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cone and plane, 188
line and plane, 225, 226,

272
planes, 266
three planes, 230
triangle and line, 228
two lines, 64, 108, 208
two planes, 232

inverse
2× 2, 114
3× 3, 261
n × n, 302

inverse matrix, 116, 302, 319
eigenvalues, 322
identity, 116
rotation, 118
scale, 117

involutary matrix, 333
iterative method

convergence, 341
convergence rate, 342
eigenvalue, 342
Gauss-Jacobi, 342
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Gauss-Seidel, 342
power method, 342
residual vector, 342

kernel, 157
2D map, 92
of a matrix, 92

Lagrange’s identity, 205
Law of Cosines, 39
least squares

approximation, 157
Householder method, 335
line fitting, 301
normal equations, 300

lighting model, 213
limit, 336
line

2D, 47
3D, 207
closest point, 63
convert implicit to para-

metric, 56
convert parametric to im-

plicit, 56
distance point to, 58
distance to a line, 224
explicit equation, 55
extrapolation, 50
implicit equation, 51, 207
intersection with a trian-

gle, 228
intersection with plane, 272
normal, 52
parallel, 208
parameter, 50
parametric equation, 49, 207
parametric form, 372
parametrization, 51, 58
perpendicular, 208
point normal form, 52, 60
segment, 33

skew, 208, 224
slope, 55

linear combination, 36, 74, 78,
112, 132, 217, 314

linear independence, 314
rank of a matrix, 80

linear interpolation, 50, 372
linear map, 238, 316

2D, 73, 107, 132
3D, 240, 266
addition, 79
area, 82, 84, 86, 89, 93
commutative law, 98
composite, 96
condition number, 164
coordinates, 76
determinant, 93
diagonalizable, 159
distributive law, 79
eigenvalue, 149
eigenvalue analysis, 149
fixed direction, 149, 152
idempotent, 91
ill-conditioned, 165
image, 76, 316
inverse, 116, 165
kernel, 92
linearly independent columns,

80
matrix form, 75
noncommutative, 99
preimage, 316
preserve linear combinations,

78
preserve scalings, 78
preserve summations, 78
projection, 89
rank
eigenvalue, 157

ratios, 132
reduce dimension, 90
reflection, 82
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repeated, 162
rigid body motion, 86, 118
rotation, 85
scaling, 80
shear, 87
symmetric, 80
transpose, 79
triangle, 137
volume, 252
well-conditioned, 165

linear space, 26, 200, 217
examples, 323

linear system, 218, 285
2× 2, 107, 109
3× 3, 288
augmented matrix, 293
back substitution, 112, 115,

288, 292
CLAPACK, 286
coefficient matrix, 287
condition number, 164
consistent, 110, 122, 288
coordinate transformation,

138
Cramer’s Rule, 110
determinant, 110
elementary row operation,

289
forward substitution, 307,

429
Gauss elimination, 111, 288,

305
Gauss-Jacobi iteration, 340
general, 285
geometry of a 2× 2, 110
homogeneous, 122, 152
Householder transformation,

330
ill-conditioned, 335
inconsistent, 110, 122
infinite number of solutions,

122, 288

iterative method, 338
large, 338
least squares solution, 300
LINPACK, 286
matrix form, 286
no solution, 288
nontrivial solution, 122
numerical stability, 111, 165
overdetermined, 208, 299
pivoting, 124, 125, 289, 292
solution, 110
solution space, 110
sparse, 338
trivial solution, 122
true solution, 125
underdetermined, 122
unique solution, 288
unsolvable, 121
upper triangular, 288

linearly dependent, 36, 121, 123,
139, 218

linearly independent, 36, 80, 112,
218, 233, 304, 314

LINPACK, 286
local coordinate system, 127,

387
2D, 11
3D, 17
barycentric coordinates, 170
Frenet frame, 387
Gram-Schmidt method, 233

lower triangular, 306
LU decomposition, 305

inverse matrix, 303

Manhattan norm, 337
map

affine, 130, 132, 173, 238
general linear spaces, 316
linear, 132, 238, 266
perspective, 246, 277

matrix, 75, 109
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2D linear map, 75
3D linear maps, 238
addition, 79
area, 82, 84, 86, 89, 93
associative law, 103
augmented matrix, 293
commutative law, 98, 103
decomposition, 192
determinant, 93, 102, 121
diagonal, 76
diagonalizable, 159
diagonally dominant, 342
distributive law, 79, 103
dyadic, 229, 274, 331
exponent, 102
factorization, 306
full rank, 80, 304, 317
Gauss, 293
general linear space, 317
Householder, 230
identity, 115
inverse, 114, 116, 119, 138,

261, 302, 319
invertible, 121
involutary, 333
kernel, 92, 123, 157
linear combination, 78
linear operation, 78
linearly independent columns,

80
LU decomposition, 303, 305
multiplication, 98, 101
nonsingular, 121, 381
not invertible, 121
notation, 76
orthogonal, 118, 159, 250,

261, 333
positive definite, 160, 165
preserve scalings, 78
preserve summations, 78
projection, 89, 150, 246,

271

properties, 78, 239, 259
rank, 80, 90, 274, 296, 304,

316
eigenvalue, 157

rank deficient, 296
reflection, 82, 242
rigid body motion, 86, 118,

134, 252, 268
rotation, 85, 118, 248
scaling, 80, 115, 240
shear, 87, 243
singular, 121, 304
sparse, 339
square, 317
symmetric, 80, 165, 333
symmetric part, 161
transpose, 79, 101, 240
unit, 115
unitary, 333
upper triangular, 112, 288,

292
zero, 304

matrix form
of Bézier curve, 379
of monomial curve, 379

matrix inverse
identity, 116
rotation, 118
scale, 117

matrix multiplication
2D, 101
3D, 257
composite maps, 96
manual computation, 98
non-commutivity, 257
properties, 102, 103

median of a triangle, 174
midpoint, 26
minmax box, 352, 365, 378
minor, 254, 297
Moebius, F., 170
monomial
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convert to Bézier, 380
geometric interpretation, 380
polynomials, 379

multiplier, 293

NDC coordinates, 145
netlib, 286
non-associative property

cross product, 205
norm

Lp, 337
Euclidean, 337
Manhattan, 337
vector, 336

normal, 182
for computer graphics, 213
vertex, 215

normalized coordinates, 15
normalized device coordinates,

22
numerical stability, 111, 124,

364
round-off, 125

oblique projection, 272
orientation, 214
orthogonal

coordinate frame, 21
eigenvectors, 158
matrix, 159, 250, 333
projection, 42
Gram-Schmidt, 233

vectors, 158, 320
orthographic projection, 272
orthonormal, 118, 203, 250, 261

Gram-Schmidt, 232, 320
orthonormal basis, 320
osculating plane, 388
overdetermined linear system,

299, 335

parabola, 188, 192

parallel
lines, 133
planes, 266
projection, 246
vectors, 205

parallelepiped, 216, 243, 253,
319

parallelogram rule, 27
second derivative, 384

parameter, 12, 35, 50
parametric curve, 372
parametric equation of a line,

49
parametrization, 51, 58, 372
perpendicular distance, 210
perspective map

properties, 278
perspective projection, 277
Phong illumination model, 213
piecewise Bézier curves, 384
pivoting, 124, 255, 289, 330
pixel, 15, 55
plane, 188

bisector of two points, 213
definition, 202, 208
distance to a point, 210,

222
distance to origin, 209
Euclidean definition, 213
family, 212
implicit form, 209
intersecting, 266
intersection
of three planes, 230
of two planes, 232
with line, 272

normal, 209
parallel to another, 266
parametric form, 212
point normal equation, 209

point, 24, 200
2D, 24
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affine map, 131
barycentric combination, 133
closest on a line, 136
combination, 32
distance to a plane, 210,

222
point cloud, 21
point location algorithm, 180
polygon

area, 359
circle approximation, 355
clipping, 353
concave, 353
convex, 353
cyclic numbering, 352
definition, 352
equiangular, 354
equilateral, 354
even-odd rule, 365
exterior angle, 352, 357
inside/outside test, 365
interior angle, 352
into an Escher-style figure,

350
n-gon, 355
nonsimple, 355
planarity, 364
rectangle, 355
regular, 355
rhombus, 355
simple, 355
sum of interior angles, 354
total turning angle, 359
turning angle, 352, 357
visibility test, 365
winding number, 359, 366
with a hole, 356

polygon fill algorithm, 55
polygonal mesh, 352
polyline

definition, 350
graphics standards, 351

winding number, 366
polynomial, 324

Bézier curve, 376
Bernstein, 376
monomial, 376

positive definite, 160
PostScript, 10, 393

matrix, 146
polygon fill, 365
tutorial, 393

power method, 342
preimage, 316
projection, 320

2D, 89, 123, 157
3D, 246, 271
area, 91
oblique, 272
orthogonal, 42, 272
parallel, 89, 246
perspective, 246, 277
volume, 248

projective maps, 279
Pythagorean theorem, 30, 37,

201

quadratic equation, 150
quadratic polynomial, 326

zeroes, 154

radians, 40, 41, 354
range, 316
rank, 80, 90, 157, 296, 304, 316
rank deficient, 296
ratio, 12, 33, 132, 133, 266

area, 171, 173
aspect, 14
condition number, 165
perspective map, 278

ray
polygon intersection, 366
tracing, 225

ray tracing, 222
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real space, 26
reflection, 95, 136

2D, 82
3D, 242
area, 84
Householder matrix, 230,

330
line and plane, 228
volume, 243

residual vector, 342
rhombus, 355
right-hand rule, 96, 160, 202,

214, 249
cross product, 205

rigid body motion, 86, 118, 134,
252, 268

robot motion, 389
rotation, 118

2D, 85
3D, 248
area, 86
conic, 196
eigenvector, 154
right-hand rule, 249
volume, 252

round-off, 41, 125
row echelon form, 296
rubberband test, 353

satellite data, 177
scalar, 24, 201
scalar product, 38
scalar triple product, 216, 253,

358, 362
scaling, 115

2D, 80
3D, 240
area, 82
volume, 241

screen coordinates, 15
second derivative, 383
sequence, 336

shading, 182, 213
shear, 95, 113, 296

2D, 87
3D, 243
area, 89
determinant, 253
eigenvector, 155
Gauss elimination, 288, 330
volume, 246

significant digits, 333
singular matrix, 304
singular value, 165
Singular Value Decomposition,

165
skew box, 243
skew lines, 224
space

Euclidean, 24, 200
linear, 26, 200
real, 26, 200
vector, 26, 200

span, 218, 315
sparse, 339
sphere, 202
square matrix, 317
star, 177, 215
subdivision

of Bézier curve, 377
subspace, 202, 217, 288
surface, 351

trimmed, 356
symmetric matrix, 149, 333

application, 158
conic, 190
diagonalizable, 159
geometry, 157
orthogonal eigenvectors, 158
real eigenvalue, 156, 322
reflection vector, 229

symmetry property, 205

Tacoma Narrows bridge, 148
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tangent, 382, 383
target box, 11, 74

skew, 74, 108, 130
tetrahedron, 266, 268, 288
TIN, 177
tolerance

angle, 66
barycentric coordinate, 172
distance, 53
floating point accuracy, 172
meaningful, 53, 364
zero divide, 30

total turning angle, 359
translation, 131, 133

3D, 267
conic, 195
rigid body motion, 134

transpose, 101
vector, 79

transpose matrix
2D, 79
eigenvalues, 322

triangle, 43, 137, 352
area, 171, 175
barycentric coordinates, 228
centroid, 174
circumcenter, 175
circumcircle, 175
circumference, 175
incenter, 175
inclusion test, 172, 181
intersection with a line, 228
median, 174
special points, 174
vertex, 170

triangle inequality, 43, 338
triangulation

2D, 177
3D, 181
boundary, 179
coherence, 181
data structure, 178

Delaunay, 178
neighbor information, 179,

181
point location algorithm,

180
polygon area, 359
sample file, 185
star, 177, 215
uniqueness, 178
valence, 177

trimmed surface
visibility test, 365
visible region, 357

trivial
solution, 122

trivial reject, 365
turning angle, 352, 357

unit cube, 241
unit matrix, 115
unit square, 11
unit vector, 30, 201
unitary matrix, 333

valence, 177
vector, 25

2D, 25
3D, 200
cross product, 202, 213
dot product, 37, 202
inner product, 38
Lagrange’s identity, 205
left-handed, 96
length, 25, 29, 201, 320
linearly dependent, 139
magnitude, 29
normalized, 30, 201
orthogonal, 158
orthonormal, 118, 203
parallelogram rule, 27
perpendicular, 37
product, 203
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right-handed, 96
scalar product, 38
scaling, 27
transpose, 79
unit, 30, 201
zero, 200

vector field, 28
vector norm, 336

L2, 337
vector sequence, 336

Gauss Jacobi iteration, 339
Gauss Seidel iteration, 342
power method, 343

vector space, 26, 217
velocity vector, 383
vertex

of a triangle, 170
vertex normal, 215
viewing volume, 280
viewport, 22, 145
volume, 216, 296

scalar triple product, 253
signed, 216

winding number, 359
winged-edge data structure, 180
Wright, Frank Lloyd, 48

zero divide tolerance, 30
zero vector, 26, 90, 122, 200,

314, 352


