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Symbol Index

Symbol Meaning Page(s)
c+d addition of scalars 8
A+ B addition of matrices 5
V4w addition of vectors 5, 76
V+W addition of subspaces 86
f+g addition of functions 79
cd multiplication of scalars 8
cv, cA, cf scalar multiplication 5, 76, 79
AB,Ax matrix and vector multiplication 6
K>0 positive definite 157, 398
K>0 positive semi-definite 159
|- absolute value, modulus, norm v, 137, 174
-l norm 131, 133, 144, 178-9
Il matrix norm 153
-1 1 norm 145, 155
-1l Euclidean norm 145, 460
Il oo max norm 145, 155
-1, p norm 145
(R weighted p norm 147
-1l = Frobenius norm 156
AR dot product 130
Z-W Hermitian dot product 178
(-,+) inner product 130, 133, 179
() inner product 133
() inner product 133
[-] commutator 10, 354
[a,b] closed interval avid, 79
(a,b) open interval 79
[a,b), (a,b] half open interval 79
{z] C} set of all & subject to conditions C i
T~y approximate equality of real numbers 55
VW isomorphic vector spaces 356
V /W quotient vector space 57
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cardinality (number of elements)
union

intersection

element of

not element of

subset

superset

set theoretic difference

binomial coefficient

orthogonal complement to vector
orthogonal complement
angle

function

convergent sequence
equality of functions
composition

Cartesian product

cross product

agreement at sample points
equivalence relation
equivalence class

mean or average

complex conjugate

quaternion conjugate

summation

product
space derivatives
time derivatives

ordinary derivatives

partial derivatives

partial derivative operator
gradient
divergence

indefinite integral

definite integral

Symbol Index

TV
TV
TV
TV
TV
TV
TV
TV
58, 393

208

217

137

TV

TV

TV
zvit, 352
81

140, 187
287

87

87

84, 467
173, 177, 390
365

TV

TV
Tvite, 173
i, 600
Ui, 585
TV
349

349
86

TV

TV
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0

Qkﬁ@tqﬁcb ®>®®®

3

Zero vector

inverse matrix, linear function
transpose matrix

inverse transpose matrix
Hermitian transpose matrix
pseudoinverse matrix

adjoint matrix, linear function
dual linear function

dual vector space

space of analytic functions
augmented matrix

matrix entry

unit ball

complex numbers
n-dimensional complex space

cardinal spline

space of continuous functions

space of continuously
differentiable functions

space of smooth functions
cokernel

coimage

cosine function
hyperbolic cosine function
derivative operator
distance

Gerschgorin domain
refined Gerschgorin domain
Gerschgorin disk

kth derivative operator
space of kth order differential operators
determinant

diagonal matrix
dimension

base of natural logarithm
exponential function
complex exponential
matrix exponential
standard basis vector
elementary matrix
function space

complete graph
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7

31, 355
43, 502
44

181, 444
437
395, 399
369

350

84

12

Tvit, 4
148
zvit, 173
177

284

83, 179, 347

84

84

113, 357
113, 357
zvii, 176
176

348

146

420

422

420

353

355

32, 70

8

100

TV

TV

175

593

36, 99
16

79, 80
127, 464
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ker

complete bipartite digraph
quaternions

Sobolev norm

Hilbert matrix

imaginary unit

unit quaternion

standard basis vector in R3
identity matrix

identity function

image

imaginary part

index of linear map

unit quaternion

standard basis vector in R?
Jordan block matrix

unit quaternion

standard basis vector in R?
kernel

Hilbert space, inner product, norm
function space p norm
Lagrange polynomial
linear function

space of linear functions
natural (base e) logarithm
base a logarithm

minimal polynomial
maximum

minimum

space of m x n matrices
modular arithmetic

zero matrix

nonnegative orthant
characteristic polynomial
Legendre polynomial

space of polynomials of degree < n
space of all polynomials
phase

rational numbers

real numbers
n-dimensional real Euclidean space

space of infinite sequences

Symbol Index

127

364

136

57

zvit, 173
364

99

7

343

105, 383
173, 177, 391
357

364

99

416, 449
364

99

105, 378
133, 180
145

262

342

349

TV

TV

453

TV

TV

77, 349
TV

7

83

415

228

7

83

zvig, 174
TV

TV

76

81



Symbol Index

RG
rank
Re

rotation

rank

real part

unit sphere

sinc function

secant function
hyperbolic secant function
sign of permutation

sine function

hyperbolic sine function
span

support of a function
monomial sample vector
Chebyshev polynomial

space of trigonometric polynomials
of degree < n

space of all trigonometric polynomials
tangent function

trace

Krylov subspace
integers

B-spline

Laplacian

dual basis vectors
primitive root of unity
condition number
eigenvalue

area of unit circle
permutation

spectral radius
correlation

singular value
standard deviation

covariance

relaxation parameter

sampled exponential

349

61

173, 177, 391
83, 148
273

TV

270

72

i, 176
176

87

551

265

233

90, 190
91

TV
10, 415
537
TV
284
349, 381
350
288
460
408
TV
26, 27
489
469
454
468
469

518
287

641



Subject Index

A

absolute row sum 155, 496, 498, 510
absolute value zvii
abstract wvii, viii, viii, xi, ziv, 6, 756
acceleration 260, 608, 623
account 476-7
acute 160
adapted basis 426
addition 5, 48-9, 53, 76, 87, 161, 349, 576
associativity of 78
complex 173, 296, 298
matrix 5, 8, 12, 43, 349
real 296
quaternion 364
vector 77, 82, 390
addition formula 89
additive identity 76
additive inverse 8, 76
additive unit 7
adjacency matrix 317
adjoint a4, 112, 342, 357, 395-7, 399, 413
formal 396
Hermitian 181, 205
weighted 397
adjoint function 398
adjoint system 112, 117
adjugate 112
advertising 258
affine equation 479
affine function i, 245, 239, 343, 370, 555
affine iterative system 488
affine matrix 372, 603
affine subspace 87, 375, 383
affine system 488
affine transformation ix, zii, xiv, 341, 370-3,
377, 419, 603
air 259, 626
airplane 200
Albert Bridge 626
algebra wviii, 7, 98
abstract 7
computer 57
Fundamental Theorem of 98, 124, 415
Fundamental Theorem of Linear 114, 461
linear wit, i, ziii, xv, 1, 75, 114, 126, 183,
243, 341, 403, 506
matrix 7, 99

algebra (continued)
numerical linear 48
polynomial 78
algebraic function 166
algebraic multiplicity 424
algebraic system wii, iz, 341-2, 376, 386, 506,
517, 540
algorithm wiii, iz
numerical wviii—xi, 48, 129, 183, 199, 400,
403, 475, 536, 547
QR zii, 200, 475, 527, 529, 531-2, 5356,
538
tridiagonal solution 52, 282
aliasing 286-7, 291
alternating current 320, 629
alternative
Fredholm wis, iz, i, 183, 222, 226, 312,
330, 352, 377, 631
altitude 269
AM radio 293
amplitude 89, 273, 565, 587, 609, 615, 627
phase- 89, 587, 610
analysis zv, 129, 135
complex 381
data wii, viii, xii, xiii, v, 80, 126, 129, 135,
301, 403, 463
discrete Fourier zi, ziv, zv, 235, 285
Fourier iz, viie, xis, xv, 75, 78, 99, 135, 173,
180, 183, 188, 227, 285, 287, 476, 555
functional zii
linear iz, x
numerical vii, ix, xii, Tiii, v, 1, 75, 78, 132,
156, 227, 230, 233, 235, 271, 279, 317,
475
Principal Component iz, zii, xiv, zv, 255,
403, 467, 471-2
real 151
statistical 188, 238
symmetry 599
analytic 84, 87, 91
angle zwvii, 120, 129, 137-140, 149, 187, 419,
439, 525, 544, 545, 600
acute 160
Fuler 203
polar 174
right 140, 184
weighted 138
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animation wiie, zii, 200, 203, 279, 283, 341,
374, 375, 565, 599
481
ansatz 379-80
exponential 379, 390, 567, 576, 621
power 380, 479
resonant 631
trigonometric 609, 618, 623, 625, 630
anti-correlated 469
anti-derivative zwviit
anti-diagonal 86, 104
apparatus 565, 608
application wiii, 75
applied mathematics wvii, iz, x, 1, 48, 230, 475
approximate solution 237, 541
approximation wiii, ix, xi, ziv, 220, 227, 261,
475, 542, 599
dyadic 563
Krylov 541-2
least squares 188, 263, 272
linear 324, 329, 341, 388
matrix 462
numerical 220, 235, 403, 416, 467
Padé 261
polynomial 266, 279
rank k£ 462
tangent line 600
trigonometric 271, 273
architecture 483
area 361, 487
argument zviii, 174
arithmetic 173, 413
complex 173
computer 57
floating point 48, 58
matrix i, 1, 8, 77
modular zvii
rational 58
real 173
single precision 461
arithmetic mean 148
arithmetic operation 48, 199, 212, 534, 548
Arnoldi matrix 540
Arnoldi Method i3, 475, 538
Arnoldi vector 538-40, 542, 547
array 56
arrow zvii, 568
art 375, 483
artifact
numerical 206
associative 5, 7-8, 76, 78. 365
astronomy 407
asymptotically stable 405, 478, 490, 493,
579-82, 584, 5867, 591, 597
globally 405, 488-90, 492-3, 579, 622

Subject Index

Atlanta 504
atom wii, 203, 437, 619, 620
audible frequency 287, 614
audio 102, 285, 293
augmented matrix 12, 24, 36, 60, 667
autonomous system 403, 566, 579
autonomous vehicle 616
average 10, 84, 256, 272, 288, 348, 467
axis 373, 419, 600

coordinate 362

imaginary 580-1

principal 465, 472, 487

semi- 487, 498

B

B-spline 284, 567
Back Substitution z, ziii, xiv, 3, 14, 21, 24,
41, 50, 53, 62, 208, 211, 282, 518
bacteria 406
balance 477-8, 499
force 304, 327, 333
voltage 312, 314, 629
ball 236, 244
unit 85, 149-50, 473
banded matrix 55
bandwidth 55
bank 476, 478-9
bar 301, 320, 322-3, 328, 608
base zvii
data 555
basic variable 62-3, 118
basis iz, x, xii, 75, 99, 100—1, 177, 341, 343,
365, 403, 575, 577, 594
adapted 426
change of 365, 367
dual 350, 352, 369
eigenvector wui, zvi, 183, 423, 427, 432, 434,
438, 446, 448, 480, 523, 528, 566, 572,
618
Jordan 448, 450-1, 453, 480, 488, 576-7
left-handed 103, 202, 222
orthogonal zi, xiii, zv, 184, 189, 194, 201,
214, 235, 266, 403, 435, 446, 551, 611,
618
orthonormal 184, 188, 194-6, 198-9, 201,
204, 213, 235, 248, 288, 432, 437-8,
444, 456-7, 460, 475, 528-9, 538
real 575
right-handed 103, 201-2, 222
standard 36, 99, 111, 184, 261, 343, 349,
356, 426, 449, 450, 529
standard dual 350
wavelet 102, 189, 204, 283, 550, 552, 5556,
562
basis function 549, 562



Subject Index

battery 301, 311, 317-8, 320, 626, 629
beam 120, 279, 301, 322
beat 624, 628
bell-shaped 284
bend 322
benzene 620
bidiagonal 52-3, 402
bilinear 10, 130, 133, 156
bilinear form 156
bilinear function 347, 354
binary 297, 561, 563
Binet formula 483, 485
binomial coefficient 58-9, 380, 393
binomial formula 176, 393
biology iz, 1, 403, 407, 475, 499
bipartite 127
bit reversal 297
block
Jordan 416-7, 449-50, 453, 598
block diagonal 35, 74, 128, 171, 420, 449,
535, 598
block matrix 11, 35, 603
block upper triangular 74, 535
blue collar 504
body 200, 203, 259, 301, 341, 439
bolt 323
bond 620
Boston 504
boundary condition 302
clamped 280, 283—4
natural 280, 2834
periodic 280, 283—4
boundary point 503
boundary value problem z, zi, zv, 54, 75, 92,
99, 136, 183, 222, 235, 322, 389, 397,
399, 5412
linear wii, 342, 3767, 386
bounded 219, 349, 380, 603
bounded support 557
bowl 236
box function 549, 555, 559
brain 287
bridge 625-6
Britain 625
bug 505
building 120, 322, 324
business 504

C

C++ 14

CAD 279, 283

calculator 48, 260

calculus wii, z, 83, 231, 240, 341, 580
Fundamental Theorem of 347, 356, 606

645

calculus (continued)
multivariable z, 235, 242-3, 342, 441, 545,
582
vector 353, 365
calculus of variations zii, 235
canonical form 368
Jordan wzii, xiii, 403, 447, 450, 490, 525,
598
capacitance 626
capacitor 311, 628
car 196, 254, 467
carbon 406, 434
carbon tetrachloride 620
cardinal spline 284
cardinality avii
Cartesian coordinate 101
Cartesian product 81, 86, 133, 347, 377
category theory wviii
Cauchy-Schwarz inequality 129, 137, 142-3,
179, 469
Cayley transform 204
Cayley—Hamilton Theorem 420, 453
Cayley—Klein parameter 203
CD 183, 283, 287
ceiling 322
center 373, 588, 589-91
center of mass 439
center manifold 605
Center Manifold Theorem 604
center subspace 604
CG — see Conjugate Gradient
chain
Jordan 447-8, 4502, 488, 5767, 579, 581,
603—4
Markov zii, 475, 499-502
mass—spring zi, xiv, 301, 309, 317, 399,
403, 565, 608, 610, 619, 628, 630
null Jordan 447, 451
chain rule 301
change of basis 365, 367
change of variables 172, 232, 234
chaos 611
characteristic equation 379-80, 390, 408-9,
413, 420, 453, 475, 567, 583, 586, 621,
627
generalized 435, 618
characteristic polynomial 408, 415, 453, 475
characteristic value 408
characteristic vector 408
charge 313
Chebyshev polynomial 233
chemistry 48, 139, 203, 403, 407, 608
Chicago 504
chlorine 620
Cholesky factorization 171
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circle 176, 329, 339, 363, 371, 438
unit zwvii, 132, 288, 442, 530
circuit wxiir, 121-2; 124-6, 126, 312, 403, 608
electrical wii, zii, ziv, 122, 129, 129, 196,
235-6, 301, 628
fault-tolerant 464
LC 630
RLC 626, 629
circuit vector 312
circulant matrix 282, 436
circular motion 616
city 504-5
clamped 280, 2834
clarinet 626
class
equivalence 87
classical mechanics 341, 388, 583
climate 406
clockwise 360
closed zxwvii, 79, 146, 151
closed curve 280, 283
closest point zi, 183, 235, 238, 245-6, 298
closure 82, 106
cloudy 499, 501
CMKY 470
code
error correcting 464
codomain zvi, zvii, 105, 342, 376, 383, 396,
618
co-eigenvector 416, 503, 525
coefficient
binomial 58-9, 380, 393
constant z, 363, 3767, 390
Fourier 289, 291, 294, 2967, 470
frictional 499, 504
leading 367
least squares 266
undetermined 372, 385-6, 500, 623
wavelet 470
coefficient function 353
coefficient matrix 4, 6, 63, 157, 224, 235, 241,
343, 476, 479, 484, 499, 508, 528, 531,
566, 575, 591, 606, 608, 618, 630
cofactor 112
coffee 486
coimage x, 75, 113-5, 117, 221, 223-4, 357,
434, 457
cokernel z, 75, 1134, 116, 118, 125, 221-2,
312, 357, 434, 461, 470, 501, 542, 626,
631
collapse 626
collocation 547
colony 406
color 463, 470

Subject Index

column 4, 6, 7, 27, 43, 45, 94, 114, 162, 201
pivot 56
orthonormal 444, 455-6
zero 59
column interchange 57
column operation 72, 74
column permutation 418
column space 105, 383
column sum 10, 419, 501, 502
column vector 4, 6, 46, 48, 7, 130, 350-17
combination
linear 87, 95, 101, 287, 342, 388, 599, 618
communication network 464
commutation relation 355
commutative 5, 6, 8, 76, 173, 352, 360
commutator 10, 354, 601
commuting matrix 10, 601
compact 149
company 258
compatibility condition 96, 106, 183, 222
compatible iz, zi, 8, 11, 62, 95, 224
complement
orthogonal 217-9, 221, 431, 631
complementary dimension 218
complementary subspace 86, 105, 217-8, 221
complete bipartite digraph 127
complete eigenvalue zvi, 412, 424, 493, 531,
577, 588
complete graph 127, 464
complete matrix zwvi, 403, 4246, 428, 4302,
444, 450, 480, 484, 490, 493, 522, 566,
572, 575, 603
complete monomial polynomial 268
complete the square xi, 129, 166, 240, 437
completeness 562
complex addition 173, 296, 298
complex analysis 381
complex arithmetic 173
complex conjugate 173, 177, 205, 390, 444,
452
complex diagonalizable 427
complex eigenvalue ziv, 412, 415-6, 421, 423,
430, 433, 496, 525, 535, 538, 578, 587
complex eigenvector iz, zii, ziti, 403, 408-10,
429, 443, 446, 448, 473, 475, 480, 484,
503, 522, 525, 527, 537, 539, 560, 565,
609
complex exponential 175, 180, 183, 192, 285,
287, 390, 549
complex inequality 177
complex inner product 184
complex iterative equation 478
complex linear function 342
complex linear system ziv, 566
complex matrix 5, 181, 212, 226, 536, 566
complex monomial 393



Subject Index

complex multiplication 173, 296, 298
complex number zwvii, 80, 129, 173
complex plane 173, 420, 580
complex root 114, 390, 621
complex scalar 177, 476
complex solution ziv, 391, 575
complex subspace 298, 430, 452
complex trigonometric function 176-7
complex-valued function 129, 173, 177, 179,
391
complex variable 172
complex vector 129, 433
complex vector space xi, wiv, 76, 129, 177,
179, 287, 342, 390
component
connected 124, 463
principal iz, zii, ziv, zv, 255, 403, 467,
4712
composition 79, 352
compound interest 476, 478-9
compressed sensing 238
compression 99, 102, 183, 272, 2934, 462,
552, 554-6, 558, 561-2
computer wii, xvi, 48, 56-7, 260-1, 291, 461,
513, 561
binary 297
parallel 513
serial 513
computer aided design 279, 283
computer algebra 57
computer arithmetic 57
computer game zii, 200, 341, 375
computer graphics wvii, xi, 52, 200, 203, 279,
283, 286, 341, 358, 374-5, 565, 599
computer programming 14, 28
computer science wvii, ix, xv, 126, 463
computer software zvi, 404
computer vision 375, 499
condition
boundary 280, 283—4, 302
compatibility 96, 106, 183, 222
initial 404-5, 480, 570-2, 593, 609-10
condition number 57, 460, 466
spectral 525, 591
conditioned
ill- 56-7, 211, 249, 276-7, 461-2, 525
conductance 313, 314, 317, 320
cone 159-60
conjugate
complex 173, 177, 205, 390, 444, 452
quaternion 365
conjugate direction 543, 545, 548
Conjugate Gradient 476, 542, 544-5, 548
conjugate symmetry 179, 184
conjugated 390-1
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connected 121, 124, 144, 463
conservation of energy 585
constant 348, 389
gravitational 259
integration 404
piecewise 551
constant coefficient z, 363, 3767, 390
constant function 78
constant polynomial 78
constant solution 615
constant vector 588
constitutive equation 303
constitutive relation 302, 312, 327
constrained maximization principle 442-3
constrained optimization principle 441
continuous dynamics i, 565
continuous function zi, 83, 133, 150, 179,
219-20, 274, 347, 349, 377, 559
continuous medium iz, 565
continuously differentiable 84, 136, 379
continuum mechanics zi, 235-6, 351, 399
continuum physics 156
contraction 600
control system wii, zv, 76, 99, 106, 376
control theory 235
convergence zv, zvit, 91, 146, 151, 394, 475,
489, 506, 510, 514, 518, 545, 559
uniform 562
convergence in norm 151
convergent 91, 146, 151, 394
convergent matrix 488-9, 495-6, 508, 517
convergent sequence 86, 551
convex 150
cookbook wviii
coordinate 101, 151, 188-9, 350, 472
Cartesian 101
polar 90, 136, 174
principal 472, 477
radial 383
coordinate axis 362
coordinate plane 362
coplanar 88
core il
corporation 504
correlation 469-70
cross- 252
correspondence
Electrical-Mechanical 321, 628
cosine zvii, 138, 1756, 183, 285, 581, 609-10
law of 139
counterclockwise 359, 600
country 504
covariance 469, 470, 472
covariance matrix 163, 470-1, 473
Cramer’s Rule 74
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criterion
stopping 544
critical point 240, 242
critically damped 622, 629
cross polytope 149
cross product 140, 187, 239, 305, 602
cross-correlation 252
crystallography =ii, 200, 358
cube 126, 318
cubic 260, 267, 280, 563
piecewise 263, 269, 279-80
curl 349
current 122, 235, 311-3, 315, 318-20, 6267
alternating 320, 629
Current Law 313-4, 317
current source 301, 313—4, 317-8, 320, 629
curve 86, 279, 568
closed 280, 283
level 585
smooth 279
space 283
curve fitting 283
cylinder 85

D

damped 565, 498, 621, 623
critically 622, 629
damping wviii, iz, xii, 302, 620
data ziv, 235, 252, 467, 471
experimental 237-8
high-dimensional 471
Lagrange 284
missing 471
normally distributed 473
data analysis wvit, viii, zii, zitg, zv, 80, 126,
129, 135, 301, 403, 463
data base 555
data compression 99, 183, 294, 462
data fitting i, 132, 237, 254
data matrix 462, 467, 4701, 473
normalized 470, 473
data mining 467
data point zi, 235, 237, 254-5, 272, 283, 467,
470, 474
normalized 470-1
data science 1, 235
data set 188, 462, 472-3
data transmission 272
data vector 254
Daubechies equation 558, 561
Daubechies function 559-60
Daubechies wavelet 555, 562
daughter wavelet 550, 556, 563
day 475, 477

Subject Index

decay 627, 629
exponential 405, 565, 5801, 621
radioactive 257, 404, 406
decay rate 257, 404, 622
decimal 561
decomposition
polar 439
Schur zii, xiii, 403, 4446
spectral 440, 598
Singular Value zii, 403, 455, 457, 461, 473
decrease
steepest 545, 583
deer 406, 479
definite 583
negative 159-60, 171, 581, 583

positive zi, zidi, ziv, 129, 156, 15961, 164-5,

167, 170-1, 181-2, 204, 235, 241-2,
244, 246, 252, 301, 304, 309, 313, 316,
327, 396, 398, 432, 439, 443, 473, 528,
531, 542, 544, 581, 583, 608, 618, 622
definite integral zwviii
deflation 420, 526
deformation 438-9
degree 78, 98, 161, 266, 273, 453, 537
degree matrix 317
denoising 102, 183, 293, 555, 562
dense 220
Department of Natural Resources 479
dependent
linearly 93, 95-6, 100, 571
deposit 476, 479
derivative z, xviii, 84, 177, 476, 542, 594
ordinary zviii
partial zwviii, 242, 349
derivative operator 348, 353
descent 545, 549
design zi, 235, 483
font 203
determinant =z, xiii, xiv, 1, 32, 70, 72, 103,
158, 170-1, 202, 409, 413, 415-7, 519,
586, 590-1, 596
Wronskian 98
zero 70
determinate
statically 307, 333
deviation 468, 470
standard 468-9
principal standard 472
DFT i, zv, 183, 272, 285, 289, 295
diagonal 7, 43, 86, 104, 444, 449
block 35, 74, 128, 171, 420, 449, 535
main 7, 43, 52, 492
off- 7, 32
sub- 52, 492, 535
super- 52, 449, 492, 535



Subject Index

diagonal entry 10, 47, 70, 168, 205, 420, 445,
455-6, 600
diagonal line 358
diagonal matrix 7-8, 35, 41-2, 45, 85, 159,
168, 171, 204, 304, 313, 327, 400, 408,
425-6, 437, 43940, 446, 453, 455, 472,
484, 528, 530, 608, 618, 622
diagonal plane 362
diagonalizable xwvi, 403, 424, 426, 428, 437,
450, 520
complex 427
real 427, 432
simultaneously 428-9
diagonalization zii, 438, 456, 484
diagonally dominant 281, 283, 421-2, 475,
498, 510, 512, 516, 584
diamond 149
difference
finite 317, 521, 547
set-theoretic zvii
difference equation 341
difference map 436
difference polynomial 268
differentiable 84, 136, 348
infinitely 84
nowhere 561
differential delay equation 341
differential equation iz, xii—zv, 1, 48, 106,
129, 132, 156, 183, 222, 302, 341, 351,
403, 479, 541, 556, 599
Euler 380, 393
homogeneous 84, 379, 381, 392, 567, 609,
621
inhomogeneous 84, 606, 623, 627
linear wii, viii, wiv, 84, 342, 376, 378
matrix 590, 592
ordinary wvii, z, xi, 91, 98-9, 101, 1067,
301, 322, 342, 376, 379-80, 385, 390,
403-4, 407, 435, 476, 479, 5667, 570,
576, 579, 604, 606, 608, 627, 630
partial wvii, ix—xii, zv, zvii, 99, 101, 106,
129, 173, 200, 227, 230, 301, 322, 342,
376, 381, 475, 536, 542, 547, 565
system of first order 565-7, 5702, 577,
585, 605
system of ordinary iz, zii—zv, 342, 530, 566,
584, 571, 579, 592, 608, 618, 630
differential geometry 235, 381
differential operator zi, 317, 341-2, 355,
376-7, 379-80, 384
ordinary 353
partial 381
differentiation 348, 355-6, 594, 606
numerical 271
digit 297
digital image 294, 462
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digital medium 183, 285
digital monitor 286
digraph 122, 311-2, 316, 327, 462
bipartite 127
complete 127
connected 124
cubical 126
internet 126, 463, 502
pentagonal 125
simple 467, 502
weighted 311, 502
dilation coefficient 557
dilation equation 555-6, 558, 561
dimension iz, z, xiii, 76, 100, 114, 177, 341,
463
complementary 218
dimensional reduction 472
dinner 626
direct method 475, 536
directed edge 122, 463
directed graph — see digraph
direction 630
conjugate 543, 545, 548
natural 631
null 159-60, 164, 166
principal 438-9
disconnected 128, 463
discontinuous 562
discrete dynamics xii, 475
discrete Fourier analysis xi, xiv, zv, 235, 285
discrete Fourier representation 287, 294
Discrete Fourier Transform i, zv, 183, 272,
285, 289, 295
Inverse 289
discriminant 158, 586, 590
discretization 317
disk 371
Gershgorin 420, 503
unit 136, 371, 503
displacement 301-2, 320, 323, 329, 608, 629
displacement vector 302, 312, 325, 620
distance 8, 131, 146, 235, 239, 2456, 254,
361, 372, 467
distinct eigenvalues 430, 453, 586
distributed
normally 473
distribution 468
distributive 8, 76, 343, 364
divergence 86, 349
division 48, 53, 79, 174, 261, 536
DNR 479
dodecahedron 127
Dolby 293
dollar 477, 486
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domain zwvii, 105, 342, 376, 396, 618
Gershgorin 420, 422
dominant
strictly diagonally 281, 283, 421-2, 475,
498, 510, 512, 516, 584
dominant eigenvalue 441, 495, 523-5
dominant eigenvector 523-4, 529
dominant singular value 454, 460
dot notation wviii
dot product wxiii, 129, 137, 146, 162, 176, 178,
193, 201, 265, 351, 365, 396, 431-3,
455, 550
Hermitian 178, 205, 288, 433, 444, 446
double eigenvalue 411, 416
double root 411, 576
doubly stochastic 505
downhill 236
drone 200
dual basis 350, 352, 369
dual linear function 369, 398
dual map 395
dual space 350, 358, 369, 395
dump 406
DVD 183
dyadic 561-3
dynamical motion xi, 608
dynamical system wviii, xii, xiii, v, 301-2,
396, 403, 407, 565, 583, 591, 603
infinite-dimensional 565
dynamics zv, 129, 183, 605, 628
continuous xii, 565
discrete xii, 475
gas 565
molecular 48
nonlinear 565, 604, 616
quantum 173

E

Earth 315
echelon 59, 60, 62, 95, 1156
economics i, ix, 235, 407, 499
edge 120, 122, 311, 463, 502

directed 122, 463
eigendirection 439
eigenequation 408
eigenfunction 183
eigenline 429, 580, 587-8
eigenpolynomial 408
eigensolution 565-6, 572, 576, 581, 603, 610,

619
stable 603
unstable 603

Subject Index

eigenspace 411, 413, 424, 430, 440, 456, 493
generalized 631
zero 434
eigenstate 437
eigenvalue wii, iz, rii—xv, 200, 403, 408-9,
417, 420, 423, 430, 437, 440, 444-5,
447, 454, 462, 473, 475, 480, 484, 489,
522, 527, 532, 535, 539, 560, 5656,
572, 577, 581, 586, 591, 594, 596, 608,
611
complete zvi, 412, 424, 493, 531, 577, 588
complex ziv, 412, 415-6, 421, 423, 430,
433, 496, 525, 535, 538, 578, 587
distinct 430, 453, 586
dominant 523-5
double 411, 416
generalized 443, 435, 492, 618, 630-1
imaginary 581, 588, 603
incomplete 412, 578, 581
intermediate 442
Jacobi 519
largest 441, 495
multiple 430
negative 582
positive 582
quadratic 493
real 413, 423, 430, 432, 586
repeated 417
simple 411, 416, 493, 531, 535, 537
smallest 441
subdominant 493, 502, 524, 526
zero 412, 421, 433-4, 581, 615
eigenvalue equation 408, 480, 493, 566, 610,
618
generalized 435, 618
eigenvalue matrix 530, 531
eigenvalue perturbation 591
eigenvector i, xii, xitg, 403, 408-10, 429, 443,
446, 448, 473, 475, 480, 484, 503, 522,
525, 527, 537, 539, 560, 565, 609
co- 416, 503, 525
complex 413, 425, 577-8, 587, 603
dominant 524, 529
extreme 441-2
generalized 435, 447-8, 600, 631
generalized null 619
left 416, 503, 525
non-null 434, 454
null 433-4, 615, 618
orthogonal 432, 436, 611
orthonormal 437
probability 501-3
real 413, 490, 496, 523, 535, 537, 5778,
588
unit 471, 493, 496



Subject Index

eigenvector basis xii, xvi, 183, 423, 427, 432,
434, 438, 446, 448, 480, 523, 528, 566,
572, 618
eigenvector matrix 531
Eigenvektor 408
Eigenwert 408
elastic
bar 301, 322, 608
beam 279
body 439
elastic deformation 438
elasticity iz, 358, 381
electric charge 313
electrical circuit wiii, zii, ziv, 122, 129, 129,
196, 235-6, 301, 628
electrical energy 319
electrical engineering 173
Electrical-Mechanical Correspondence 321,
628
electrical network zi, zv, 120, 301, 311-2,
327, 626, 630
electrical system 183
electricity i, 311, 315, 403
electromagnetic wave 626
electromagnetism 80, 173, 236, 381
electromotive force 311
electron 311-3
element zvi
finite 220, 235, 400, 521, 541, 547
real 391
unit 148
zero 76, 79, 82, 87, 140, 342
elementary column operation 72, 74
elementary matrix 16-7, 32, 38-9, 73, 204,
360, 362
inverse 17, 38
elementary reflection matrix 206, 210, 418,
532
elementary row operation 12, 16, 23, 37, 60,
70, 418, 512
elementary symmetric polynomial 417
Elimination
complex Gaussian 412
Gauss—Jordan 35, 41, 50
Gaussian iz—ziv, 1, 14, 24, 28, 40, 49, 567,
67, 69, 72, 102, 129, 167, 208, 237,
253, 378, 407, 409, 475, 506, 508-9,
536
regular Gaussian 14, 18, 171, 268
tridiagonal Gaussian 5, 42
ellipse 363, 371, 438-9, 466, 487, 496, 498
ellipsoid 363, 438-9, 465, 472
elliptic system 542
elongation 302-3, 309, 324, 327, 608
elongation vector 302, 325
ending node 311, 322
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ending vertex 122
energy 320, 341, 583, 585
electrical 319
internal 309
potential 235-6, 244, 309, 320, 583
spectral 437
energy function 309
engine
search 499, 502
engineer ziit, TVile
engineering wvii, ix, xiid, 1, 156, 227, 235, 301,
313, 381, 402
electrical 173
entry zwvii, 4, 592
diagonal 10, 47, 70, 168, 205, 420, 445,
455-6, 600
nonzero 59, 501
off-diagonal 7, 32, 252, 420
zero 52, 59, 449, 501
envelope 625
equal 4
equation 236, 506
affine 479
beam 394
characteristic 379-80, 390, 4089, 413, 420,
453, 475, 567, 583, 586, 621, 627
complex 173
constitutive 303
Daubechies 558, 561
difference 341
differential iz, xii—zv, 1, 48, 84, 106, 129,
132, 156, 183, 222, 302, 341, 351, 403,
479, 541, 556, 599, 625, 627
differential delay 341
dilation 555-6, 558, 561
eigenvalue 408, 480, 493, 566, 610, 618
equilibrium 314
Euler 380, 393
Fibonacci 481, 4867
fixed-point 506, 509, 546, 559, 563
Fredholm integral 377
functional 556
generalized characteristic 435, 618
Haar 555, 563
heat 394
homogeneous differential 84, 379, 381, 392,
567, 609, 621
inhomogeneous differential 84, 606, 623,
627
inhomogeneous iterative 479
integral wii, 76, 106, 183, 3412, 376-8, 556
integro-differential 629
iterative 476-8, 479
linear differential wvii, viii, xiv, 84, 342, 376,
378
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equation (continued)
Laplace 381, 383, 385, 393
matrix differential 590, 592
Newtonian 618, 621
normal 247, 251, 272, 458
ordinary differential wvii, x, x7, 91, 989,
101, 106-7, 301, 322, 342, 376, 379-80,
385, 390, 403-4, 407, 435, 476, 479,
566-7, 570, 576, 579, 604, 606, 608,
627, 630
partial differential wvii, iz—xii, zv, zvii, 99,
101, 106, 129, 173, 200, 227, 230, 301,
322, 342, 376, 381, 475, 536, 542, 547,
565
Poisson 385, 390, 521
polynomial 416
quadratic 64, 166, 621
Schrodinger 173, 394
system of first order differential 565-7,
570-2, 577, 585, 605
system of ordinary differential iz, zii—zv,
342, 530, 566, 584, 571, 579, 592, 608,
618, 630
Volterra integral 378
weighted normal 247, 252, 256, 317
equilateral 328, 500, 619
equilibrium iz, i, 236, 301, 309, 403, 476,
565, 581, 587, 605, 618, 621, 629
stable 235-6, 301-2, 579, 590, 605, 615
unstable 235-6, 301, 590
equilibrium equation 314
equilibrium mechanics 235
equilibrium point 568, 579
equilibrium solution 301, 405, 476, 479, 488,
493, 565, 579, 597, 622
equivalence class 87
equivalence relation 87
equivalent 2, 87, 150
equivalent norm 150, 152
error x, 237, 254
experimental 237, 467
least squares 235, 2512, 271, 458
maximal 261
measurement 256, 470
numerical 249, 523, 536
round-off z, 55, 199, 206, 544
squared 255-6, 260, 272, 274
weighted 252, 256
error correcting code 464
error-free iz
error function 274
error vector 254, 508, 514
Fuclidean geometry 99, 130, 137, 203
Euclidean isometry 373
Euclidean matrix norm 460-1, 497

Subject Index

Euclidean norm i, 130, 142, 172, 174, 224,
236, 250, 455, 458, 460, 468, 473, 489,
524, 532, 538, 544, 546
Euclidean space =z, zi, 75-7, 94, 99, 130, 146,
341, 403, 426, 600
Fuler angle 203
Fuler differential equation 380, 393
Euler—Rodrigues formula 602
Euler’s formula 125, 175, 392
evaluation 341
even 86-7, 286
executive 504
exercise xvi
existence 1, 380, 383—4, 401, 479, 566, 593, 610
expander graph 464
expected value 468
expenditure 258
experiment 254, 293
experimental data 237-8
experimental error 237, 467
exponential
complex 175, 180, 183, 192, 285, 287, 390,
549
matrix iz, zii, 565, 593-4, 597, 599, 6012,
606
sampled 285-7, 415, 436
exponential ansatz 379, 390, 567, 576, 621
exponential decay 405, 565, 580-1, 621
exponential function 175, 261, 264, 275, 277,
403-4, 428, 5656, 578, 622
exponential growth 258-9, 565, 586, 603—4
exponential series 596, 599, 601-2
exponential solution 381, 408
external force 110, 301, 309, 320, 335, 384,
388, 565, 605, 608, 623, 627, 630
extinction 406
extreme eigenvector 441-2

F

face 126, 467

factor 415
shear 361

factorization
Cholesky 171
Gaussian 1, 419, 437
LDL"T i, 45, 167, 437, 542
LDV 41
LU , ziv, i, 1, 18, 20, 41, 50, 70, 268,

501, 536, 542

matrix 1, 171, 183, 205, 536
MMT 171
permuted LDV 42
permuted LU 27-8, 60, 70
QR i, 205, 210, 522, 529, 539
spectral 437



Subject Index

farmer 504
Fast Fourier Transform zi, 235, 296
father 504
fault-tolerant 464
FBI 555
FFT a1, 235, 296
Fibonacci equation 481, 486—7
Fibonacci integer 482-3, 485
Fibonacci matrix 412, 428
Fibonacci number 481, 483, 486
field 76
skew 364
vector 81, 574
finance wii, iz, 1, 403, 407, 475
fingerprint 555
finite difference 317, 521, 547
finite-dimensional x7ii, ziv, 101, 149, 213,
219, 248, 356
finite element 220, 235, 400, 521, 541, 547
first order system 605
fitting
curve 283
data ax7ii, 132, 237, 254
fixed point 493, 506, 509, 546, 559, 563
stable 493
floating point 48, 58
floor 322
flow 313
fluid 574
gradient 581, 585
flower 482, 504
fluctuation 467, 470
fluid flow 574
fluid mechanics 48, 80, 173, 236, 381, 400,
565
focus 587-9, 591
FOM 14, 476, 541, 546, 570
font wiii, 203, 283
force wiii, 110, 565
electromotive 311
external 110, 301, 309, 320, 335, 384, 388,
565, 605, 608, 623, 627, 630
frictional 621-2
gravitational 80, 259, 311
internal 303, 320, 327, 333
mechanical 327
periodic zii, 565, 6234, 626, 630—1
vibrational 630
force balance 304, 327, 333
force vector 327
forcing frequency 624, 630
fork
tuning 624
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form
bilinear 156
canonical 368
Jordan canonical wxi, xiii, 403, 447, 450,
490, 525, 598
linear 161
Minkowski 375
phase-amplitude 89, 610
quadratic i, 86, 157-61, 1667, 170, 241,
245, 346, 437, 440-2, 583
row echelon 59, 60, 62, 95, 115-6
triangular 2, 14
formal adjoint 396
formula zvii
addition 89
Binet 483, 485
binomial 176, 393
Euler 125, 175, 392
Euler—Rodrigues 602
Gram—Schmidt 194
orthogonal basis 189, 611
orthonormal basis 188
polarization 160
Pythagorean 188, 460
Rodrigues 228, 277
quadratic 166
Sherman-Morrison-Woodbury 35
formulation
Galerkin zii, 200
FORTRAN 14
Forward Substitution =i, ziv, 3, 20, 49, 53,
282, 518
foundation xziii
Fourier analysis iz, z, zii, zv, 75, 78, 99, 135,
173, 180, 183, 188, 227, 285, 287, 476,
555
discrete i, ziv, zv, 235, 285
Fourier basis function 549
Fourier coefficient 289, 291, 294, 296-7, 470
Fourier series 91, 191, 549, 553
Fourier transform 376, 559
discrete zi, xv, 183, 272, 285, 289, 295
fast xi, 235, 296
fragment
skeletal 393
framework 120, 322
Fredholm Alternative wii, iz, zi, 183, 222,
226, 312, 330, 352, 377, 631
Fredholm integral equation 377
free space 394
free variable 62, 63, 67, 96, 108, 119-20, 315
frequency 273, 578, 609, 623, 629
audible 287, 614
forcing 624, 630
high- 183, 287, 291, 294, 555
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frequency (continued) function (continued)
low- 291, 294 linear iz, zi—ziv, zvi, zvii, 239, 341-2, 349-50,
natural 565, 611, 624-5, 630-1 352, 355, 358, 369-70, 378, 383, 3956,
resonant 626-7, 632 599
vibrational 610, 621, 624 matrix-valued 592, 594, 606
friction i, 302, 565, 608, 620, 626—7, 629 mean zero 84
friction matrix 622 non-analytic 84, 87
frictional coefficient 499, 504 nonlinear 324, 341
frictional force 621-2 nowhere differentiable 561
Frobenius norm 156, 466 odd 87
fruit 482 orthogonal i, 183, 559-60
full pivoting 57 periodic 86, 611
Full Orthogonalization Method x4, 476, 541, piecewise constant 551
546 piecewise cubic 263, 269, 279
function wiii, xiv, Tvii, 2viii, 75, 78-9, 285, positive definite 398-9, 401
341, 343, 440, 475 power 320
adjoint 396-8 quadratic i, ziii, 235, 23941, 259, 274,
affine i, 245, 239, 343, 370, 555 401, 545, 582-3
algebraic 166 quasi-periodic 565, 611
analytic 84, 87, 91 rational 166, 261, 442
basis 549, 562 real linear 342, 391
bilinear 347, 354 sample 79-80, 235, 285
box 549, 555, 559 scaling 399, 549, 555, 558, 559-60, 563
coeflicient 353 self-adjoint 398-9, 436
complex exponential 175, 180, 183, 192, sinc 273
285, 287, 390, 549 sine zwvii, 176, 183, 269, 285, 581, 610
complex linear 342 skew-adjoint 400
complex trigonometric 176-7 smooth 84
complex-valued 129, 173, 177, 179, 391 special 200
constant 78 translation 346
continuous zi, 83, 133, 150, 179, 219-20, trigonometric zi, ziv, zvii, 89, 164, 1756,
274, 347, 349, 377, 559 183, 235, 272, 292, 578, 5801
continuously differentiable 84, 136, 379 unit 148
cosine zwii, 138, 175-6, 183, 285, 581, 609-10  vector-valued 80, 98, 136, 341, 605
Daubechies 559-60 wave 173, 341
discontinuous 562 zero 79, 83, 134, 343, 405
dual 369, 398 function evaluation 341
energy 309 function space z, ziii, zv, 79, 80, 83, 133,
error 274 146, 163, 185, 190, 220, 224, 301, 341,
even 867 396, 401, 541
exponential 175, 261, 264, 275, 277, 4034,  function theory 135
428, 565-6, 578, 622 functional analysis xii
Fourier basis 549 functional equation 556
generalized 351 fundamental subspace 114, 183, 221
Haar 549, 555, 559 Fundamental Theorem of Algebra 98, 124,
Hamiltonian 583 415
harmonic 381 Fundamental Theorem of Calculus 347, 356,
hat 556, 563 606
homogeneous 161 Fundamental Theorem of Linear Algebra
hyperbolic 176 114, 461
identity 343, 355 Fundamental Theorem of Principal

infinitely differentiable 84 Component Analysis 472

integrable 84
inverse linear 355 G
invertible linear 387 Galerkin formulation zii, 200



Subject Index

game zxii, 200, 341, 375
gas dynamics 565
Gauss—Jordan Elimination 35, 41, 50
Gauss—Seidel matrix 514-5, 519
Gauss—Seidel Method =i, 475, 512, 514, 517,
519-20
Gauss—Seidel spectral radius 520
Gaussian Elimination dz—xiv, 1, 14, 24, 28,
40, 49, 56-7, 67, 69, 72, 102, 129, 167,
208, 237, 253, 378, 407, 409, 475, 506,
508-9, 536
complex 412
regular 14, 18, 171, 268
tridiagonal 5, 42
Gaussian factorization 1, 419, 437
general position 375
general relativity vii, 341
general solution 91, 107, 111, 480, 606, 618,
625
generalized characteristic equation 435, 618
generalized eigenspace 631
generalized eigenvalue 443, 435, 492, 618,
630-1
generalized eigenvector 435, 447-8, 600, 619,
631
generalized function 351
Generalized Minimal Residual Method =i,
476, 546-7, 549
generator 629
infinitesimal 599-602
generic 48
genetics 475, 504
genotype 504
geodesic 235
geodetic survey 171
geometric mean 148
geometric modeling 279
geometric multiplicity 424
geometric series 499
geometry wiii, i, xit, 10, 75, 99, 129, 183,
200, 202, 238, 341, 358, 464, 472, 565,
599
differential 235, 381
Euclidean 99, 130, 137, 203
geophysical image 102
Gershgorin Circle Theorem 420, 475, 503
Gershgorin disk 420, 503
Gershgorin domain 420, 422
Gibbs phenomenon 562
glide reflection 375
global minimum 240
globally asymptotically stable 405, 488-90,
492-3, 579, 622
globally stable 405, 579
GMRES wzii, 476, 546-7, 549
golden ratio 483
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Google 126, 463, 502
gradient 349, 545, 582
conjugate 476, 542, 544-5, 548
gradient descent 545, 549
gradient flow 581, 585
Gram matrix 129, 161-3, 182, 246, 255, 274,
301, 309, 316, 327, 351, 398, 403, 439,
454, 456, 462, 470, 543, 622, 630
weighted 163, 247
Gram—Schmidt formula 194
Gram—Schmidt process iz, =i, zv, 183, 192,
194-5, 198-9, 205, 208, 215, 227, 231,
249, 266, 445, 475, 527, 529, 538
stable 199, 538
graph 120, 303, 311, 317, 463
complete 127, 464
connected 121, 144
directed — see digraph
disconnected 128, 463
expander 464
planar 125
random 463
simple 120, 311, 463
spectral ziv, zv, 462-3
weighted 311
graph Laplacian zv, 301, 317-8, 462, 464
graph spectrum 462, 467
graph theory wiii, =, ziv, 126
graphics i
computer wvii, xi, 52, 200, 203, 279, 283,
286, 341, 358, 374-5, 565, 599
gravitational constant 259
gravitational force 80, 259, 311
gravitational potential 311
gravity 235, 259, 302, 307, 327, 333, 583, 613
gray scale 470
grid 317, 521-2
ground 327
grounded 315, 318
group 202, 204, 599, 600
one-parameter 599-603
orthogonal 203
group theory zii, 464, 599
growth
exponential 258-9, 565, 586, 603—4
one-parameter 599-603
polynomial 580, 604
spiral 483
guess 475
initial 544, 548
inspired 379, 567

H

H' inner product 136, 144, 233
H' norm 136
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Haar equation 555, 563

Haar function 549, 555, 559

Haar wavelet 549-50, 552-3, 555, 562

half-life 257, 404, 406

half-open 79

half-plane 580-1

half-sampled 297

Hamiltonian function 583

Hamiltonian system 583, 585

hard spring 303

hardware 57

harmonic function 381

harmonic polynomial 381, 393

hat function 556, 563

health informatics 467

heat 319, 394, 626

heat equation 394

height 259

Heisenberg commutation relation 355

helix 85, 374

Hermite polynomial 233

Hermitian adjoint 181, 205

Hermitian dot product 178, 205, 288, 433,
444, 446

Hermitian inner product 180-1, 192

weighted 435

Hermitian matrix 181-2, 435, 439

Hermitian norm 445, 489

Hermitian transpose 205, 444

hertz 614

Hessenberg matrix 535-6, 539, 542

Hessian matrix 242

hexagon 292, 619-20

hi fi 287

high-dimensional data 471

high-frequency 183, 287, 291, 294, 555

high precision 48, 57

high-resolution image 462

higher order system 605

Hilbert matrix 57-8, 164, 212, 276-7, 465,
516, 548, 584

Hilbert space 135, 341

hill 236, 583

hiss 293

hole 125

home 258

homogeneous 15, 67, 144, 379, 405

homogeneous differential equation 84, 379,
381, 392, 567, 609, 621

homogeneous function 161

homogeneous solution 388

homogeneous system wvii, xi, xii, 67, 95, 99,
106, 108, 342, 376, 378, 384, 388, 394,
409, 571, 585

Hooke’s Law 303, 306, 309, 322, 327, 625

Subject Index

house 258, 632

Householder matrix 206, 210-1, 532, 535
Householder Method 209, 211-2, 532
Householder reflection 535, 539
Householder vector 210-1, 536
hunter 406, 479

hydrogen 620

hyperbola 569, 570

hyperbolic function 176

hyperbolic rotation 375

hyperplane 103, 362

|

I-beam 322
icosahedron 127
idempotent 16, 109, 216, 419
identity
additive 76
Jacobi 10, 354, 602
trigonometric 175
identity function 343, 355
identity matrix 7, 8, 16, 25, 31, 70, 200, 409,
588, 593, 618
identity permutation 26, 415
identity transformation 348, 429
IDFT 289
ill-conditioned 56-7, 211, 249, 276-7, 461-2,
525
image =z, zvi, 75, 105, 107-8. 114, 116-7, 221,
223-4, 237, 294, 312, 383, 429, 434,
457
digital 294, 462
geophysical 102
high-resolution 462
JPEG 555
medical 102, 295
still 102, 285
image processing vii, viii, T—xii, v, 1, 48, 99,
102, 183, 188, 404, 467, 470, 555
image vector 473
imaginary axis 580-1
imaginary eigenvalue 581, 588, 603
imaginary part 173, 177, 287, 391, 394, 5756
imaginary unit zvii, 173
implicit iterative system 492
improper isometry 373
improper node 588-9, 591, 604
improper orthogonal matrix 202, 358, 438
inbreeding 504
incidence matrix 122, 124, 128, 303, 312,
314, 317, 325, 327, 462, 616, 622
reduced 3034, 316, 318, 330, 335, 339, 622
incompatible i, 62
incomplete eigenvalue 412, 578, 581



Subject Index 657

incomplete matrix 403, 424, 480, 490, 575, initial vector 475, 540
594, 603 initial velocity 609-10, 618, 622
inconsistent 62 inner product iz—xi, ziii, ziv, 129-30, 133,
increase 137, 144, 1567, 163, 179, 237, 245,
steepest 545, 582 347, 350, 395
indefinite 159, 583 complex 184
indefinite integral zwiii, 348, 356 H! 136, 144, 233
independent Hermitian 180-1, 192, 435
linearly iz, 2, zui, 75, 93, 95-6, 99, 100, L? 133, 135, 180, 182, 185, 191, 219, 227,
161, 185, 341, 380, 423, 448, 570, 599 232, 234, 274, 550-1, 557, 560
statistically 470 real 184, 395, 401
indeterminate Sobolev 136, 144, 233
statically 306, 315, 334 weighted 131, 135, 182, 246, 265, 309, 396,
index 357, 447 435, 543, 618
inductance 626, 629 inner product matrix 156
induction z, 434, 451 inner product space 130, 140, 161, 1834,
inductor 311, 628 193, 196, 213, 219, 245, 342, 347, 350,
inequality iz, 129 358
Cauchy-Schwarz 129, 137, 142-3, 179, 469 dual 358
complex 177 inspired guess 379, 567
integral 143 instructor zwviii
Minkowski 145-6 instrument 467, 626
product 154 integer zvii, 561
Sylvester 120 Fibonacci 481-3, 4856
triangle 129, 142-4, 146, 154, 179, 498 random 487
inertia 439 tribonacci 486

infantry 625 integrable 84

infinite 79 integral z, 557
infinite-dimensional z, ziv, zv, 101, 129, 133, definite zviii
149, 151, 213, 219-20, 274, 301, 341, line 125

349, 351, 355-6, 396, 401, 541
infinite-dimensional dynamical system 565
infinite-dimensional subspace 219
oo matrix norm 495-6, 499, 510, 515
oo norm 145, 151, 245, 255, 473, 489, 496,

514, 524, 544
infinite series 394
infinitely differentiable 84
infinitesimal generator 599-602
infinitesimal motion 616
inflection point 240
informatics 467

indefinite zwviii, 348, 356
Lebesgue 135
trigonometric 175, 177, 624
weighted 182
integral equation wii, 76, 106, 183, 341-2,
3768, 556
Fredholm 377
Volterra 378
integral inequality 143
integral operator zi, 341
integral transform 376

inhomogeneity 110 integration 347, 606

inhomogeneous differential equation 84, 606, . numeltical 271, 562
623, 627 integration constant 404
inhomogeneous iterative equation 479 integration operator 347
inhomogeneous system wvii, xi, zii, 67, 106, %ntegro—dlfferentlal equation 629
110-1, 342, 376, 3834, 388, 394, 565,  interchange 209

585, 605-6, 630 column 57
initial condition 404-5, 480, 570-2, 593, row 23, 25, 56, 70, 361
609-10 interchange matrix 25
initial guess 544, 548 interconnectedness 120
initial position 609-10, 612 interest 476, 478-9
initial time 621 intermediate eigenvalue 442

initial value problem 376, 386, 570, 594, 598,  internal energy 309
606 internal force 303, 320, 327, 333
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internal motion 388, 627
internal power 319
internal vibration 565, 624
internet 126, 258, 463, 475, 499, 502
interpolant 263
interpolation wiii, iz, xi, ziii, 52, 79, 227, 235,
262
polynomial 235, 260, 262, 271, 279
sinc 273
spline 52, 235
trigonometric 86, 235, 287, 293
intersection zwvii, 65
interval zvii, 79, 83—4, 219, 386, 557
closed zwvii, 146
open 146
time 476
invariant subspace zv, 429-31, 452, 487, 492,
548, 6034
complex 430, 452
real 452
inverse i, xiv, 1, 17, 31, 32, 50, 111, 200,
355
additive 8, 76
left 31, 36, 38, 356
pseudo- 403, 457, 467
right 31, 35, 356
Inverse Discrete Fourier Transform 289
inverse elementary matrix 17, 38
inverse linear function 355
inverse matrix z, 17, 31-3, 38, 40, 44, 72,
102, 111, 428, 457
inverse permutation 32, 34
Inverse Power Method 526
Shifted 526-7, 534, 539
inversion 79, 102
invertible 33, 106, 387, 421, 439
1Q 467
irrational number 611
irregular 505
irrotational 86
island 504
isometry 372-3
improper 373
proper 373, 419
isomorphic 356
isotope 257, 404
iterate 476, 506
iteration zv, 475
linear wii, 403, 475
nonlinear 53, 475
iterative equation 476-8, 479
iterative method zv, 475, 506, 536
linear wiz, 403
naiive 517
semi-direct xii, 475, 536, 547

Subject Index

iterative system 53, 563
affine 488
implicit 492
nonlinear 53, 475
order of 481, 493
second order 493

J

Jacobi eigenvalue 519

Jacobi identity 10, 354, 602

Jacobi matrix 509, 511, 515, 519

Jacobi Method i, 475, 509-11, 513, 517,
519-20

Jacobi spectral radius 520

Jacobian matrix 605

jar 623

jagged 286

JAVA 14

joint 120, 322-3

Jordan basis 448, 450-1, 453, 480, 488, 576-7

Jordan Basis Theorem 448, 450

Jordan block 4167, 449-50, 453, 598

Jordan canonical form xii, ziii, 403, 447, 450,
490, 525, 598

Jordan chain 447-8, 450-2, 488, 576, 579,
6034

null 447, 451

Jordan chain solution 576-7, 581

JPEG 555

junction 311

K

kernel z, 75, 105, 107-8, 114-5, 117, 124-5,
221, 223-4, 331, 378, 380, 384, 411,
429, 434, 456, 463, 631

kill 479

Kirchhoff’s Current Law 313—4, 317

Kirchhoft’s Voltage Law 312, 314

Krylov approximation 541-2

Krylov subspace zv, 475, 5367, 53940, 546,
549

Krylov vector 537, 547

Ky Fan norm 466

L

L' norm 145, 147, 153, 182, 274

L? Hermitian inner product 180

L2 inner product 133, 135, 182, 185, 191,
219, 227, 232, 234, 274, 5501, 557,
560

L2 norm 133, 145, 152-3, 185, 191

L2 squared error 274

L? norm 145

L norm 145, 147, 152-3, 182



Subject Index

laborer 504
Lagrange data 284
Lagrange multiplier 441
Lagrange polynomial 262, 284
Lagrangian notation v
Laguerre polynomial 231, 234, 279
Lanczos Method i, 475, 539
language 404
Laplace equation 381, 383, 385, 393
Laplace transform 376
Laplacian 349, 354, 381, 393
graph v, 301, 317-8, 462, 464
large 188, 475
largest eigenvalue 441, 495, 523-5
laser printing 283
lattice 505
Law 139
Hooke’s 303, 306, 309, 322, 327, 625
Kirchhoff’s Current 313-4, 317
Kirchhoff’s Voltage 312, 314
Newton’s 565, 608
Ohm’s 312, 319
Voltage Balance 312, 314, 629
Law of Cosines 139
LC circuit 630

LDL” factorization i, 45, 167, 437, 542
LDV factorization 41
permuted 42
leading coefficient 367
leaf 482
learning wii, 235, 404, 467
least squares iz, ziti—zv, 129, 132, 230, 235,
255, 266, 468
weighted 252, 256, 265
least squares approximation 188, 263, 272
least squares coefficient 266
least squares error 235, 251-2, 271, 458
weighted 252, 256
least squares line 474
least squares minimizer 183, 237
least squares solution iz, i, 237-8, 2501,
317, 403, 458
Lebesgue integral 135
left eigenvector 416, 503, 525
left half-plane 580-1
left-handed basis 103, 202, 222
left inverse 31, 36, 38, 356
left limit zwviii
left null space z, 113
Legendre polynomial 232, 234, 277-8
Leibniz rule 594
Leibnizian notation wviit
length 120, 130, 323
letter 283
level curve 585
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level set 585
license 479
light
speed of 159
stroboscopic 286
light cone 159-60
light ray 160, 235
limit zwviii
line 65, 83, 87-8, 237, 239, 254, 259-60, 301,
343, 363, 370-1, 587, 615
least squares 474
parallel 371
spectral energy 437
stable 587, 589, 591
tangent 341, 600
unstable 587, 589
line integral 125
line segment 473
linear wii, iz, 2, 342
linear algebra wvii, xi, xiii, zv, 1, 75, 114, 126,
183, 243, 341, 403, 506
Fundamental Theorem of 114, 461
numerical 48
linear algebraic system wii, iz, 341-2, 376,
386, 506, 517, 540
linear analysis iz, x
linear approximation 324, 329, 341, 388
linear combination 87, 95, 101, 287, 342, 388,
599, 618
linear control system wvii, zv, 376
linear differential equation wii, viii, xiv, 84,
342, 376, 378
linear differential operator i, 317, 341-2,
355, 376-7, 379-80, 384
linear dynamical system xii, 565, 603
linear form 161
linear function iz, zi—ziv, xvi, zvii, 239, 341-2,
349-50, 352, 355, 358, 369-70, 378,
383, 3956, 599
adjoint 396-7
dual 369, 398
inverse 355
invertible 387
positive definite 398-9, 401
real 342, 391
self-adjoint 398-9, 436
skew-adjoint 400
linear independence iz, x, xiii, 75, 99, 177,
341, 570
linear integral equation wii, 76, 106, 183,
341-2, 3767, 556
linear integral operator i, 341
linear iteration wii, 403, 4751
linear iterative system wvii, ix, xii—zv, 476,
479, 493, 499, 500, 522, 560, 584, 605
linear map 341-2
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linear mathematics iz
linear motion 588-90, 616, 618
linear operator 75, 156, 341-3, 347, 376, 437,
541
linear polynomial 187
linear programming 235
linear superposition wvii, iz, zi, xv, 110, 222,
235, 250, 262, 342, 378, 480, 565, 630
linear system wii, iz, i, 4, 6, 20, 23, 40, 59,
63, 67, 75, 99, 105-7, 376, 461, 475,
541, 565, 571, 577
adjoint 112
compatible iz, zi, 8, 11, 62, 224
complex ziv, 566
equivalent 2
forced 565
homogeneous wii, xi, xii, 67, 95, 99, 106,
108, 342, 376, 378, 384, 388, 394, 409,
571, 585
ill-conditioned 57, 211, 461
incompatible i, 62
inconsistent 62
inhomogeneous wii, xi, xii, 106, 110-1, 342,
376, 383-4, 388, 394, 565, 585, 605-6,
630
lower triangular 3, 20
singular 461
sparse xv, 52, 475, 536
triangular 2, 29, 197, 542
weak 132, 398, 540
linear system of ordinary differential
equations iz, xit—zv, 342, 530, 566,
584, 571, 608, 630
second order zii, 618
linear system operation 2, 23, 37
linear transformation iz, ziii, ziv, 341-2, 358,
403, 426, 429, 457, 554, 599
self-adjoint 436
linearity iz, 2
linearization 341, 605
linearly dependent 93, 95-6, 100, 571
linearly independent ix, x, xiii, 75, 93, 956,
99, 100, 161, 185, 341, 380, 423, 448,
570, 594, 599
local minimum 236, 242, 441
localized 549
logarithm zwvii, 258, 269, 599
London 626
loop 120
low-frequency 291, 294
lower bidiagonal 52
lower triangular zwvi, 3, 16-7, 20, 39, 73, 518
special zvi
strictly zvi, 16-8, 28, 39, 41-2, 45, 60, 85,
168, 509, 530

Subject Index

lower unitriangular zwvi, 16-8, 20, 28, 39,
41-3, 45, 60, 85, 168, 530
LP 287
LU factorization =z, ziv, zvi, 1, 18, 20, 41, 50,
70, 268, 501, 536, 542
permuted 27-8, 60, 70
Lucas number 486

M
machine learning wvii, 235, 404, 467
magic square 104
magnitude 630
main diagonal 7, 43, 52, 492
manifold 235, 605
manufacturing 235
map 342
difference 436
linear 341-2
perspective 374-5
scaling 399
shift 415, 436
zero 361
MAPLE 14, 57
market 475
Markov chain zii, 475, 499-502
Markov process iz, wiv, 4634, 563
mass wiit, 110, 236, 301, 311, 341, 609, 615,
621-3, 629
center of 439
mass matrix 396, 608, 616, 618, 620, 622, 630
mass—spring chain i, xiv, 301, 309, 317, 399,
403, 565, 608, 610, 619, 628, 630
mass—spring ring 339
MATHEMATICA 14, 57, 409
mathematician zviii
mathematics 1, 75, 227, 314, 381
applied wii, iz, =, 1, 48, 230, 475
financial 1
MATLAB 14, 409
matrix ix-xi, xiii, v, zvit, 1, 3, 48, 75, 105,
133, 223, 341, 343, 407, 445, 457, 475
adjacency 317
adjoint 396
affine 372, 603
approximating 462
Arnoldi 540
augmented 12, 24, 36, 60, 667
banded 55
bidiagonal 52, 536
block 11, 35, 603
block diagonal 35, 74, 128, 171, 420, 449,
535, 598
block upper triangular 74, 535
circulant 282, 436



Subject Index

matrix (continued)

coefficient 4, 6, 63, 157, 224, 235, 241, 343,
476, 479, 484, 499, 508, 528, 531, 566,
575, 591, 606, 608, 618, 630

cofactor 112

commuting 10, 601

complete zvi, 403, 424-6, 428, 4302, 444,
450, 480, 484, 490, 493, 522, 566, 572,
575, 603

complex 5, 181, 212, 226, 536, 566

complex diagonalizable 427

conductance 313, 317

convergent 488-9, 495-6, 508, 517

covariance 163, 470-1, 473

data 462, 467, 470-1, 473

deflated 420

degree 317

diagonal 7-8, 35, 41-2, 45, 85, 159, 168,

171, 204, 304, 313, 327, 400, 408, 4256,

437, 439-40, 446, 453, 455, 472, 484,
528, 530, 608, 618, 622

diagonalizable zvi, 403, 424, 426, 428, 437,
450, 520

doubly stochastic 505

eigenvalue 530, 531

eigenvector 531

elementary 16-7, 32, 38-9, 73, 204, 360,
362

elementary reflection 206, 210, 418, 532

Fibonacci 412, 428

friction 622

Gauss—Seidel 514-5, 519

generic 48

Gram 129, 161-3, 182, 246, 255, 274, 301,
309, 316, 327, 351, 398, 403, 439, 454,
456, 462, 470, 543, 622, 630

graph Laplacian zv, 301, 317-8, 462, 464

Hermitian 181-2, 435, 439

Hessenberg 535-6, 539, 542

Hessian 242

Hilbert 57-8, 164, 212, 276-7, 465, 516,
548, 584

Householder 206, 2101, 532, 535

idempotent 16, 109, 216, 419

identity 7, 8, 16, 25, 31, 70, 200, 409, 588,
593, 618

ill-conditioned 56-7, 2767, 461, 525

improper orthogonal 202, 358, 438

incidence 122, 124, 128, 303, 312, 314, 317,
325, 327, 462, 616, 622

incomplete 403, 424, 480, 490, 575, 594,
603

indefinite 159

inner product 156

interchange 25
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matrix (continued)

inverse z, 17, 31-3, 38, 40, 44, 72, 102, 111,
428, 457

invertible 33, 106, 421, 439

irregular 505

Jacobi 509, 511, 515, 519

Jacobian 605

Jordan block 416-7, 449-50, 453, 598

linearization 605

lower bidiagonal 52

lower triangular zwvi, 16-7, 20, 39, 73, 518

lower unitriangular zwvi, 16-8, 20, 28, 39,
41-3, 45, 60, 85, 168, 530

mass 396, 608, 616, 618, 620, 622, 630

negative definite 159-60, 171, 581, 583

negative semi-definite 159

nilpotent 16, 418, 453

nonsingular zi, 23—4, 28, 32, 39, 42, 44, 62,
85, 99, 106, 204, 367, 380, 422, 457,
460, 492, 599, 630

non-square 60, 403

non-symmetric 157

normal 44, 446

normalized data 470, 473

orthogonal w7z, 183, 200, 202, 205, 208,
210, 358, 373, 413, 431, 437, 439, 444,
446, 457, 530, 552

orthogonal projection 216, 440

orthonormal 201

pentadiagonal 516

perfect zvi, 424

permutation 25, 27-8, 32, 42, 45, 60, 71-2,
74, 97, 204-5, 419, 430

positive definite wvii, iz, zi—ziv, 129, 1567,
159-61, 164-5, 167, 170-1, 181-2, 204,
235, 241-2, 244, 246, 252, 301, 304,
309, 313, 316, 327, 396, 398, 432, 439,
443, 473, 528, 531, 542, 544, 581, 583,
608, 618, 622

positive semi-definite i, 158, 161, 182,
244-5, 301, 316, 320, 433, 454, 470,
473, 514, 615, 618, 622

positive upper triangular 205, 529-30

projection 216, 440

proper orthogonal 202-3, 205, 222, 358,
438-9, 600

pseudoinverse 403, 457, 467

quadratic coefficient 241

rank one 66

real 5, 77, 425, 430, 440, 444, 446, 476,
536, 575-6, 595

real diagonalizable 427, 432

rectangular 31, 453, 457

reduced incidence 303—4, 316, 318, 330,
335, 339, 622

reduced resistivity 316
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matrix (continued)

reflection 206, 210, 418, 532

regular zwvi, 13, 18, 42, 45, 52, 70, 85, 501,
530-1, 536, 542

regular transition 501

resistance 313

resistivity 314, 316, 320

rotation 34, 358, 414, 430

row echelon 59, 60, 62, 95, 1156

self-adjoint 399, 618

semi-simple zwi, 424

shift 436

similar 73, 367, 418, 425-6, 428, 465, 498,
532, 575, 598

simultaneously diagonalizable 428-9

singular 23, 70, 314, 403, 409, 411-2, 597,
631

skew-symmetric 47, 73, 856, 204, 400,
435, 439, 600-2

SOR 475, 518-9

sparse 48, 536, 548

special lower triangular zvi

special orthogonal 222

special upper triangular zvi

square 4, 18, 23, 31, 33, 45, 403, 416, 426,
453, 457, 495, 542, 596

stiffness 305, 309, 320, 327, 611, 615, 618,
622

strictly diagonally dominant 281, 283,
421-2, 475, 498, 510, 512, 516, 584

strictly lower triangular zvi, 16-8, 28, 39,
41-2, 45, 60, 85, 168, 509, 530

strictly upper triangular 16, 85, 509

symmetric i, ziv, 45, 85—6, 167, 171, 183,
208, 216, 226, 398-9, 403, 432, 434,
437, 440-1, 446, 454, 465, 487, 532,
537, 542, 581, 585, 631

symmetric tridiagonal 532

transition 499-501, 505, 525, 528, 536, 598

transposed 72, 112, 162, 304, 395

tricirculant 54, 282-3, 420, 436

tridiagonal 52, 281, 304, 419, 492, 512,
526, 532, 535-6, 539, 542

unipotent 16-7

unitary 205, 212, 439, 4446

unitriangular zwi, 16-8, 20, 28, 38-9, 41-3,
45, 60, 85, 168, 530, 543

upper bidiagonal 52

upper Hessenberg 535-6, 539, 542

upper triangular zvi, 13, 16, 234, 28, 39,
70, 204-5, 210, 425, 428, 444-6, 465,
518, 527, 530, 532, 602

upper unitriangular zvi, 16, 18, 38, 41-3,
543

Vandermonde 20, 74, 260, 268

wavelet 204, 224, 552, 554

Subject Index

matrix (continued)
weight 256
weighted Gram 163, 247
Young 519-20, 579
zero 7,8, 61, 77, 361, 457, 488, 597
matrix addition 5, 8, 12, 43, 349
matrix algebra 7, 99
matrix arithmetic zii, 1, 8, 77
matrix differential equation 590, 592
matrix exponential iz, xii, 565, 593—4, 597,
599, 601-2, 606
matrix factorization 1, 18, 20, 41, 45, 50,
171, 183, 205, 536
matrix logarithm 599
matrix multiplication 5, 8, 43, 48, 51, 95,
106, 223-4, 343, 352, 355, 365, 397,
403, 429, 457, 475
matrix norm i, zii, zv, 153-4, 156, 4601,
466, 4756, 495-7, 496-9, 510, 515,
596
Euclidean 460-1, 497
Frobenius 156, 466
oo 495-6, 499, 510, 515
Ky Fan 466
natural 153-4, 495, 499
matrix pair 618, 630
matrix polynomial 11, 453
matrix power 475, 479, 484, 488, 502
matrix product 33, 72, 130
matrix pseudoinverse 403, 457, 467
matrix series 499, 596
matrix solution 572
matrix square root 439, 465, 620
matrix-valued function 592, 594, 606
max norm 145, 151
maximal error 261
maximal rank 456
maximization principle 235, 443
constrained 442-3
maximum zvii, 150, 235, 240, 441, 442
mean 10, 84, 148, 348, 467, 470, 473
arithmetic 148
geometric 148
mean zero 10, 84, 468, 470
measure theory 135
measurement 254, 256, 467-70
measurement error 256, 470
mechanical force 327
mechanical structure 301
mechanical vibration 565
mechanics wviii, xi, zii, 129, 156, 183, 236,
342, 396, 439, 565, 627
classical 341, 388, 583
continuum i, 2356, 351, 399
equilibrium 235
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mechanics (continued) milk 486
fluid 48, 80, 173, 236, 381, 400, 565 minimal polynomial 453, 537
quantum wii, viii, z, 10, 48, 129, 135, 173, minimization ziii, zv, 129, 156, 238, 241, 309,
183, 200, 202, 227, 341, 349, 355, 381, 546, 583
388, 437, 467, 583, 599 minimization principle wvii, iz, 235-6, 320,
relativistic 341, 388 342, 402
rig%d body 200, 203 minimization problem zi—ziv, 255
solid 236 minimizer 183, 237, 241, 401, 545
mechanism 301, 331, 336, 599, 616, 618 minimum v, 150, 235-6, 240
med%cal image 102, 295 global 240
medium ’Lil?, 183, 285 local 236. 242. 441

memory 56, 513, 561
mesh point 279
methane 139
method
Arnoldi wii, 475, 538
Back Substitution z, xiii, xiv, 3, 14, 21, 24,

minimum norm solution 224, 458
mining
data 467
Minkowski form 375
Minkowski inequality 145-6

41, 50, 53, 62, 208, 211, 282, 518 Minkowski metric 159
Conjugate Gradient 476, 542, 544-5, 548 Minkowski space-time 160
deflation 420, 526 Minneapolis 501
direct 475, 536 Minnesota 406, 479, 501, 546
Forward Substitution ziii, ziv, 3, 20, 49, missile 269

53, 282, 518 missing data 471
Full Orthogonalization (FOM) ii, 476, MMT factorization 171

541, 546 mode
Gauss.fSeide.l @i, 1.175, 512,4514, 517, 519-20 normal i, 565, 611
Gaussian Elimination iz-ziv, 1, 14, 24, 28, unstable 615, 618-9

40, 49, 56-7, 67, 69, 72, 102, 129, 167, eational 616
208, 237, 253, 378, 407, 409, 412, 475, vibrationa
506, 5089, 536 model 620

Generalized Minimal Residual (GMRES) ~ modeling vizi, 235, 279, 309

wii, 476, 546-7, 549 modular arithmetic zvii
Gram—Schmidt iz, zi, zv, 183, 192, 194-5, modulate 624

198-9, 205, 208, 215, 227, 231, 249, modulus 174, 177, 489

266, 445, 475, 527, 529, 538 molasses 622
Householder 209, 211-2, 532 molecule 139, 437, 608
Inverse Power 526 benzene 620
iterative wit, xv, 403, 475, 506, 536 carbon tetrachloride 620
Jacobi i, 475, 509-11, 513, 517, 519-20 triatomic 616, 619, 632
Lanczos i, 475, 539 water 620, 626, 632

nave iterative 517 molecular dynamics 48
Power i1, 475, 522, 524, 529, 5367, 568 moment 330. 439

regular Gaussian Elimination 14, 18, 171,
268

semi-direct xii, 475, 536, 547 . .

Shifted Inverse Power 526-7, 534, 539 monic polynomial 227, 453

Singular Value Decomposition i, 403, monitori 286
455, 457, 461, 473 monomial 89, 94, 98, 100, 1634, 186, 231,

265, 271, 275
complex 393

momentum 341, 355
money 476, 486

Strassen 51
Successive Over—Relaxation zii, 475, 517-20

undetermined coefficient 372, 385-6, 500, sampled 265
623 trigonometric 190
tridiagonal elimination 5, 42 monomial polynomial 268
metric 159 monomial sample vector 265
microwave 626 month 477

Midpoint Rule 271 mother wavelet 550, 552, 5556, 558
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motion 388, 403, 608, 631
circular 616
damped 621
dynamical zii, 608
infinitesimal 616
internal 388, 627
linear 588-90, 616, 618
nonlinear 600
periodic 621, 624
rigid 301, 327, 335, 373, 599, 601, 616
screw xi, 341, 373, 419, 602
movie x4, 200, 285, 287, 293, 341
MP3 183
multiple eigenvalue 430
multiplication 5, 48-9, 53, 79, 261, 348, 457,
536
complex 173, 296, 298
matrix 5, 8, 43, 48, 51, 95, 106, 223-4, 343,
352, 355, 365, 397, 403, 429, 457, 475
noncommutative 6, 26, 355, 360, 364, 601
quaternion 364
real 296
scalar 5, 8, 43, 76, 78, 87, 343, 349, 390
multiplicative property 596
multiplicative unit 7
multiplicity 416-7, 424, 454, 581
algebraic 424
geometric 424
multiplier
Lagrange 441
multipole 547
multivariable calculus z, 235, 242-3, 342,
441, 545, 582
music 287, 626

N

naive iterative method 517
natural boundary condition 280, 283—4
natural direction 631
natural frequency 565, 611, 624-5, 630-1
natural matrix norm 153—4, 495, 499
natural vibration 614
Nature 235, 317, 320, 483
negative definite 159-60, 171, 581, 583
negative eigenvalue 582
negative semi-definite 159
network wvigi, zv, 301, 312, 315, 317-8, 320,
463, 499
communication 464
electrical i, xv, 120, 301, 311-2, 327, 626,
630
newton 112
Newton difference polynomial 268
Newtonian equation 618, 621
Newtonian notation wviit

Subject Index

Newtonian physics wvii
Newtonian system 614
Newton’s Law 565, 608
n-gon — see polygon
nilpotent 16, 418, 453
node 120, 311, 313, 315, 317, 339
ending 311
improper 588-9, 591, 604
stable 586, 588-9, 591
starting 311
terminating 311, 322
unstable 587-9, 591
noise 183, 293, 555
non-analytic function 84, 87
non-autonomous 570, 598
noncommutative 6, 26, 355, 360, 364, 601
non-coplanar 88
nonlinear wvii, 255, 341, 388, 611, 616
nonlinear dynamics 565, 604, 616
nonlinear function 324, 341
nonlinear iteration 53, 475
nonlinear motion 600
nonlinear system 64, 66, 342, 475, 568, 604
nonnegative orthant 83
non-null eigenvector 434, 454
non-Pythagorean 131
non-resonant 628
nonsingular i, 23—4, 28, 32, 39, 42, 44, 62,
85, 99, 106, 204, 367, 380, 422, 457,
460, 492, 599, 630
non-square matrix 60, 403
non-symmetric matrix 157
nontrivial solution 67, 95
nonzero vector 95
norm ix—xi, xiit, xiv, 129, 131, 135, 137, 142,
144, 146, 174, 188-9, 237, 245, 489,
495, 581
convergence in 151
equivalent 150, 152
Euclidean zizi, 130, 142, 172, 174, 224, 236,
250, 455, 458, 460, 468, 473, 489, 524,
532, 538, 544, 546
Euclidean matrix 460-1, 497
Frobenius 156, 466
H' 136
Hermitian 445, 489
oo matrix 495-6, 499, 510, 515
oo 145, 151, 245, 255, 473, 489, 496, 514,
524, 544
Ky Fan 466
L' 145, 147, 153, 182, 274
L2 133, 145, 152-3, 185, 191
Lo 145, 147, 152-3, 182
matrix i, xii, v, 1534, 156, 460-1, 466,
475-6, 495-7, 496-9, 510, 515, 596



Subject Index

norm (continued)
max 145, 151
minimum 224, 458
natural matrix 153-4, 495, 499
1- 145, 245, 255, 466
residual 237
Sobolev 136
2— 145
weighted 131, 135, 237, 252, 468
normal equation 247, 251, 272, 458
weighted 247, 252, 256, 317
normal matrix 44, 446
normal mode zii, 565, 611
normal vector 217
normalize 468, 470, 473
normally distributed 473
normed vector space 144, 372
north pole 474
notation
dot wviis
Lagrangian wviii
Leibnizian i
Newtonian wviig
prime wviig
nowhere differentiable 561
nuclear reactor 406
nucleus 437
null direction 159-60, 164, 166
null eigenvector 433-4, 615, 6189
null space z, 106
left z, 113
number wviii, 3, 5, 78
complex zxwvii, 80, 129, 173
condition 57, 460, 466
dyadic 561, 563
Fibonacci 481-3, 4856
irrational 611
Lucas 486
pseudo-random 464, 487
random 295, 464
rational zwvii, 611
real xwvii, 78, 137, 173, 563
spectral condition 525, 591
tribonacci 486
numerical algorithm wvigi—zi, 48, 129, 183,
199, 400, 403, 475, 536, 547
numerical analysis wii, iz, zii, ziti, xv, 1, 75,
78, 132, 156, 227, 230, 233, 235, 271,
279, 317, 475
numerical approximation 220, 235, 403, 416,
467
numerical artifact 206
numerical differentiation 271
numerical error 249, 523, 536
numerical integration 271, 562
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numerical linear algebra 48

O

object 259
observable 341
occupation 504
octahedron 127, 149
odd 87, 286
off-diagonal 7, 32, 252, 420
offspring 479, 482
Ohm’s Law 312, 319
oil 623, 628
1 norm 145, 245, 255, 466
one-parameter group 599-603
open 79, 136, 146, 151
half- 79
Open Rule 271
operation
arithmetic 48, 199, 212, 534, 536, 548
elementary column 72, 74
elementary row 12, 16, 23, 37, 60, 70, 418,
512
linear system 2, 23, 37
operator
derivative 348, 353
differential zi, 317, 341-2, 355, 3767,
379-80, 384
differentiation 348, 355
integral i, 341
integration 347
Laplacian 349, 354, 381, 393
linear 75, 156, 341-3, 347, 376, 437, 541
ordinary differential 353
partial differential 381
quantum mechanical i
self-adjoint 183
Schrodinger 437
optics 235, 375
optimization 235, 441-2, 466
constrained 441
orange juice 486
orbit 568
order 379, 481, 493, 567
first 5657, 5702, 577, 585, 605
higher 605
reduction of 379, 390
second i, 618
stabilization 537, 540, 547, 549
ordinary derivative zviii
ordinary differential equation wvii, x, xi, 91,
98-9, 101, 106-7, 301, 322, 342, 376,
379-80, 385, 390, 4034, 407, 435, 476,
479, 566-7, 570, 576, 579, 604, 606,
608, 627, 630
homogeneous 390
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ordinary differential equation (continued )
inhomogeneous 606
system of iz, zii—zv, 342, 530, 566, 584,
571, 579, 592, 608, 630
ordinary differential operator 353
orientation 122, 201, 311, 313, 317
origin 88, 343
ornamentation 322
orthant 83
orthogonal z, 140, 184-5, 189, 213, 216, 222,
335, 540, 549, 618, 631
orthogonal basis i, ziii, zv, 184, 189, 194,
201, 214, 235, 266, 403, 435, 446, 551,
611, 618
orthogonal basis formula 189, 611
orthogonal complement 217-9, 221, 431, 631
orthogonal eigenvector 432, 436, 611
orthogonal function zi, 183, 559-60
orthogonal group 203
orthogonal matrix ziii, 183, 200, 202, 205,
208, 210, 358, 373, 413, 431, 437, 439,
444, 446, 457, 530, 552
improper 202, 358, 438
special 222
proper 202-3, 205, 222, 358, 438-9, 600
orthogonal polynomial i, xiv, 141, 183, 186,
227-8, 276-7
orthogonal projection zi, ziii, zv, 183, 213,
216, 218, 223, 235, 248, 361-2, 440,
457, 471-2, 539, 631
orthogonal subspace zv, 183, 216
orthogonal system 552
orthogonal vector ziii—zv, 140, 185
orthogonality wii, zi, 184, 235, 287, 295, 312,
476, 558, 562
orthogonalization 475
orthonormal basis 184, 188, 194-6, 198-9,
201, 204, 213, 235, 248, 288, 432, 437-8,
444, 4567, 460, 475, 528-9, 538
orthonormal basis formula 188
orthonormal column 444, 455-6
orthonormal eigenvector 437
orthonormal matrix 201
orthonormal rows 455
orthonormalize 529, 539
orthonormality iz, 184
oscillation 626
out of plane 627
outer space 301, 327
oven 258, 626
overdamped 622, 629
overflow 524
over-relaxation zii, 475, 517-20
oxygen 620

Subject Index

P

p norm 145, 245
Padé approximation 261
page 126, 463, 502
PageRank 463, 502
pair
matrix 618, 630
parabola 15, 240, 259-60, 5901
paraboloid 83
parachutist 269
parallel 65, 83, 88, 93, 137, 142, 147-8, 187,
371, 500
parallel computer 513
parallelizable 513
parallelogram 140, 344, 361
parameter 599
Cayey—Klein 203
relaxation 518
variation of 385, 606, 623
part
imaginary 173, 177, 287, 391, 394, 575-6
real 173, 177, 287, 365, 391, 394, 5756,
581, 591, 603
partial derivative xwviii, 242, 349
partial differential equation wii, iz—zii, zv,
v, 99, 101, 106, 129, 173, 200, 227,
230, 301, 322, 342, 376, 381, 475, 536,
542, 547, 565
partial differential operator 381
partial pivoting 56, 62
partial sum 554
particular solution 107, 384, 606, 623-5, 630
partitioning 463
path 121
PCA iz, zii, ziv, zv, 255, 403, 467, 471
peak 90
peg 279
pendulum 236
pentadiagonal matrix 516
pentagon 125, 288, 467
perfect matrix zvi, 424
perfect square 166
period 611, 621
period 2 solution 495
periodic 172, 285, 565, 587
periodic boundary condition 280, 283—4
periodic force i, 565, 623-4, 626, 6301
periodic function 86, 611
periodic motion 621, 624
periodic spline 280, 283
periodic vibration 618
permutation 26-7, 45, 56, 72, 428
column 418
identity 26, 415
inverse 32, 34



Subject Index

permutation (continued )
row 428
sign of 72
permutation matrix 25, 27-8, 32, 42, 45, 60,
71-2, 74, 97, 204-5, 419, 430
permuted LDV factorization 42
permuted LU factorization 27-8, 60, 70
perpendicular 140, 202, 255
Perron—Frobenius Theorem 501
perspective map 374-5
perturbation 523, 525, 591
phase zviii, 174, 627
phase-amplitude 89, 587, 610
phase lag 627
phase plane 567-8, 576, 586, 605
phase portrait zii, 568, 58690, 623
phase shift 89, 273, 587, 609
phenomenon
Gibbs 562
physical model 620
physics wii, iz, z, xii, 1, 200, 202, 227, 235,
301, 314, 327, 341-2, 381, 402, 407,
437, 499, 565
continuum 156
Newtonian wvii
statistical 464
piecewise constant 551
piecewise cubic 263, 269, 279-80
pivot 12, 14, 18, 22-3, 28, 41, 49, 56, 59, 61,
70, 114, 167, 412
pivot column 56
pivoting 23, 55, 57, 62
full 57
partial 56, 62
pixel 470
planar graph 125
planar system 565, 585
planar vector field 81, 86
plane 64, 82, 88, 250, 259, 358
complex 173, 420, 580
coordinate 362
diagonal 362
left half- 5801
out of 627
phase 567-8, 576, 586, 605
plane curve 86
planet 259, 341
plant 504
platform 616
Platonic solid 127
plot
scatter 469, 471, 478
point 65, 83, 87-8, 235, 250, 570, 587
boundary 503
closest i, 183, 235, 238, 245-6, 298
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point (continued)
critical 240, 242
data i, 235, 237, 254-5, 272, 283, 467,
470, 474
dyadic 561-2
equilibrium 568, 579
fixed 493, 506, 509, 546, 559, 563
floating 48, 58
inflection 240
mesh 279
saddle 587, 589
sample 79, 105, 285
singular zv, 380
pointer 56
Poisson equation 385, 390, 521
polar angle 174
polar coordinate 90, 136, 174
polar decomposition 439
polarization 160
pole 151, 474
police 196, 254
polygon 125, 208, 288, 467
polynomial i, xiv, 75, 78, 83, 89, 91, 94, 98,
100, 114, 139, 219, 260-1, 413, 440,
578, 581, 603
approximating 266, 279
characteristic 408, 415, 453, 475
Chebyshev 233
complete monomial 268
constant 78
cubic 260, 267, 280
elementary symmetric 417
even 86
factored 415
harmonic 381, 393
Hermite 233
interpolating 260, 262, 271, 279
Lagrange 262, 284
Laguerre 231, 234, 279
Legendre 232, 234, 277-8
linear 187
matrix 11, 453
minimal 453, 537
monic 227, 453
Newton difference 268
orthogonal zi, xiv, 141, 183, 186, 227-8,
276-7
piecewise cubic 263, 269, 279-80
quadratic zwvi, 167, 185, 190, 235, 240, 260,
267
quartic 221, 264, 269, 276
quintic 233
radial 277
sampled 265
symmetric 417
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polynomial (continued )
Taylor 269, 324, 383
trigonometric 75, 90-1, 94, 176, 190, 273
unit 148
zero 78
polynomial algebra 78
polynomial equation 416
polynomial growth 580, 604
polynomial interpolation 235, 260, 262, 271,
279
polytope 149
population 259, 475, 479, 482, 487, 504
portrait
phase zii, 568, 586-90, 623
position 254, 355
general 375
initial 609-10, 612
positive definite wvii, iz, zi—ziv, 129, 156-7,
159-61, 164-5, 167, 170-1, 181-2, 204,
235, 241-2, 244, 246, 252, 301, 304,
309, 313, 316, 327, 396, 398, 432, 439,
443, 473, 528, 531, 542, 544, 581, 583,
608, 618, 622
positive semi-definite z7, 158, 161, 182, 2445,
301, 316, 320, 433, 454, 470, 473, 514,
615, 618, 622
positive upper triangular 205, 529-30
positivity 130, 133, 144, 146, 156
potential
gravitational 311
voltage 311-2, 315, 318, 320
potential energy 235-6, 244, 309, 320, 583
potential theory 173
power 235, 319-20
matrix 475, 479, 484, 488, 502
power ansatz 380, 479
power function 320
Power Method zii, 475, 522, 524, 529, 536-7,
568
Inverse 526
Shifted Inverse 526—7, 534, 539
power series 175
precision 48, 57, 461
predator 479
prestressed 320
price 258
prime notation wii
primitive root of unity 288
principal axis 465, 472, 487
Principal Component Analysis iz, xii, xiv, xv,
255, 403, 467, 471-2
Fundamental Theorem of 472
principal coordinate 472, 477
principal direction 471-4
principal standard deviation 472
principal stretch 438-9

Subject Index

principal variance 472-3
principle
maximization 235, 442-3
minimization wvii, iz, 235-6, 320, 342, 402
optimization 235, 441-2, 466
Reality 391, 484
superposition 75, 106, 111, 378, 388
Uncertainty 355
printing 283
probabilistic process 479
probability wvii, viii, zii—xiv, 463, 475, 499
transitional 501-2
probability distribution 468
probability eigenvector 501-3
probability vector 473, 500-1
problem wviis
boundary value wvii, z, zi, zv, 54, 75, 92, 99,
136, 183, 222, 235, 322, 342, 3766,
386, 389, 397, 399, 541-2
initial value 376, 386, 570, 594, 598, 606
minimization zi—ziv, 255
process viti, xii, xiv, 403, 475, 499
Gram—Schmidt iz, xi, zv, 183, 192, 194-5,
198, 205, 208, 215, 227, 231, 249, 266,
445, 475, 527, 529, 538
Markov iz, ziv, 463—4, 563
probabilistic 479
stable Gram—Schmidt 199, 538
stochastic 499
processing
image wvii, viit, -4, xv, 1, 48, 99, 102, 183,
188, 404, 467, 470, 555
signal wii, viii, x—xiis, 1, 75, 80, 99, 102,
129, 183, 188, 235, 272, 293, 476
video 48, 102, 188, 200, 285, 294-5, 341
processor 56, 513
product zwvii, 256
Cartesian 81, 86, 133, 347, 377
complex inner 184
cross 140, 187, 239, 305, 602
dot wiii, 129, 137, 146, 162, 176, 178, 193,
201, 265, 351, 365, 396, 431-3, 455,
550
H' inner 136, 144, 233
Hermitian dot 178, 205, 288, 433, 444, 446
Hermitian inner 180-1, 192, 435
inner iz-xi, riii, xiv, 129-30, 133, 137, 144,
1567, 163, 179, 237, 245, 347, 350,
395
L2 inner 133, 135, 180, 182, 185, 191, 219,
227, 232, 234, 274, 550-1, 557, 560
matrix 33, 72, 130
real inner 184, 395, 401
Sobolev inner 136, 144, 233
vector 6, 130



Subject Index

product (continued)
weighted inner 131, 135, 182, 246, 265,
309, 396, 435, 543, 618
product inequality 154
professional 504
profit 258
programming
computer 14, 28
linear 235
projection 341, 353, 374, 467
orthogonal i, xiii, zv, 183, 213, 216, 218,
223, 235, 248, 361-2, 440, 457, 471-2,
539, 631
random 471
projection matrix 216, 440
proof wviii
proper isometry 373, 419
proper orthogonal matrix 202-3, 205, 222,
358, 438-9, 600
proper subspace 210
proper value 408
proper vector 408
property
multiplicative 596
pseudo-random number 464, 487
pseudocode 14, 24, 31, 49, 56, 206, 212, 536,
544
pseudoinverse 403, 457, 467
Pythagorean formula 188, 460
Pythagorean Theorem 130-2

Q

Q.E.D. zvii
QR algorithm zii, 200, 475, 527, 529, 531-2,
535-6, 538
QR factorization zi, 205, 210, 522, 529, 539
quadrant 81
quadratic coefficient matrix 241
quadratic eigenvalue 493
quadratic equation 64, 166, 621
quadratic form i, 86, 157, 161, 1667, 170,
241, 245, 346, 437, 440-2, 583
indefinite 159
negative definite 159-60
negative semi-definite 159
positive definite 157, 160
positive semi-definite 158
quadratic formula 166
quadratic function i, ziii, 235, 239-41, 259,
274, 401, 545, 582-3
quadratic minimization problem zi—xiv
quadratic polynomial zvi, 167, 185, 190, 235,
240, 260, 267
quantize 475, 583
quantum dynamics 173

669

quantum mechanics vii, viii, x, xi, 10, 48,
129, 135, 173, 183, 200, 202, 227, 341,
349, 355, 381, 388, 437, 467, 583, 599

quantum mechanical operator zi

quartic polynomial 221, 264, 269, 276

quasi-periodic iz, zii, 565, 611, 617-9, 624,
630-1

quaternion 364-5, 583

quaternion conjugate 365

quintic polynomial 233

quotient

Rayleigh 442
quotient space 87, 105, 357

R

rabbit 482, 487

radial coordinate 383
radial polynomial 277
radian xvit

radical 416

radio 322, 293
radioactive 257, 404, 406

radium 259
radius
spectral zii, 475, 490, 492—-3, 495-8, 508,
518, 520, 524
unit vig

random graph 463
random integer 487
random number 295, 464
random projection 471
random walk 463
range zvi, 105, 342
range finder 269
rank 61-3, 66, 96, 99, 108, 114, 124, 162,
165, 223, 365, 434, 455, 457, 461, 465
maximal 456
rank k approximation 462
rank one matrix 66
rate
decay 257, 404, 622
sample 287
ratio
golden 483
rational arithmetic 58
rational function 166, 261, 442
rational number zvii, 611
ray 160, 235
Rayleigh quotient 442
reactor 406
real 177, 390
real addition 296
real analysis 151
real arithmetic 173
real basis 575
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real diagonalizable 427, 432 relativity wvii, 34, 2356, 341, 388
real eigenvalue 413, 423, 430, 432, 586 general wvii, 34
real eigenvector 413, 490, 496, 523, 535, 537, special 159, 358, 375
577-8, 588 relaxation
real element 391 over- xit, 475, 517-20
real inner product 184, 395, 401 under- 518
real linear function 342, 391 relaxation parameter 518
real matrix 5, 77, 425, 430, 440, 444, 446, repeated eigenvalue 417
476, 536, 575-6, 595 repeated root 576, 622
real multiplication 296 rescale 562
real number zvii, 78, 137, 173, 563 resident 504
real part 173, 177, 287, 365, 391, 394, 575-6,  residual norm 237
581, 591, 603 residual vector 237, 522, 541, 544-5, 548
real scalar 5, 177, 476 resistance 259, 311, 313, 319, 628-9
real solution ziv, 577 resistance matrix 313
real subspace 452 resistanceless 608
real vector 76, 391 resistivity matrix 314, 316, 320
real vector space i, 76, 342 resistor 301, 313, 628
Reality Principle 391, 484 resonance v, i, i, 5695, 625-6, 6301

resonant ansatz 631
resonant frequency 626-7, 632
resonant solution 628, 631

recipe vt

reciprocal 31
reciprocity relation 322 : )
recognition 285, 404, 467, 555 resonant vibration 565, 625
reconstruction 299, 555 response 384, 606, 624

record 287, 293 retlr.la 375
retrieval 48
rectangle 361 roversal
rectangular 3, 31, 453, 457 .
. bit 297
rectangular grid 81 time 569
reduced incidence matrix 303—4, 316, 318, RGB 470

330, 335, 339, 622
reduction of order 379, 390
refined Gershgorin domain 422
reflection i, 206, 341, 353, 358, 3602, 373,

right angle 140, 184

right-hand side 4, 12, 15, 49
right-handed basis 103, 201-2, 222
right inverse 31, 35, 356

1 39‘59’ 44(;6357210 418, 532 right; limit zoidd
el.e:lneg;;y 2t H9 rigid body mechanics 200, 203
ghde rigid motion 301, 327, 335, 373, 599, 601, 616
Householder 535, 539 ring 339
reﬂgction matrix 206, 210, 418, 532 rivet 323
reg}ment 625 RLC circuit 626, 629
region robot 324, 616
stability 590 rod 322
regular zvi Rodrigues formula 228, 277
regular Gaussian Elimination 14, 18, 171, Rolle’s Theorem 231
268 roller 339
regular matrix zvi, 13, 18, 42, 45, 52, 70, 85,  ;oof 322
501, 530-1, 536, 542 root 98, 231, 379-80, 413, 415, 567
regular transition matrix 501 complex 114, 390, 621
reinforced 334, 336 double 411, 576
relation matrix square 439, 465, 620
constitutive 302, 312, 327 repeated 576, 622
equivalence 87 simple 411
Heisenberg commutation 355 square zvii, 12, 131, 166, 171, 175, 185,

reciprocity 322 198, 214, 269, 454, 468, 611



Subject Index

root of unity 288
primitive 288, 292, 296
rotation i, 2001, 286, 313, 329, 331, 341,
344, 353, 373, 399, 419, 429, 438-9,
457, 600-1, 616, 618
clockwise 360
counterclockwise 359, 600
hyperbolic 375
rotation matrix 34, 358, 414, 430
round-off error z, 55, 199, 206, 544
routing 463, 499
row 4, 6, 7, 12, 43, 70, 114, 470, 523-4, 536
orthonormal 455
zero 70, 73
row echelon 59, 60, 62, 95, 1156
row interchange 23, 25, 56, 70, 361
row operation 12, 16, 23, 37, 60, 70, 418, 512
row permutation 428
row pointer 56
row space z, 113
row sum 10, 419, 502
absolute 155, 496, 498, 510
row vector 4, 6, 130, 350-1
rule
chain 301
Cramer’s 74
Leibniz 594
Midpoint 271
Open 271
Simpson’s 271
Trapezoid 271, 562

S

saddle point 587, 589
salesman 505
sample function 79-80, 235, 285
sample point 79, 105, 285
even 286
odd 286
sample rate 287
sample value 79, 256, 260, 272, 286, 479
sample vector 80, 98, 105, 183, 265, 285, 554
exponential 285-7, 415, 436
monomial 265
polynomial 265
sampling 183, 297, 468
satellite 200, 341
savings account 476
scalar 1, 5, 6, 12, 37, 70, 177, 389, 449, 480
complex 177, 476
real 5, 177, 476
unit 8
zero 8
scalar multiplication 5, 8, 43, 76, 78, 87, 343,
349, 390
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scaling 341, 399, 429, 551, 561, 600
scaling function 399, 549, 555, 558, 559-60,
563
scaling transformation 429
scatter plot 469, 471, 478
scattered 468
scheduling 475
Schrédinger equation 173, 394
Schrodinger operator 437
Schur decomposition 74, i, 403, 4446
science vt
computer vii, iz, zv, 126, 463
data 1, 235
physical iz
social iz
scientist w214, xviie
screen 374-5
screw motion xi, 341, 373, 419, 602
search 475, 499, 502
segment 473
self-adjoint 183, 399, 436, 618
semantics 404, 467
semi-axis 487, 498
semi-definite
negative 159
positive zi, 158, 161, 182, 244-5, 301, 316,
320, 433, 454, 470, 473, 514, 615, 618,
622
semi-direct method xzii, 475, 536, 547
semi-magic square 104
semi-simple zvi, 424
separation of variables 227
sequence 81, 86, 144
serial computer 513
serial processor 513
serialization 475
series 394
exponential 596, 599, 6012
Fourier 91, 191, 549, 553
geometric 499
matrix 499, 596
power 175
Taylor 87, 91
trigonometric 549
wavelet 553, 562
sesquilinear 178-9
set zviz, 80
closed 146, 151
data 188, 462, 472—3
difference of zvii
level 585
open 146, 151
swing 335-6, 619
sex 482
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shear i, 341, 361-2, 427, 429, 600
shear factor 361
Sherman—Morrison—Woodbury formula 35
shift 415, 436, 531
phase 89, 273, 587, 609
shift map 415, 436
Shifted Inverse Power Method 5267, 534,
539
sign 72
signal 285, 294, 549, 553
reconstruction 299
sampled 285
signal processing wvii, viii, z—xiii, 1, 75, 80, 99,
102, 129, 183, 188, 235, 272, 293, 476
similar 73, 367, 418, 425-6, 428, 465, 498,
532, 575, 598
simple 120
simple digraph 467, 502
simple eigenvalue 411, 416, 493, 531, 535,
537
simple graph 120, 311, 463
simple root 411
simplex 339, 500
simplification 102
Simpson’s Rule 271
simultaneously diagonalizable 428-9
sinc 273
sine zwii, 176, 183, 269, 285, 581, 610
single precision 461
singular 23, 70, 314, 403, 409, 411-2, 461,
597, 631
singular point zv, 380
singular value wvii, iz, xiv, 403, 454—6, 4602,
467, 472-3, 497
distinct 455
dominant 454, 460
largest 460, 466, 497
smallest 460, 463, 466
Singular Value Decomposition zii, 403, 455,
457, 461, 473
singular vector 454, 461, 467, 473
unit 471-2
size 114
skeletal fragment 393
skew-adjoint 400
skew field 364
skew-symmetric 10, 47, 73, 85-6, 204, 400,
435, 439, 6002
skyscraper 322-3
smallest eigenvalue 441
smooth zwviii, 84, 279
Sobolev inner product 136, 144, 233
Sobolev norm 136
social science iz
soft spring 303

Subject Index

software zwvi, 404
soldier 625
solid 236, 485, 565
Platonic 127
solid mechanics 236
solution iz, 2, 13, 21, 24, 29, 40, 63, 76, 222,
475, 484, 542, 568, 570, 577, 579, 606,
629
approximate 237, 541
complex ziv, 391, 575
constant 615
equilibrium 301, 405, 476, 479, 488, 493,
565, 579, 597, 622
exponential 381, 408
general 91, 107, 111, 480, 606, 618, 625
globally asymptotically stable 488-90,
492-3
homogeneous 388
Jordan chain 5767, 581
least squares iz, xi, 237-8, 250-1, 317, 403,
458
linearly independent 380, 594
matrix 572
minimum norm 224, 458
non-resonant 628
nontrivial 67, 95
particular 107, 384, 606, 623-5, 630
period 2 495
periodic 565
quasi-periodic 619
real v, 577
resonant 628, 631
stable wiii, 581
trigonometric 381
trivial 67
unbounded 586
unique 384, 570
unstable wiii, 405, 581
vector-valued 592
zero 67, 117, 383—4, 405, 410, 476, 478,
489-90, 492-3, 581-2
solution space 566, 577
solvability wvii
SOR i, 475, 51720
sound 624, 626
soundtrack 285, 293
source 342
current 301, 313, 317, 320, 629
space 88, 200, 341
column 105, 383
dual 350, 358, 369, 395
Euclidean =z, zi, 75-7, 94, 99, 130, 146, 341,
403, 426, 600
free 394



Subject Index

space (continued )
function =z, ziii, zv, 79, 80, 83, 133, 146,
163, 185, 190, 220, 224, 301, 341, 396,
401, 541
Hilbert 135, 341
inner product 130, 140, 161, 1834, 193,
196, 213, 219, 245, 342, 347, 350, 358
left null space z, 113
normed 144, 372
null z, 106
outer 301, 327
quotient 87, 105
row z, 113
solution 566, 577
three-dimensional 82-3, 88, 99, 200, 335,
373
vector =z, xi, xit-xv, zvit, 75-6, 82, 101,
129-30, 133, 149, 151, 177, 179, 213,
219-20, 274, 287, 301, 341-2, 349, 351,
355-7, 372, 390, 396, 401, 467, 541,
600
space curve 283
space station 328, 330, 332, 339, 632
space-time 159-60, 235, 341, 358
span iz, x, xiii, 75, 87, 92, 95-6, 99, 100, 177,
185, 215, 217, 341
spark 314
sparse xv, 48, 52, 475, 536, 548
special function 200
special lower triangular zvi
special orthogonal matrix 222
special relativity 159, 358, 375
special upper triangular zvi
species 504
spectral condition number 525, 591
Spectral Decomposition 440, 598
spectral eigenstate 437
spectral energy 437
spectral factorization 437
spectral graph theory xziv, zv, 462-3
spectral radius xii, 475, 490, 492-3, 495-8,
508, 518, 520, 524
Spectral Theorem 437, 439, 456, 529
spectroscopy 608
spectrum av, 437, 462, 467
graph 462, 467
speech 285, 404, 462, 467, 499
speed 102, 159, 254, 467
sphere 83
unit 83, 149-50, 363, 375, 438, 465, 4734
spiral 587-8
spiral growth 483
spline wiii, zi, 52, 54, 235, 263, 279, 322, 563
B 284, 567
cardinal 284
periodic 280, 283
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spline font 283
spline letter 283
spring 110, 236, 301, 303, 320, 323, 608-9,
616, 621, 623, 629
hard 303
soft 303
spring stiffness 303, 306, 320, 323, 327, 609,
621, 623, 629
square 9, 126, 167, 358, 363, 467, 505, 619
complete the xi, 129, 166, 240, 437
magic 104
non- 60, 403
perfect 166
semi-magic 104
unit 136
square grid 317, 521
square matrix 4, 18, 23, 31, 33, 45, 403, 416,
426, 453, 457, 495, 542, 596
square root zwii, 12, 131, 166, 171, 175, 185,
198, 214, 269, 454, 468, 611
matrix 439, 465, 620
square truss 322, 615, 632
squared error 255-6, 260, 272, 274
squares
least iz, zi, ziti—zv, 129, 132, 183, 230, 235,
237-8, 250-2, 255-6, 263, 271-2, 317,
403, 458, 468, 474
sum of 167
weighted least 252, 256, 265
St. Paul 501
stability iz, xi, xii, 488, 565, 590, 629
asymptotic 490, 493
Stability Theorem 577, 603
stabilization order 537, 540, 547, 549
stable 331, 405, 478, 493, 579, 581, 583-84,
586-8, 5901, 610
asymptotically 405, 478, 490, 493, 579-82,
584, 5867, 591, 597
globally 405, 579
globally asymptotically 405, 488-90, 492-3,
579, 622
structurally 591
stable eigensolution 603
stable equilibrium 235-6, 301-2, 579, 590,
605, 615
stable fixed point 493
stable focus 587, 589, 591
stable improper node 604
stable line 587, 589, 591
stable manifold 605
stable node 586, 5889, 591
stable solution wviii, 581
stable star 589-90
stable structure 331, 335
stable subspace 492, 604
staircase 59
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standard basis 36, 99, 111, 184, 261, 343,
349, 356, 426, 449, 450, 529
standard deviation 468-9
principal 472
standard dual basis 350
star 467, 589-90
starting node 311
starting vertex 121-2
state 341, 502
state vector 499
static 293
statically determinate 307, 333
statically indeterminate 306, 315, 334
statics 403
station
space 328, 330, 332, 339, 632
statistical analysis 188, 238
statistical fluctuation 467, 470
statistical physics 464
statistical test 467
statistically independent 470
statistics wvit—ix, xit, xitg, zv, 1, 99, 129, 132,
135, 156, 163, 238, 467, 499
steady-state 574
steepest decrease 545, 583
steepest increase 545, 582
stiffness 303, 306, 320, 323, 327, 609, 621,
623, 629
stiffness matrix 305, 309, 320, 327, 611, 615,
618, 622
still image 102, 285
stochastic
doubly 505
stochastic process wviii, xii, xiv, 403, 475, 499
stochastic system 341
storage 102, 294, 462, 513
Strassen’s Method 51
stress 323, 439
stretch 341, 344, 360-2, 403, 426, 438, 440,
457, 600, 625
principal 438-9
strictly diagonally dominant 281, 283, 421-2,
475, 498, 510, 512, 516, 584
strictly lower triangular zvi, 16-8, 28, 39,
41-2, 45, 60, 85, 168, 509, 530
strictly upper triangular 16, 85, 509
stroboscopic 286
structurally stable 591
structure wvii, zi—ziv, 236, 301, 322, 403, 565,
599, 601, 608, 610, 625, 628-32
atomic 203
mechanical 301
reinforced 334, 336
stable 331, 335
unstable 301, 615

Subject Index

student zwviii, 504
subdeterminant 171
subdiagonal 52, 492, 535
subdominant eigenvalue 493, 502, 524, 526
subscript 4
subset zwvii, 79
closed zvii
compact 149
convex 150
thin 220
subspace =z, xiii, 75, 82, 86, 88, 183, 213, 223,
235, 238, 245, 362, 471, 540
affine 87, 375, 383
center 604
complementary 86, 105, 217-8, 221
complex 298, 430, 452
conjugated 391
dense 220
finite-dimensional 213, 219, 248
fundamental 114, 183, 221
infinite-dimensional 219
invariant zv, 429-31, 452, 487, 492, 548,
6034
Krylov zv, 475, 536—7, 53940, 546, 549
orthogonal zv, 183, 216
proper 210
real 452
stable 492, 604
trivial 82, 429
unstable 604
zero 82, 429
substitution
back =z, ziii, ziv, 3, 14, 21, 24, 41, 50, 53,
62, 208, 211, 282, 518
forward ziii, xiv, 3, 20, 49, 53, 282, 518
subtraction 48, 53, 261, 536
suburb 501
Successive Over—Relaxation zii, 475, 517-20
sum zwvii, 86
absolute row 155, 496, 498, 510
column 10, 419, 501, 502
partial 554
row 10, 419, 502
sum of squares 167
sunny 499, 501
supercomputer 1, 48
superconducting 608, 630
superdiagonal 52, 449, 492, 535
superposition
linear wii, iz, xi, zv, 110, 222, 235, 250, 262,
342, 378, 480, 565, 630
Superposition Principle 75, 106, 111, 378,
388
superscript 4



Subject Index

support 301, 306, 551, 562, 608-9
bounded 557
surface 83, 236, 283, 439
survey
geodetic 171
suspension bridge 625
SVD i, 403, 455, 457, 461, 473
swing set 335, 619
Sylvester inequality 120
symmetric 157, 241
symmetric matrix zi, xiv, 45, 856, 167, 171,
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system (continued )

linear algebraic wii, iz, 341-2, 376, 386,
506, 517, 540

lower triangular 3, 20

Newtonian 614

non-autonomous 570, 598

nonlinear 64, 66, 342, 475, 568, 604

order of 481, 493

orthogonal 552

planar 565, 585

singular 461

183, 208, 216, 226, 398-9, 403, 432,

434, 437, 440-1, 446, 454, 465, 487,

532, 537, 542, 581, 585, 631

symmetric polynomial 417

symmetry i, 10, 130, 133, 146, 156, 200,
202, 341, 358

conjugate 179, 184

symmetry analysis 599

system 236

adjoint 112, 117

affine 488

algebraic wii, iz, 341-2, 376, 386, 506, 517,
540

autonomous 403, 566, 579

compatible iz, zi, 8, 11, 62, 224

complete 572

complex ziv, 566

control wii, zv, 76, 99, 106, 376

damped 623

dynamical wiii, zii, xiii, zv, 301-2, 396,
403, 407, 565, 583, 591, 603

electrical 183

elliptic 542

equivalent 2

first order 565-7, 570-2, 577, 585, 605

fixed point 506

forced 565

Hamiltonian 583, 585

higher order 605

homogeneous wii, i, xii, 67, 95, 99, 106,
108, 342, 376, 378, 384, 388, 394, 409,
571, 585, 592

ill-conditioned 57, 211, 461

implicit 492

incompatible i, 62

inhomogeneous wii, xi, xii, 67, 106, 1101,
342, 376, 383-4, 388, 394, 565, 585,
605-6, 630

inconsistent 62

iterative 53, 475, 481, 488, 492-3, 563

large 475

linear wii, iz, zi, 4, 6, 20, 23, 40, 59, 63, 67,
75, 99, 105-7, 376, 461, 475, 541, 565,
571, 577

sparse zv, 52, 475, 536

stochastic 341

triangular 2, 20, 29, 197, 542

trivial 590-1

two-dimensional 585

undamped 623, 630-1

unforced 622

weak 132, 398, 540-1, 546

system of ordinary differential equations

iz, zii-zv, 342, 530, 566, 584, 571, 579,
592, 608, 630

second order zii, 618

T

Tacoma Narrows Bridge 626

tangent zvii, 341, 600

target zuvi, 342

taxi 501

Taylor polynomial 269, 324, 383

Taylor series 87, 91

technology 555

temperature 258

tension 327

tensor 4
inertia 439

terminal 317

terminating node 311, 322

test
statistical 467

tetrahedron 127, 139, 321, 619-20

theater 293

theorem wiis
Cayley—Hamilton 420, 453
Center Manifold 604
Fundamental, of Algebra 98, 124, 415
Fundamental, of Calculus 347, 356, 606
Fundamental, of Linear Algebra 114, 461
Fundamental, of Principal Component

Analysis 472

Gershgorin Circle 420, 475, 503
Jordan Basis 448, 450
Perron—Frobenius 501
Pythagorean 130-2
Rolle’s 231
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theorem (continued )
Spectral 437, 439, 456, 529
Stability 577, 603
Weierstrass Approximation 220
theory wiii, it
category wviit
control 235
function 135
graph wiii, x, xiv, 12
group i, 464, 599
measure 135
potential 173
thermodynamics 183, 236, 381, 403
thin 220
three-dimensional space 82-3, 88, 99, 200,
335, 373
time wviii, 475-6, 568
initial 621
space- 159-60, 235, 341, 358
time reversal 569
topology 120, 146, 151, 312
total variance 472
tower 322
trace 10, 85, 170-1, 415, 417, 586, 5901,
596, 600
trajectory 568, 600, 602, 616
transform
Cayley 204
discrete Fourier xi, xv, 183, 272, 285, 289,
295
fast Fourier i, 235, 296
Fourier 376, 559
integral 376
Laplace 376
wavelet transform 554
transformation 342, 358
affine iz, xii, wiv, 341, 370-3, 377, 419, 603
identity 348, 429
linear iz, ziii, xiv, 341-2, 358, 403, 426,
429, 457, 554, 599
scaling 429
self-adjoint 436
shearing 361
transient 627
transition matrix 4499-501, 505, 525, 528,
536, 598
regular 501
transitional probability 501-2
translation zi, 328, 331, 341, 346, 370-2, 419,
550-1, 556-8, 561-2, 601, 616
transmission 272, 294
transpose z, xii, 43-5, 72, 112, 114, 162, 200,
222, 304, 314, 342, 351, 357, 369, 395,
397, 399, 416, 422, 456, 502, 597
Hermitian 205, 444

Subject Index

trapezoid 126
Trapezoid Rule 271, 562
travel company 258
traveling salesman 505
tree 127, 322, 467
tribonacci number 486
triangle 125, 363, 371, 467, 505, 632
equilateral 328, 500, 619
triangle inequality 129, 142-4, 146, 154, 179,
498
triangular
block upper 74, 535
lower zwvi, 3, 16-7, 20, 39, 73, 518
positive upper 205, 529-30
special zvi
strictly lower xwvi, 16-8, 28, 39, 41-2, 45,
60, 85, 168, 509, 530
strictly upper 16, 85, 509
upper zvi, 13, 16, 20, 23-4, 28, 39, 49, 70,
204-5, 210, 425, 428, 444-6, 465, 518,
527, 530, 532, 602
triangular form 2, 14
triangular matrix
lower zwvi, 16-7, 20, 39, 73, 518
upper zvi, 13, 16, 23-4, 28, 39, 70, 204-5,
210, 425, 428, 444-6, 465, 518, 527,
530, 532, 602
triangular system 2, 20, 29, 197, 542
triangularize 444
triatomic molecule 616, 619, 632
tricirculant matrix 54, 282-3, 420, 436
tridiagonal matrix 52, 281, 304, 419, 492,
512, 526, 532, 535-6, 539, 542
tridiagonal solution algorithm 52, 282
tridiagonalization 532, 535
trigonometric ansatz 609, 618, 623, 625, 630
trigonometric approximation 271, 273
trigonometric function i, xiv, zvii, 89, 164,
175-6, 183, 235, 272, 292, 578, 580-1
complex 176-7
trigonometric identity 175
trigonometric integral 175, 177, 624
trigonometric interpolation 86, 235, 287, 293
trigonometric monomial 190
trigonometric polynomial 75, 90-1, 94, 176,
190, 273
trigonometric series 549
trigonometric solution 381
trivial solution 67
trivial subspace 82, 429
trivial system 590-1
truss 322, 615, 632
tuning fork 624
turkey 258
two-dimensional system 585
2-norm 145



Subject Index

typography 283

U

unbiased 468
unbounded 581, 586, 603
Uncertainty Principle 355
uncorrelated 469, 472
undamped 623, 630-1
underdamped 621, 627, 629
underflow 524
undergraduate 9
under-relaxed 518
underwater vehicle 200
undetermined coefficients 372, 385-6, 500,
623
unforced 622
uniform convergence 562
uniform distribution 468
union xwvii, 86
unipotent 16-7
uniqueness 1, 23, 40, 380, 3834, 401, 479,
568, 570, 593, 610
unit 76
additive 7
imaginary zwvii, 173
multiplicative 7
unit ball 85, 149-50, 473
unit circle zwii, 132, 288, 442, 530
unit cross polytope 149
unit diamond 149
unit disk 136, 371, 503
unit eigenvector 471, 493, 496
unit element 148
unit function 148
unit octahedron 149
unit polynomial 148
unit radius wviii
unit scalar 8
unit sphere 83, 149-50, 363, 375, 438, 465,
473-4
unit square 136
unit vector 141, 148, 150, 184, 208, 325, 327,
441, 443, 524, 532, 576, 602
unitary matrix 205, 212, 439, 444-6
United States 259
unitriangular zvi, 16
lower zwvi, 168, 20, 28, 39, 41-3, 45, 60,
85, 168, 530
upper zvi, 16, 18, 38, 41-3, 543
unity
root of 288, 292, 296
universe vii, 160, 358, 403, 628
unknown 4, 6, 506
unstable 314, 405, 478, 581, 583-4, 586, 591,
619
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unstable eigensolution 603
unstable equilibrium 235-6, 301, 590
unstable focus 588-9, 591
unstable improper node 588-9, 591
unstable line 587, 589
unstable manifold 605
unstable mode 615, 618-9
unstable node 587-9, 591
unstable solution wiii, 405, 581
unstable star 589-90
unstable structure 301, 615
unstable subspace 604
upper Hessenberg matrix 5356, 539, 542
upper triangular xwvi, 13, 16, 23—4, 28, 39, 70
block 74, 535
positive 205, 529-30
special zvi
strictly 16, 85, 509
upper triangular system 20, 49
upper unitriangular zvi, 16, 18, 38, 41-3, 543
uranium 404

\Y

valley 236
value
absolute xvii
boundary wii, x, xi, xv, 54, 75, 92, 99, 136,
183, 222, 235, 322, 342, 3766, 386,
389, 397, 399, 541-2
characteristic 408
expected 468
initial 376, 386, 570, 594, 598, 606
proper 408
sample 79, 256, 260, 272, 286, 479
singular wvii, ix, xii, xiv, 403, 4547, 4602,
466-7, 472-3, 497
Vandermonde matrix 20, 74, 260, 268
variable wiii, 2, 62, 605
basic 62-3, 118
change of 172, 232, 234
complex 172
free 62, 63, 67, 96, 108, 119-20, 315
phase plane 567
separation of 227
variance 468-71, 473
principal 472-3
total 472
unbiased 468
variation i, 235
variation of parameters 385, 606, 623
vat 622
vector iz, x, xiii, xiv, xvit, 1, 75, 129, 223,
341, 457, 480, 571, 578
Arnoldi 538-40, 542, 547
battery 317
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vector (continued )
characteristic 408
circuit 312
column 4, 6, 46, 48, 77, 130, 350-1
complex 129, 433
constant 588
current source 314, 318, 320
data 254
displacement 302, 312, 325, 620
elongation 302, 325
error 254, 508, 514
force 327
gradient 349, 545, 582
Gram—Schmidt 194
Householder 210-1, 536
image 473
initial 475, 540
Krylov 537, 547
measurement 468, 470
mechanism 336
nonzero 95
normal 217
normalized 468, 470
orthogonal ziii—zv, 140, 185
parallel 142 147
probability 473, 500-1
proper 408
real 76, 391
residual 237, 522, 541, 5445, 548
row 4, 6, 130, 350-1
sample 80, 98, 105, 183, 265, 2857, 436,
554
singular 454, 461, 467, 473
standard basis 36, 99, 111, 184, 261, 343,
349, 356, 426, 449, 450, 529
state 499
unit 141, 148, 150, 184, 208, 325, 327, 441,
443, 524, 532, 576, 602
velocity 574
voltage 312, 320
zero 7, 67, 77, 82, 93, 131, 407, 493
vector addition 77, 82, 390
vector calculus 353, 365
vector field 81, 574
vector product 6, 130
vector space z, xi, xiit, xvit, 756, 82, 130,
341, 349, 600
complex i, xiv, 76, 129, 177, 179, 287, 342,
390
conjugated 390
finite-dimensional ziii, ziv, 101, 149, 356
high-dimensional 467
infinite-dimensional =z, ziv, zv, 101, 129,
133, 149, 151, 213, 219-20, 274, 301,
341, 349, 351, 355-6, 396, 401, 541

Subject Index

vector space (continued)
isomorphic 356
normed 144, 372
quotient 87, 105, 357
real i, 76, 342
vector-valued function 80, 98, 136, 341, 605
vector-valued solution 592
vehicle 200, 254, 616
velocity wiii, 80, 254, 259, 365, 615, 618,
6201
initial 609-10, 618, 622
velocity vector field 574
vertex 120, 122, 125-6, 311, 463, 502, 505
ending 122
starting 121-2
vibration wiii, iz, zii, 399, 565, 608-9, 611,
621-2, 625-6, 629-31
internal 565, 624
mechanical 565
natural 614
periodic 618
quasi-periodic 565, 617-8
resonant 565, 625
vibrational force 630
vibrational frequency 610, 621, 624
vibrational mode 616
video 48, 102, 188, 200, 285, 294-5, 341
vision
computer 375, 499
voltage 121, 311-2, 319-20, 6267
Voltage Balance Law 312, 314, 629
voltage potential 311-2, 315, 318, 320
voltage vector 312, 320
Volterra integral equation 378
volume 465

W

walk
random 463
wall 322
waste 258, 406
water 583
water molecule 620, 626, 632
wave
electromagnetic 626
wave function 173, 341
wavelet xii, ziv, zv, 102, 227, 476, 549, 552,
555, 560
Daubechies 555, 562
daughter 550, 556, 563
Haar 549-50, 552-3, 555, 562
mother 550, 552, 555-6, 558
wavelet basis 102, 189, 204, 283, 550, 552,
555-6, 562
wavelet coefficient 470



Subject Index

wavelet matrix 204, 224, 552, 554
wavelet series 553, 562
wavelet transform 554
weak formulation 132, 398, 5401, 546
weather 48, 407, 499, 501
web page 126, 463, 502
Weierstrass Approximation Theorem 220
weight 132, 135, 256, 502

atomic 620
weight matrix 256
weighted adjoint 397
weighted angle 138
weighted digraph 311, 502
weighted Gram matrix 163, 247
weighted graph 311
weighted inner product 131, 135, 182, 246,

265, 309, 396, 435, 543, 618

weighted integral 182
weighted least squares 252, 256, 265
weighted norm 131, 135, 237, 252, 468
weighted normal equation 247, 252, 256, 317
wheel 287
white collar 504
wind 323
wind instrument 626
wire 120, 301, 311-3, 317, 319, 327
withdrawal 476
Wronskian 98

Y

year 4756
Young matrix 519-20, 579
YouTube 626

Z

Zero vl
mean 10, 84, 468, 470
zero column 59
zero correlation 470
zero determinant 70
zero eigenspace 434
zero eigenvalue 412, 421, 433-4, 581, 615
zero element 76, 79, 82, 87, 140, 342
zero entry 52, 59, 449, 501
zero function 79, 83, 134, 343, 405
zero map 361
zero matrix 7, 8, 61, 77, 361, 457, 488, 597
zero polynomial 78
zero potential 315
zero row 70, 73
zero scalar 8
zero solution 67, 117, 383-4, 405, 410, 476,
478, 489-90, 492-3, 5812
zero subspace 82, 429
zero vector 7, 67, 77, 82, 93, 131, 407, 493
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