
optimization algorithms, 21
optimization problems, 17
problem, 432
stationary points, 92
Clenshaw—Curtis quadrature, 457
collaborative optimization (CO),
521
collocation points, 466
column space, 547
combinatorial optimization, 36,
37, see also discrete op-
timization
complementary slackness con-
dition, 168, 190
complex-step method, 42, 225,
232,233, 502
absolute value function, 236
accuracy, 234
connection to AD, 249
implementation, 235

617

step size, 234
testing, 237
trigonometric functions, 237
component, 269, 475, 478, 480,
487,488
explicit, 480, 503, 509
group, 483, 487
implicit, 480, 503
multiple, 225
composite function, 541
computational cost, 50, 63, 374
AD, 237,247
adjoint method, 257
analysis, 60
budget, 93, 315
complex step, 232, 233
derivatives, 223
direct method, 256
direct vs. adjoint, 257
finite difference, 228
forward AD, 240
linear solvers, 62
optimization, 22, 48, 283
reverse AD, 244
solvers, 12, 61, 253
computational differentiation,
see algorithmic differ-
entiation (AD)
computational fluid dynamics
(CFD), 40, 283,444,531
computational graph, 242, 246
computer code, see source code
conceptual design, 3
concurrent subspace optimiza-
tion (CSSQO), 532
condition number, 560, 570
cone programming, 425
confidence interval, 404
conjugacy, 116, 117, 565
conjugate gradient method, 115,
117, 565
Fletcher—Reeves formula, 117
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linear, 115, 565, 568
nonlinear, 117, 119
Polak-Ribiére formula, 118
reset, 118,119
consistency constraints, 515, 521,
525
constrained optimization, 36, 153
graphical solution, 154
problem statement, 154
constraint qualification, 169, 523
constraints, 12, 314
active, 13, 165, 190
aggregation, 204, 211, 260
blocking, 194
bound, 7, 154
consistency, 515, 521, 525
equality, 12, 154
equality versus inequality,
154,194
functions, 12
handling, 153
inactive, 13, 165, 190
inequality, 12, 154
infeasible, 13
Jacobian, 188
reformulation, 197
scaling, 181
working set, 190
continuity, 18
continuous parameterization, 330
contour
perpendicular, 81
tangent, 157
control law, 429
convergence, 315
criterion, 237
failure, 48, 96, 138, 274
order of, 64, 66
plot, 66
quadratic, 121
rate, 63, see rate of conver-
gence, 287

618

residuals, 66
tolerance, 96, 138, 225
convex
function, 20, 424
hull, 302, 303
optimization, 20, 41, 423
problem, 389
convexity, 20, 27
coordinate
descent, 476
search, 39, 115, 116
search algorithm, 292
correlation, 400, 558
matrix, 406
coupled
adjoint, 506
Broyden method, 499
derivatives, 509
model, 478
Newton’s method, 499
solver, 500
system, 484, 488
coupling variables, 478,482, 484,
486, 487, 489, 492, 506,
515
covariance, 401, 449, 450, 558
matrix, 450
cross validation, 395, 397, 412
k-fold, 397
leave-one-out, 397
simple, 396
crossover, 307,311, 313
linear, 313
point, 311
single-point, 311
crowded tournament selection,
368
crowding distance, 366
cubature, 457
cubic interpolation, 109, 145
cuboid, 366
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cumulative distribution function
(CDF), 379, 441, 556
curse of dimensionality, 374, 376,
458
curvature, 22,85, 112, 119
approximation, 123
condition, 126, 573
directional, 86, 124
maximum, 87
principal directions, 86, 116
curve fit, 373
Cuthill-McKee ordering, 486
CVX, 432

damped BFGS update, 200
data

dependencies, 486

fitting, 385

model, 384

transfer, 343, 486, 487
debugging, 59
decaying sinusoid, 404
decision variables, see design

variables, 327

decomposition, see factorization
deep neural networks, 43, 409
dense matrix, 559
dependence

implicit, 253
dependency structure matrix,

see design structure ma-

trix (DSM)
depth-first tree search, 332

derivative-free optimization (DFO),

24,285

derivatives, 223
accuracy, 138, 275
backward propagation, 245
black box, 225
computational cost, 275
coupled, 41, 501, 503, 509
definition, 228

619

directional, 82, 98, 229, 242

ease of implementation, 275

eigenvalues, 252

eigenvectors, 252

explicit, 266

first-order, 223

implicit, 266

implicit analytic methods,
252

matrix, 552

matrix operations, 251, 252

methods, 225, 275

mixed partial, 85

partial, 80, 239, 254, 260,
266, 504, 542

physical interpretation, 82

post-optimality, 530, 532

propagation, 238, 239, 242,
243,253

relative, 82

scalability, 275

scaling, 274

second-order, 85

singular value decomposi-
tion, 252

sparse, 262, 264

total, 239, 254, 542

verification, 242, 274

weighted function, 246

descent direction, 98, 165
design

constraints, 12

cycle, 3

optimal vs. conventional,
4,5

optimization, 3

phases, 2

process, 2

sensitivities, see derivatives

space visualization, 10, 12,
14

specifications, 3
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design structure matrix (DSM),
485, 504
design variables, 6, 253, 479
binary, 327, 331
bounds, 154, 155, 319
continuous, 7, 17
converting integer to binary,
331
discrete, 8, 17,27, 283, 312,
327
integer, 312, 327, 336
mixed, 17
parameterization, 9, 330
scalability, 22, 283
scaling, 114, 137
shared, 476
units, 114
detailed design, 3
determinant, 551
deterministic function, 20
DFP method, 38, 126, 573, 576
update, 573
diagonal matrix, 550
Dido’s problem, 33
differential, 174, 254, 266, 543
differentiation, see also deriva-
tives
algorithmic, see algorithmic
differentiation (AD)
chain rule, see chain rule
numerical, 227
symbolic, see symbolic dif-
ferentiation
DIRECT algorithm, 42, 285, 298
n-dimensional, 304, 305
one-dimensional, 301
direct linear solver, 560
direct method, 255
coupled, 503
structural problem, 259
verification, 262
direct quadrature, 448, 452

620

directed graph, 486
weighted, 338
directional
curvature, 86, 124
derivative, 82, 98, 229, 242
disciplinary subproblem, 519,
521
discipline, 475, 480
disciplined convex optimization,
424,430
software, 432
discontinuity, 7, 19, 231, 282,
320, 321
smoothing, 145
discrete optimization, 26, 36,
327
dynamic programming, 339
dynamic rounding, 329
genetic algorithm, 351
greedy algorithms, 337
rounding, 329
simulated annealing, 347
discrete variables, 27, 283, 312,
327
avoiding, 328
discretization, 48, 50, 63
error, 49, 57
methods, 52
divergence, 64
diversity, 43, 310, 312
dominance, 198, 357
depth, 365
dominated point, 358
dot product, 545
2-norm, 549
test, 262
double-precision
floating-point format, 54
number, 55
dual number, 248
dynamic
polling, 294
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programming, 26, 38, 339,
344

rounding, 329

system, 429

efficient global optimization (EGO),
286, 415, 416
eigenvalues, 86,90, 252, 552, 553
eigenvectors, 86, 116, 252, 553,
566
elitism, 316, 368
engineering design, 2, 45, 475,
476
enhanced collaborative optimiza-
tion (ECO), 532
equality constraints, 12
equality of mixed partials, 85
error, 58, 225
absolute, 54
constant, see asymptotic er-
ror constant
discretization, 49, 57
iterative solver tolerance, 57
modeling, 48
numerical, 48, 49, 53
programming, 58
propagation, 55
relative, 54
roundoff, 49, 54,57, 58, 561
truncation, 57, 228
Euclidean
norm, 549
space, 545
Euler-Lagrange equation, 36
evolution, 307
evolutionary algorithms, 39, 42,
286, 363
GA, 306
PSO, 316
exact penalty decomposition (EPD),
532
exhaustive search, 298, 328, 329

621

exit conditions, 93
expected
improvement, 415
value, 412, 416, 441, 442
expected value, see mean
experimental data, 374
experiments, 5
explicit
component, 480, 503, 509
equation, 266
function, 50, 482
model, 51
exploitation, 319, 414
exploration, 286, 319, 415
exponential
convergence, 457
distribution, 557
function, 212
expression swell, 227
exterior penalty, 176
extrapolation, 313

factorization
Cholesky, 561
LU, 560
Farkas’ lemma, 36, 166
Faure sequence, 384
feasibility tolerance, 201, 208
feasible
descent direction, 166
direction, 159
region, 12
space, 185
feedback, 491
Fibonacci sequence, 340
file input and output, 225, 479,
487
filter methods, 198, 315
finite-difference derivatives, 225,
227,253, 274, 281, 502,
512
accuracy, 230
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backward difference, 228
central difference, 228, 230
coupled, 502
forward difference, 228, 230
higher-order, 229
implementation, 231
optimal step size, 230
step, 228
step-size dilemma, 229, 230
step-size study, 230
finite-difference discretization,
52
finite-element
discretization, 50, 52, 588
structural model, 531
finite-precision arithmetic, 54,
56, 93, 229, 309
finite-volume discretization, 52
first-order
derivatives, 223
perturbation methods, 448,
449
fitness, 286, 309, 310
fixed-pointiteration, 62,226, 487,
534, 562
Fletcher—Reeves formula, 117
floating-point format, 54
food shopping problem, 426
forward difference, 228, 230
forward propagation, 448
direct quadrature, 452
first-order perturbation, 449
Monte Carlo, 459
polynomial chaos, 462
forward substitution, 242, 486
four fundamental subspaces, 547
Frobenius norm, 550
full factorial sampling, 375
full-space hierarchical
Newton’s method, 493
full-space optimization, see si-
multaneous analysis and

622

design (SAND)

function

blending, 145

constraint, 12

explicit, 482

implicit, 483

of interest, 224, 253

objective, 9

smoothness, 282
functional form, 484, 487, 505

Jacobian, 507

Gauss—Hermite quadrature, 455—
457,468
Gauss—-Konrod quadrature, 457
Gauss-Legendre quadrature, 455
Gauss—Newton algorithm, 391
Gauss-Seidel method
linear, 563
nonlinear block, 489, 491,
498, 499, 511
Gaussian
basis, 399
distribution, seenormal prob-
ability distribution
elimination, 560
kernel, 401
multivariate distribution, 401
process, see kriging, 416
quadrature, 453
gene, 307
generalization error, 397
generalized minimum residual
(GMRES) method, 569
generalized pattern search (GPS),
285, 292, 295, 296
genetic algorithm (GA), 39, 306,
308, 363, 376
binary-encoded, 307, 308,
351
constraints, 314
crossover, 311
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discrete optimization, 351
multiobjective, 363, 367
mutation, 311
real-encoded, 307, 312
selection, 309
geometric programming (GP),
41,425,434
software, 437
Gibbs distribution, see Boltzmann
distribution
global
optimization, 42
optimum, 19, 20, 24, 146,
287,299, 322,423
search, 23, 146, 282, 284,
286, 322
globalization strategy, 69, 95,
492
governing equations, 50, 61, 70,
252,254, 479
GPkit, 437
gradient, 79, 80, 121
normalization, 111
scaling, 137
gradient-based algorithms, 22,
28,79,376,412
comparison, 133, 135
constrained, 153
efficiency, 223
unconstrained, 79, 97

gradient-descent method, see steepest-

descent method
gradient-enhanced kriging, 405
predictor, 405
gradient-free algorithms, 22, 28,
281
graph, 486
acyclic, 486
coloring, 262-265, 504, 508
cyclic, 486
directed, 486
weighted directed, 338

623

graph form programming, 425
graphical solution, 14

greedy algorithms, 337
grocery store shopping, 339

H-section beam problem, 217
Hadamard product, 167
half-space, 157, 159, 165
intersection, 165
Halton sequence, 382
scrambled, 383
Hammersley sequence, 383, 407
Hamming cliff, 312
Hartmann function, 580
Hermite polynomials, 456, 467
Hessian, 85, 110, 115, 121, 144
approximation, 110, 123,124,
127,572
directional curvature, 86
eigenvalues, 86
eigenvectors, 86, 116
Gauss—Newton algorithm,
392
initial approximation, 124
interpretation, 86
inverse approximation, 128,
573,574
inverse update, 573
Lagrangian, 161, 162, 191
positive-definite, 121, 126
positive-semidefinite, 90
symmetry, 85
update, 124, 572
vector product, 86
heuristics, 24, 115, 287
hierarchical solvers, 41, 499, 503
hierarchy, 481, 483, 501
higher-order moments, 450
histogram, 377, 452
history of optimization, 33
hit-and-run algorithms, 286
human expertise, 4
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hybrid adjoint, 260

hypercube, 304

hyperplane, 157
intersection, 159
tangent, 157, 159, 165

hyperrectangle, 304
potentially optimal, 304
trisection, 304

hypersurface, 11, 254

identity matrix, 206, 550
scaled, 132
ill-conditioning, 56, 351, 560,
589
aggregation function, 212
collaborative optimization
(CO), 523
interpolation, 110
least squares, 387
line search, 107
Newton’s method, 69
penalty function, 176, 182,
187
imaginary step, 232
implicit
component, 480, 503
dependence, 253
equation, 50, 266, 544
filtering, 285, 322
function, 50, 71, 253, 483
model, 51
implicit analytic methods, 225,
252
adjoint, 211, 255, 260
coupled, 503
direct, 255
direct vs. adjoint, 257
forward mode, 255
reverse mode, 256
structural problem, 259
verification, 262
inactive constraints, 165, 190

624

indefinite matrix, 552

individual discipline feasible (IDF),

515
induced functions, 213
inequality
constraints, 12, 154
quadratic penalty, 180
inertia, 316
inexact penalty decomposition
(IPD), 532
infeasibility, 198
infeasible
directions, 165
region, 13
infill, 375, 414
initial design, 3, 8, 79
inner product, 454, 545
weighted, 455
input and output conversion,
481
inputs, 6, 225, 374, 448, 482, 483
integer
overflow, 54
programming, see discrete
optimization
variables, 327, 336
integer variables, 312
interior penalty methods, 184
interior-point methods, 39, 41,
153,187, 204
line search, 206
with quasi-Newton approx-
imation, 208
interpolation, 108, 384
cubic, 109, 145
ill-conditioning, 110
non-smooth, 145
quadratic, 108, 109
intuition, 3, 10, 12, 29
invasive weed optimization, 286
inverse
barrier, 184
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cumulative distribution, 379
inversion sampling, 379
investment portfolio selection,

343
isosurface, 11, 80, 83

tangent, 157
iterations

major, 96

minor, 96
iterative

linear solvers, 560

solvers, 57, 62, 63, 226, 237

Jacobi method
linear, 563
nonlinear block, 487-489,
499
Jacobian, 69, 121, 155, 224, 228,
232,244,246, 254, 495,
571
compressed, 263
constraints, 188
coupled, 504
diagonal, 263
inverse, 572
nullspace, 165
size, 155, 257
sparse, 261-264, 504, 508
square, 261
structure, 504, 507
transpose, 504
Jones function, 146, 297, 306,
320, 580
discontinuous, 320

Kepler’s equation, 35, 76, 226
kernel, 400
KKT conditions, 37, 168, 187,
282,523,574
knapsack problem, 339, 343
dynamic programming, 346
tabulation, 345

625

Kreisselmeier—Steinhauser (KS)
function, 212
kriging, 37, 42,286,399, 400,416
gradient-enhanced, 405
kernel, 400, 405
ordinary, 400
predictor, 403
regression-based, 408
Krylov subspace methods, 62,
69, 499, 562, 569
kurtosis, 450, 556

L-BFGS method, 131, 132
Lagrange multipliers, 36, 182,
188, 198, 528

adjoint interpretation, 257
equality constraints, 160
inequality constraints, 167
interior-point method, 207
meaning of, 173
Lagrangian
function, 161, 187, 205
mechanics, 36
Latin hypercube sampling (LHS),
146, 377, 379, 380, 460
law of large numbers, 459
law of reflection, 34
law of refraction, 34
leading principal
minor, 551
submatrix, 551
learning rate, 413
least squares, 36, 386
constrained, 428
linear, 386
nonlinear, 391
regularized, 388
left nullspace, 548
legacy codes, 226
Legendre polynomial, 454
Levenberg-Marquardtalgorithm,
391
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likelihood function, 390
concentrated, 402
line search, 38, 94, 96, 116
algorithm, 97
backtracking, 99, 100
bracketing, 103, 104
comparison with trust re-
gion, 95, 144
exact, 98,102,117
ill-conditioning, 107
interior-point methods, 206
interpolation, 108
Newton’s method, 121
overview, 95
pinpointing, 103, 106
plot, 108, 123, 136
quasi-Newton method, 124
SQP, 188,197
step length, 99
sufficient decrease, 99
unit step, 136
linear
conjugate gradient, 568
convergence, 64
direct solvers, 560
function, 424
independence constraint qual-
ification, see constraint
qualification
iterative solvers, 560
least squares, 424
mixed-integer programming,
330, 331
programming (LP), 19, 37,
331, 425
regression, 385
solvers, 559
system, 559
linear-quadratic regulator (LQR),
429
Lipschitz
constant, 299

626

continuity, 299
local
constraints, 520
design variables, 520
optimum, 19, 287
search, 23,79, 284
log likelihood function, 390
logarithmic
barrier, 185
scale, 66
logical operators, 236
lognormal distribution, 557
loops, 138, 226, 238
unrolling, 238
low-discrepancy sequence, 380,
460
lower
convex hull, 302, 303
triangular matrix, 242, 273,
486, 560
LU factorization, 61, 497, 560

machine learning, 2, 5, 43
deep neural networks, 409
hidden layers, 408
input layer, 408
maximum likelihood, 389
minibatch, 412
neural networks, 408
output layer, 408
support vector machine, 433
machine precision, 55, 312
machine zero, see machine pre-
cision
major iterations, 96
manifold, 254
manufacturing, 447
Markov
chain, 339, 344
variable-order, 339
process, 339
mating pool, 309
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matrix

bandwidth, 486

block diagonal, 497

column space, 547

condition number, 560, 570

dense, 559

derivatives, 552

determinant, 551

diagonal, 550

factorization, 62, 560

Hadamard product, 167

identity, 206, 550

ill-conditioned, 560

indefinite, 552

inverse, 62, 551, 559

inverse product, 251

Jacobian, 224

leading principal minor, 551

lower triangular, 242, 273,
486, 560

multiplication, 544

negative-definite, 552

norm, 550

nullspace, 156, 160, 548

positive-definite, 90, 551

positive-semidefinite, 90, 552

rank, 156, 547

reordering, 486, 491

row space, 547

scaled identity, 132

size notation, 544

sparse, 486, 559

splitting, 562

stiffness, 589

symmetric, 551

symmetric positive-definite,
561, 565

transpose, 485, 550

upper triangular, 246, 274,
560

vector product, 546

well-conditioned, 560

627

MAUD, see modular analysis
and unified derivatives
(MAUD)
maximization as minimization,
10
maximum
curvature, 87
likelihood, 389, 402
log likelihood, 402
point, 88, 93
step, 100
MDO architectures, 40, 475, 533
ASO, 529
ATC, 524
BLISS, 527
BLISS-2000, 532
CO, 521
CSSO, 532
distributed, 519, 533
ECO, 532
EPD, 532
IDF, 515
IPD, 532
MAUD, 533
MDF, 511, 531
MDOIS, 532
monolithic, 510, 533
QSD, 532
SAND, 517, 519
MDO frameworks, 534
MDO of independent subspaces
(MDQIS), 532
mean value, 554, 555
memoization, 340
merit function, 198
mesh refinement, 57
mesh-adaptive direct search (MADS),
285
metamodel, see surrogate mod-
els
method of lines, 53
minibatch, 412
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minimum, 93
global vs. local, 19
strong, 90
weak, 19
minor iterations, 96
mixed-integer programming, 327
linear, 331
model, 6, 475, 487
data-driven, 384
explicit, 51
implicit, 51
inputs and outputs, 483
multidisciplinary, 479
optimization considerations,
70
physics-based, 384
statistical, 400, 401
modeling error, 48
modular analysis and unified
derivatives (MAUD), 498,
499, 501, 503, 508, 512,
533
modularity, 479, 481
monolithic solver, 499
monomial, 434
Monte Carlo simulation, 376,
448, 452, 459, 473
multidisciplinary
model, 479
multidisciplinary analysis (MDA),
486, 488, 502, 511, 534
multidisciplinary design feasi-
ble (MDEF), 511, 513,
531
multidisciplinary design opti-
mization (MDO), 2, 28,
40, 475
multidisciplinary model, 39
multifidelity models, 374
multilevel coordinate search (MCS),
285

628

multimodality, 19, 20, 23, 79,
138, 146, 282, 350
multiobjective optimization, 10,
18, 28, 198, 283, 355,
443
NBI method, 360
epsilon constraint method,
360
weighted-sum method, 358
evolutionary algorithms, 363
GA, 363
objectives versus constraints,
155
problem statement, 357
multiphysics, 475
multiple local minima, see mul-
timodality
multipoint optimization, 444
multistart, 146, 282, 321, 375,
376
multivariate Gaussian distribu-
tion, 401
mutation, 307, 311

N2 matrix, see design structure
matrix (DSM)
natural selection, 307, 310
negative-definite matrix, 552
neighboring design, 348
Nelder-Mead algorithm, 39, 285,
287,290, 314, 351
convergence, 289
operations, 288
simplex, 287, 288
neural networks, 43, 408
deep, see deep neural net-
works
depth, 409
feedforward, 408
node, 408
recurrent, 408
weights, 411
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Newton’s method, 23, 35, 139,
187, 391, 559
computational cost, 136
convergence rate, 63
coupled, 492
full-space hierarchical, 493
globalization, 69, 492
ill-conditioning, 69
issues, 121
linear system, 69, 121
minimization, 119
monolithic, 492
preconditioning, 69
reduced-space hierarchical,
494, 496
root finding, 62
scale invariance, 121, 145
solver, 66
step, 69, 121
Newton—Cotes formulas, 453
Newton-Krylov method, 69
Niederreiter sequence, 384
noisy
data, 388
function, 24, 93, 231, 423
model, 28, 374
NOMAD, 298
nondominated
point, 358
set algorithm, 364
sorting, 365
nonlinear
block methods, 488
least squares, 391
simplex algorithm, see Nelder—
Mead algorithm
nonsingular matrix, 559
normal probability distribution,
314, 378, 389, 400, 450,
473, 556
uncorrelated, 468
norms, 548

629

co-norm, 93, 140, 549
p-norm, 213, 549
1-norm, 176, 549
2-norm, 140, 545, 549
Frobenius, 550
matrix, 550
visualization, 549
weighted, 549
weighted Frobenius, 574
NP-complete, see polynomial-
time complete
NSGA-II, 308, 364
nullspace, 156, 160, 548
Jacobian, 165
left, 548
numerical

conditioning, seeill-conditioning

errors, 48,49, 53, 479

integration, see quadrature

models, see model

noise, 28, 48, 58, 94, 138,
225,231,282,321, 388

optimization, 45

stability, 56

objective function, 9, 79
multiple, 283, see multiob-
jective optimization
scaling, 114, 137
selecting, 9, 11
separable, 357
units, 114
offspring, 307
one-shot optimization, 72
OpenAeroStruct, 498, 508
OpenMDAOQ, 498, 501, 508, 512
operations research, 2, 19,41, 45
operator overloading, 237, 247,
248
opportunistic polling, 293
optimal control, 2, 5, 26, 40, 41,
429
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optimal-stopping problem, 34
optimality, 4, 287
criteria, 22, 24
dynamic programming, 342
Farkas’ lemma, 166
first-order equality constrained,
161
first-order inequality con-
strained, 166
KKT conditions, 168
second-order constrained,
162, 169
tolerance, 201, 208
unconstrained, 90, 91
optimization
algorithm selection, 26
difficulties, 136, 138, 274
problem classification, 17
problem formulation, 4, 6,
17
problem reformulation, 5
problem statement, 14
software, 15, 41, 94, 200
under uncertainty (OUU),
28,441
optimum, see minimum
order of convergence, 64, 66
ordinary
differential equation (ODE),
52
kriging, 400
orthogonal, 454
columns, 264
polynomials, 454, 463
search directions, 113
vectors, 547
outer product, 545
self, 127,571,575
outputs, 6, 18,225, 374, 482
overdetermined system, 387
overfitting, 395, 396
overflow, 55

630

integer, 54

parallel computation, 309, 488,
489, 495, 498, 499, 522
parameterization, 9, 330
parents, 307
Pareto
anchor points, 360
front, 358, 368, 443
optimal, 358
optimality, 357
set, 358
utopia point, 361
partial
derivatives, 80, 239, 254,
260, 266, 504, 542
differential equation (PDE),
52,63
pivoting, 561
particle swarm optimization (PSO),
42,316, 318, 376
convergence, 319
initial population, 318
particle position update, 317
partitioning, 479, 480
pattern-search algorithms, see
also generalized pattern
search (GPS)
PDE-constrained optimization,
517
penalty function, 176, 198
ATC, 524
exterior, 176
interior, 184
methods, 38, 153, 175, 291,
314, 322
parameter, 176, 177, 185,
198
quadratic, 176, 179, 525
relaxation, 525
percent-point function, 379
physics-based model, 37, 384
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pinpointing, 103
plane, 157
Polak—Ribiére formula, 118
polar cone, 166
politics, 477
polling, 293
polyhedral cone, 158, 165
polynomial chaos, 448, 462
intrusive, 470
nonintrusive, 470
software, 466
polynomial-time complete, 328
polynomials, 398
Hermite, 456, 467
Legendre, 454
orthogonal, 454, 463
quadratic, 399
population, 306, 307, 310
initial, 307, 309
portfolio optimization, 38
positive-definite matrix, 90, 127,
551
positive-semidefinite matrix, 90,
552
positive spanning
directions, 292
set, 292
post-optimality
derivatives, 530, 532
sensitivity, 5, 175
studies, 5
posynomial, 434
potentially optimal rectangles,
304
precision, 20, 48, 49, 54, 55, 57,
61, 154, 225, 237, 252,
479, 487, 501
preconditioner, 493, 569
preconditioning, 69, 569
principal curvature directions,
86,116
principle of least time, 34

631

principle of minimum energy, 1

probability density function (PDF),

379, 401, 441, 555, 556
probability distribution, 441, 442
exponential, 557
Gaussian, see normal prob-
ability distribution
lognormal, 557
uniform, 313, 377, 557
Weibull, 557
programming, 59
bugs, 58
errors, 58
language, 15, 42, 44, 49, 54,
236, 237,250, 387, 487,
502
modular, 59
profiling, 60
testing practices, 60
propagated error, 55
pruning, 331
pseudo-load, 260

QR factorization, 387

quadratic
approximation, 120, 123,124
convergence, 64, 121
form, 546, 552
function, 115, 139
interpolation, 108, 109
penalty, 176, 179, 180
programming (QP), 188, 386,

425,427

quadratically constrained quadratic

programming (QCQP),
140, 429, 430
quadrature, 452, 457
Clenshaw—Curtis, 457
direct, 452

Gauss—Hermite, 455-457, 468

Gauss—Konrod, 457
Gauss-Legendre, 455
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sparse grid, 458
quantile function, 379
quasi-Monte Carlo method, 460
quasi-Newton methods, 38, 121,
123,124,572
BFGS, 38, 126, 572,574,576
Broyden, 571
condition, 126
curvature condition, 126
DFP, 38, 126, 573, 576
Hessian reset, 129
L-BFGS, 131, 132
SR1, 130, 575, 576
unification, 576
quasi-random sequences, 381
quasi-separable decomposition
(QSD), 532

radial basis function (RBF), 286,
399

radical inverse function, 381
random

sampling, 294,309, 312,377,

459

variable, 400, 401, 442, 554
rank, 156, 387, 547
rate of convergence, 63

linear, 64

plot, 65

quadratic, 64

superlinear, 65
real-encoded GA

crossover, 313

initial population, 312

mutation, 313

selection, 312
rectified linear unit (ReLU), 410
recursion, 339
recursive solver, 499
reduced-space

Newton’s method, 499

632

optimization, see multidisci-
plinary design feasible
(MDF)
regression, 5, 384
linear, 385, 388
nonlinear, 391
testing, 60
regular point, 161, 169
regularization, 393, 399, 433
regularized least squares, 388
relative
derivatives, 82
error, 54
step size, 231
relaxation, 331, 489
factor, 490, 564
reliability metric, 444
reliable design, 441, 447
reordering, 486, 491
residual form, 50, 484
residuals, 50, 51, 121, 225, 253,
266, 479-481, 560
derivatives, 223
norm, 66
response surface model, see sur-
rogate models
restricted-step methods, see trust
region
reverse chain rule, 243
reverse Cuthill-McKee (RCM)
ordering, 486
reward, 443
risk, 443
robust design, 441, 442
Rosenbrock function, 579
n-dimensional, 283, 579
two-dimensional, 135, 137,
144, 395, 579
roulette wheel selection, 310
rounding, 329
roundoff error, 49, 54, 57, 58,
230, 561
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row space, 547

saddle point, 92, 93, 580
safety factor, 513
sampling, 374
full factorial, 375
inversion, 379
plan, 375
random, 294, 309, 312, 377,
459
scalar product, 545
scale invariance, 121, 145
scaled identity matrix, 132
scaling, 69, 93, 94
constraints, 181
design variables, 114, 137
gradient, 137
logarithm, 115
objective function, 114, 137
trust-region method, 145
search direction, 110
conjugate, 116
method comparison, 133,
135
normalization, 118
steepest descent, 110
zigzagging, 112,113
secant
equation, 125, 574, 575
inverse equation, 573
method, 67, 123, 571
second-order cone programming
(SOCP), 41, 425, 429
seed, see algorithmic differenti-
ation (AD)
self influence, 318
semidefinite programming (SDP),
41,425
sensitivities, see derivatives
separable objectives, 357
sequence
Faure, 384

633

Fibonacci, 340
Halton, 382
Hammersley, 383, 407
low-discrepancy, 380
Niederreiter, 384
scrambled Halton, 383
Sobol, 384
van der Corput, 381
sequential optimization, 5, 476,
514, 532, 533
sequential quadratic program-
ming (SQP), 38,41, 153,
187
equality constrained, 187
active set, 190
inequality constrained, 190
line search, 188, 197
meaning, 189
quasi-Newton, 201
system, 188
shape optimization, 35, 40
shared design variables, 476, 520
Sherman-Morrison-Woodbury
formula, 128, 572, 574,
576
shipping, 343
Shubert’s algorithm, 299
side constraints, see bound con-
straints
sigmoid function, 145, 410
signomial programming, 436
simplex, 287
simplex algorithm, 37
simulated annealing, 42, 347,
349
simulation, 3, 70
simultaneous analysis and de-
sign (SAND), 72, 73,
517,519
singular matrix, 559
skewness, 450, 556
slack variables, 167, 205
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slanted quadratic function, 579
slope, 80, 84, 98
smooth functions, 153
smoothing discontinuities, 145
smoothness, 18, 24
Sobol sequence, 384
social influence, 317, 318
software, 40, 41
AD, 250
engineering, 44
geometric programming, 437
MDO frameworks, 534
optimization, 15, 200
stochastic gradient descent,
414
surrogate modeling, 399
solvers, 50
hierarchical, 41, 499, 501
iterative, 225, 226, 237
linear, 61, 62, 559
monolithic, 499
Newton, 62, 66
nonlinear, 62
overview, 61
recursive, 499
source code, 225, 232, 236, 249
transformation, 247, 248,250
span, 156, 547
sparse
Jacobian, 261-264
linear systems, 62, 246, 559
matrix, 486
spectral
expansions, see polynomial
chaos
projection, 465
splines, 9
splitting matrix, 563
spring system problem, 133, 143,
210, 585
SQP, see sequential quadratic
programming (SQP)

634

SR1 method, 576
update, 575
stability, 56
standard
deviation, see variance
error, 404
standard deviation, 314
state variables, 50, 70, 225, 253,
478,487, 492
stationary point, 91, 93, 94, 167
statistical model, 400, 401
steepest-descent method, 36, 110,
111
step length, 99, 136
step-size dilemma, 229, 230
stiffness matrix, 50, 253, 259,
481, 589
stochastic
algorithms, 25, 286
collocation, 465
function, 20
gradient descent, 43, 413
strong Wolfe conditions, 102,
106, 124
structural
design problem, 71, 73, 253,
259, 588
model, 49, 253, 482
optimization, 40, 71, 447
structurally orthogonal columns,
263
subspace, 157, 547
subsystem, 499
subtractive cancellation, 56, 230
successive over-relaxation (SOR),
62, 564
sufficient curvature condition,
102
sufficient decrease condition, 99,
100
sum of squared errors, 411
superlinear convergence, 65
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supervised learning, 433
support vector machine, 433
surrogate modeling toolbox (SMT),
399
surrogate models, 25, 28, 37,
285,294, 373, 375, 532
interpolatory, 384
kriging, 37, 400
linear regression, 385
polynomial, 385
regression, 384
surrogate-assisted optimization,
373
surrogate-based optimization (SBO),
28,37,42,373, 414, 532
swarm, 316
symbolic differentiation, 81, 226,
238, 239, 247
toolbox, 226
symmetric rank 1 (SR1) method,
130, 575
symmetry of second derivatives,
85
system-level
optimization, 532
representation, 484, 505
solver, 487, 500
subproblem, 519

tabulation, 341, 342, 345
tangent
hyperplane, 157, 159, 165
Jacobian, 224, 240
taping, 249
target variables, 515
Taylor series
approximation, 88, 95, 120,
449
complex step, 232
constraint, 159
finite differences, 227
multivariable, 540

635

Newton’s method, 68
single variable, 539
Taylor series expansion, 539
ten-bar truss problem, 221, 588
three-bar truss problem, 219
time
dependence, 26
horizon, 341
integration, 63
topology optimization, 40
total
derivatives, 239, 254, 503,
504, 542
differential, see also differ-
ential
potential energy, 133, 585
tournament selection, 310, 315
multiobjective, 367
trade-offs
cost vs. performance, 10
direct vs. adjoint, 257
forward vs. reverse mode
AD, 246
multidisciplinary, 477
performance vs. robust-
ness, 444
risk vs. reward, 355, 443
weight vs. drag, 356
training data, 374, 384, 396, 411
trajectory optimization, 1, 26,
39, 375
transportation problem, 36
traveling salesperson problem,
37,328, 349
tree
breadth-first search, 333
data structure, 498, 500
depth-first search, 332
pruning, 331
trisection, 304
truncation error, 57, 228, 229,
234
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trust region, 96, 139, 528
comparison with line search,
95,144
methods, 122,139, 142144,
208, 285
overview, 95
type casting, 479

uncertainty, 5, 20, 357, 389, 404,
441, 442,447,476
quantification, 443, 444, 448
unconstrained optimization, 79
underdetermined system, 466
underfitting, 396
underflow, 55, 233, 234
unified derivatives equation (UDE),
265, 498, 507, 544
AD, 272
adjoint method, 270
derivation, 266
direct method, 270
forward, 267
reverse, 268, 509
uniform distribution, 313, 377,
557
unimodal function, 19, 282
unimodality, 20, 79
unit testing, 60
units, 7
unsupervised learning, 433
upper triangular matrix, 246,
274, 560
utopia point, 361

validation, 5, 49
van der Corput sequence, 361
variable-order Markov chain, 339
variables
bounds, 528
coupling, 478, 482, 484, 486,
487,489, 492, 506, 515
design, 6, 253, 479
input, 374, 448, 482, 483
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output, 374, 482
random, 400
state, 253, 478, 487, 492
target, 515
variance, 400, 441, 443, 451, 554,
555
vector, 545
operations, 545
space, 547
verification, 49, 242, 262, 274
visualization, 10

warm start, 152, 562
weak minimum, 19
Weibull distribution, 473, 557
weighted
directed graph, 338
Frobenius norm, 574
function, 246
inner product, 455
norm, 549
sum, 358
wind
farm problem, 27, 40, 330,
358, 444,445,472
rose, 445
wine barrel problem, 34, 150
wing design problem, 8, 40, 82,
477,497,508, 513, 517,
519, 523, 531, 581
Wolfe conditions, see strong Wolfe
conditions
Woodbury matrix identity, see
Sherman—-Morrison-Woodbury
formula
working set, 190

XDSM diagram, 475, 486
data dependency lines, 486
iterator, 488
process lines, 488
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zero-one variables, see binary
variables
zigzagging, 112,113
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