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PREFACE

See also http://www.wiley.com/college/kreyszig/

Goal of the Book. Arrangement of Material
This new edition continues the tradition of providing instructors and students with a
comprehensive and up-to-date resource for teaching and learning engineering
mathematics, that is, applied mathematics for engineers and physicists, mathematicians
and computer scientists, as well as members of other disciplines. A course in elementary
calculus is the sole prerequisite.

The subject matter is arranged into seven parts A-G:

A Ordinary Differential Equations (ODEs) (Chaps. 1-6)
B Linear Algebra. Vector Calculus (Chaps. 7-9)
C Fourier Analysis. Partial Differential Equations (PDEs) (Chaps. 11-12)
D Complex Analysis (Chaps. 13-18)
E Numeric Analysis (Chaps. 19-21)
F Optimization, Graphs (Chaps. 22-23)
G Probability, Statistics (Chaps. 24-25).

This is followed by five appendices:

App. 1 References (ordered by parts)
App. 2 Answers to Odd-Numbered Problems
App. 3 Auxiliary Material (see also inside covers)
App. 4 Additional Proofs
App. 5 Tables of Functions.

This book has helped to pave the way for the present development of engineering
mathematics. By a modem approach to those areas A-G, this new edition will prepare
the student for the tasks of the present and of the future. The latter can be predicted to
some extent by a judicious look at the present trend. Among other features, this trend
shows the appearance of more complex production processes, more extreme physical
conditions (in space travel, high-speed communication, etc.), and new tasks in robotics
and communication systems (e.g., fiber optics and scan statistics on random graphs) and
elsewhere. This requires the refinement of existing methods and the creation of new ones.

It follows that students need solid knowledge of basic principles, methods, and results,
and a clear view of what engineering mathematics is all about, and that it requires
proficiency in all three phases of problem solving:

• Modeling, that is, translating a physical or other problem into a mathematical form,
into a mathematical model; this can be an algebraic equation, a differential equation,
a graph, or some other mathematical expression .

• Solving the model by selecting and applying a suitable mathematical method, often
requiring numeric work on a computer.

• Interpreting the mathematical result in physical or other terms to see what it
practically means and implies.

It would make no sense to overload students with all kinds of little things that might be of
occasional use. Instead they should recognize that mathematics rests on relatively few basic
concepts and involves powerful unifying principles. This should give them a firm grasp on
the interrelations among theory, computing, and (physical or other) experimentation.

v
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PART A
Chaps. 1-6

Ordinary Differential Equations (ODEs)

Chaps. 1-4
Basic Material

Chap. 5
Series Solutions

Chap. 6
Laplace Transforms

PART C
Chaps. 11-12

Fourier Analysis. Partial Differential
Equations (PDEs)

Chap. 11
Fourier Analysis

I

t Chap. 12
Partial Differential Equations

PART E
Chaps. 19-21

Numeric Analysis

Chap. 19 Chap. 20 Chap. 21
Numerics in Numeric Numerics for

General Linear Algebra ODEs and PDEs

PART G
Chaps. 24-25

Probability, Statistics

Chap. 24
Data Analysis. Probability Theory

t Chap. 25
Mathematical Statistics

PART B
Chaps. 7-10

Linear Algebra. Vector Calculus

Chap. 7
Matrices,

Linear Systems

Chap. 9
Vector Differential

Calculus

Chap. 8
Eigenvalue Problems

Chap. 10
Vector Integral Calculus

PART D
Chaps. 13-18

Complex Analysis,
Potential Theory

Chaps. 13-17
Basic Material

I

•• Chap. 18
Potential Theory

PART F
Chaps. 22-23

Optimization, Graphs

Chap. 22 Chap. 23
Linear Programming Graphs, Optimization

GUIDES AND MANUALS
Maple Computer Guide

Mathematica Computer Guide

Student Solutions Manual

Instructor's Manual
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General Features of the Book Include:
• Simplicity of examples, to make the book teachable-why choose complicated

examples when simple ones are as instructive or even better?

• Independence of chapters, to provide flexibility in tailoring courses to special needs.

• Self-contained presentation, except for a few clearly marked places where a proof
would exceed the level of the book and a reference is given instead.

• Modern standard notation, to help students with other courses, modern books, and
mathematical and engineering journals.

Many sections were rewritten in a more detailed fashion, to make it a simpler book. This
also resulted in a better balance between theory and applications.

Use of Computers
The presentation is adaptable to various levels of technology and use of a computer or
graphing calculator: very little or no use, medium use, or intensive use of a graphing
calculator or of an unspecified CAS (Computer Algebra System, Maple, Mathematica,
or Matlab being popular examples). In either case texts and problem sets form an entity
without gaps or jumps. And many problems can be solved by hand or with a computer
or both ways. (For software, see the beginnings of Part E on Numeric Analysis and Part G
on Probability and Statistics.)

More specifically, this new edition on the one hand gives more prominence to tasks
the computer cannot do, notably, modeling and interpreting results. On the other hand, it
includes CAS projects, CAS problems, and CAS experiments, which do require a
computer and show its power in solving problems that are difficult or impossible to access
otherwise. Here our goal is the combination of intelligent computer use with high-quality
mathematics. This has resulted in a change from a formula-centered teaching and learning
of engineering mathematics to a more quantitative, project-oriented, and visual approach.
CAS experiments also exhibit the computer as an instrument for observations and
experimentations that may become the beginnings of new research, for "proving" or
disproving conjectures, or for formalizing empirical relationships that are often quite useful
to the engineer as working guidelines. These changes will also help the student in
discovering the experimental aspect of modern applied mathematics.

Some routine and drill work is retained as a necessity for keeping firm contact with
the subject matter. In some of it the computer can (but must not) give the student a hand,
but there are plenty of problems that are more suitable for pencil-and-paper work.

Major Changes
1. New Problem Sets. Modern engineering mathematics is mostly teamwork. It usually

combines analytic work in the process of modeling and the use of computer algebra and
numerics in the process of solution, followed by critical evaluation of results. Our
problems-some straightforward, some more challenging, some "thinking problems" not
accessible by a CAS, some open-ended-reflect this modern situation with its increased
emphasis on qualitative methods and applications, and the problem sets take care of this
novel situation by including team projects, CAS projects, and writing projects. The latter
will also help the student in writing general reports, as they are required in engineering
work quite frequently.

2. Computer Experiments, using the computer as an instrument of "experimental
mathematics" for exploration and research (see also above). These are mostly open-ended
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experiments, demonstrating the use of computers in experimentally finding results, which
may be provable afterward or may be valuable heuristic qualitative guidelines to the
engineer, in particular in complicated problems.

3. More on modeling and selecting methods, tasks that usually cannot be automated.

4. Student Solutions Manual and Study Guide enlarged, upon explicit requests
of the users. This Manual contains worked-out solutions to carefully selected odd-numbered
problems (to which App. 1 gives only the final answers) as well as general comments
and hints on studying the text and working further problems, including explanations on
the significance and character of concepts and methods in the various sections of the
book.

Further Changes, New Features
• Electric circuits moved entirely to Chap. 2, to avoid duplication and repetition

• Second-order ODEs and Higher Order ODEs placed into two separate chapters
(2 and 3)

• In Chap. 2, applications presented before variation of parameters

• Series solutions somewhat shortened, without changing the order of sections

• Material on Laplace transforms brought into a better logical order: partial fractions
used earlier in a more practical approach, unit step and Dirac's delta put into separate
subsequent sections, differentiation and integration of transforms (not of functions!)
moved to a later section in favor of practically more important topics

• Second- and third-order determinants made into a separate section for reference
throughout the book

• Complex matrices made optional

• Three sections on curves and their application in mechanics combined in a single section

• First two sections on Fourier series combined to provide a better, more direct start

• Discrete and Fast Fourier Transforms included

• Conformal mapping presented in a separate chapter and enlarged

• Numeric analysis updated

• Backward Euler method included

• Stiffness of ODEs and systems discussed

• List of software (in Part E) updated; another list for statistics software added (in Part G)

• References updated, now including about 75 books published or reprinted after 1990

Suggestions for Courses: A Four-Semester Sequence
The material, when taken in sequence, is suitable for four consecutive semester courses,
meeting 3-4 hours a week:

1st Semester. ODEs (Chaps. 1-5 or 6)
2nd Semester. Linear Algebra. Vector Analysis (Chaps. 7-10)
3rd Semester. Complex Analysis (Chaps. 13-18)
4th Semester. Numeric Methods (Chaps. 19-21)
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Suggestions for Independent One-Semester Courses
The book is also suitable for various independent one-semester courses meeting 3 hours
a week. For instance:

Introduction to ODEs (Chaps. 1-2, Sec. 21.1)
Laplace Transforms (Chap. 6)
Matrices and Linear Systems (Chaps. 7-8)
Vector Algebra and Calculus (Chaps. 9-10)
Fourier Series and PDEs (Chaps. 11-12, Secs. 21.4-21.7)
Introduction to Complex Analysis (Chaps. 13-17)
Numeric Analysis (Chaps. 19, 21)
Numeric Linear Algebra (Chap. 20)
Optimization (Chaps. 22-23)
Graphs and Combinatorial Optimization (Chap. 23)
Probability and Statistics (Chaps. 24-25)
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series 689
theorem 1010

Binormal (Fig. 210) 397
Bipartite graph 982, 985
Birthday problem 1010

C
Cable 52, 198, 593
CAD (Computer aided design) 810
Cancellation law 321
Cantor-Dedekind axiom A69
Capacitance 92
Capacitor 92
Capacity

of a cut set 976
of an edge 973

Cardano 602
Cardioid 443
Cartesian coordinates 366, 604
CAS (Computer algebra system) vii, 777
Catenary 399
Cauchy 69

convergence principle 667, A90
determinant 112
-Goursat theorem 647
-Hadamard formula 676
inequality 660
integral formula 654
integral theorem 647, 652
method of steepest descent 938
principal value 719, 722
product 680
-Riemann equations 37, 618, 621
-Schwarz inequality 326, 859

Cayley transformation 739
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Center 143
of a graph 973
of gravity 436, 457
of a power series 171

Central
differences 808
limit theorem 1057
moments 1019

Centrifugal, centripetal 396
Cgs system: Front cover
Chain rule 401
Characteristic

determinant 336, 864
equation 59,111,336,551,864
function 542, 574
of a partial differential equation 551
polynomial 336, 864
value 324, 864
vector 324, 864

Chebyshev polynomials 209
Chinese postman problem 963
Chi-square 1055, 1077, A101
Cholesky's method 843
Chopping 782
Chromatic number 987
Circle 391

of convergence 675
Circuit 95
Circular

disk 613
helix 391, 394
membrane 580

Circulation 764
Cissoid 399
Clairaut equation 34
Class intervals 994
Closed

disk 613
integration formula 822, 827
interval A69
path 959
point set 613
region 433

Coefficient matrix 288, 833
Coefficients of a

differential equation 46
power series 171
system of equations 287, 833

Cofactor 309
ColIatz's theorem 870

Column 275
space 300
sum norm 849
vector 275

Combination 1007
Combinatorial optimization 954-986
Comparison test 668
Complement 613,988
Complementary

error function A64
Fresnel integrals A65
sine integral A66

Complementation rule 1002
Complete

bipartite graph 987
graph 958
matching 983
orthonormal set 214

Complex
conjugate numbers 605
exponential function 57, 623
Fourier integral 519
Fourier series 497
function 614
hyperbolic functions 628, 743
impedance 98
indefinite integral 637
integration 637~663, 712~725
line integral 633
logarithm 630, 688
matrices 356
number 602
plane 605
plane, extended 710
potential 761
sequence 664
series 666
sphere 710
trigonometric functions 626, 688
trigonometric polynomial 524
variable 614
vector space 324, 359

Complexity 961
Component 366,374
Composite transformation 281
Compound interest 9
Compressible fluid 412
Computer

aided design (CAD) 810
algebra system (CAS) vii, 777
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Computer (Cont.)
graphics 287
software (see Software)

Conchoid 399
Condition number 855
Conditionally convergent 667
Conditional probability 1003
Conduction of heat 465, 552, 757
Cone 406, 448
CONF 1049
Confidence

intervals 1049-1058
level 1049
limits 1049

Conformal mapping 730, 754
Conic sections 355
Conjugate

complex numbers 605
harmonic function 622

Connected
graph 960
set 613

Conservative 415, 428
Consistent equations 292, 303
Constraints 937
Consumer's risk 1075
Continuity

of a complex function 615
equation 413
of a vector function 387

Continuous
distribution 1011
random variable 1011, 1034

Contour integral 647
Contraction 789
Control

chart 1068
limit 1068
variables 936

Convergence
absolute 667
circle of 675
conditional 667
interval 172, 676
of an iterative process 793, 848
mean 214
mean-square 214
in norm 214
principle 667
radius 172

Convergence (Cont.)
of a sequence 386, 664
of a series 171, 666
superlinear 795
tests 667-672
uniform 691

Conversion of an ODE to a system 134
Convolution 248, 523
Cooling 14
Coordinate transformations A71, A84
Coordinates

Cartesian 366, 604
curvilinear A71
cylindrical 587, A7l
polar 137, 443, 580, 607
spherical 588, A7l

Coriolis acceleration 396
Corrector 890, 900
Correlation analysis 1089
Cosecant 627, A62
Cosine

of a complex variable 627, 688, 743
hyperbolic 688
integral A66, A95
of a real variable A60

Cotangent 627, A62
Coulomb 92

law 409
Covariance 1039, 1085
Cramer's rule 306-307,312
Crank-Nicolson method 924
Critical

damping 65
point 31, 142,730
region 1060

Cross product 377
Crout's method 841
Cubic spline 81 I
Cumulative

distribution function 1011
frequency 994

Curl 414, 430, 472, A71
Curvature 397
Curve 389

arc length of 393
fitting 859
orientation of 390
piecewise smooth 421
rectifiable 393
simple 391
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D

DERIVE 778
Descartes 366
Determinant 306, 308

Cauchy 112
characteristic 336, 864
of a matrix 305
of a matrix product 321
Vandermonde 112

DFS 960
Diagonalization 351
Diagonal matrix 284
Diagonally dominant matrix 868
Diameter of a graph 973
Differences 802, 804, 807-808
Difference table 803
Differentiable complex function 616
Differential 19, 429

form 20, 429
geometry 389
operator 59

Differential equation (ODE and PDE)
Airy 552, 904
Bernoulli 30
Bessel 189,204
Cauchy-Riemann 37, 618,621
with constant coefficients 53, III
elliptic 551, 909
Euler-Cauchy 69, 185
exact 20
homogeneous 27, 46, 105, 535
hyperbolic 551, 928
hypergeometric 188
Laguerre 257
Laplace 407, 465, 536, 579, 587, 910
Legendre 177, 204, 590
linear 26, 45, 105, 535
nonhomogeneous 27, 46, 105, 535
nonlinear 45, 151, 535
numeric methods for 886-934
ordinary 4
parabolic 551, 909, 922
partial 535
Poisson 910, 918
separable 12
Sturm-Liouville 203
of vibrating beam 547, 552
of vibrating mass 61, 86,135,150,243,261,

342,499
of vibrating membrane 569-586
of vibrating string 538

Curve (Cont.)
smooth 421, 638
twisted 391

Curvilinear coordinates A71
Cut set 976
Cycle 959
Cycloid 399
Cylinder 446

flow around 763, 767
Cylindrical coordinates 587, A71

D' Alembert' s solution 549, 551
Damping 64, 88
Dantzig 944
DATA DESK 991
Decay 5
Decreasing sequence A69
Decrement 69
Dedekind A69
Defect 337
Defective item 1073
Definite complex integral 639
Definiteness 356
Deformation of path 649
Degenerate feasible solution 947
Degree of

precision 822
a vertex 955

Degrees of freedom 1052, 1055, 1066
Deleted neighborhood 712
Delta

Dirac 242
Kronecker 210, A83

De Moivre 610
formula 610
limit theorem 1031

De Morgan's laws 999
Density 1014
Dependent

linearly 49, 74, 106, 297, 300, 325
random variables 1036

Depth first search 960
Derivative

of a complex function 616, 658
directional 404
left-hand 484
right-hand 484
of a vector function 387
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Differentiation
analytic functions 691
complex functions 616
Laplace transforms 254
numeric 827
power series 174, 680
series 696
vector functions 387

Diffusion equation 464, 552
Diffusivity 552
Digraph 955
Dijkstra's algorithm 964
Dimension of vector space 300, 325, 369
Diodes 399
Dirac's delta 242
Directed

graph 955
line segment 364
path 982

Directional derivative 404
Direction field 10
Direct method 845
Dirichlet 467

discontinuous factor 509
problem 467,558, 587,915

Discharge of a source 767
Discrete

Fourier transform 525
random variable 1011, 1033
spectrum 507, 524

Disjoint events 998
Disk 613
Dissipative 429
Distribution 1010

Bernoulli 1020
binomial 1020, A96
chi-square 1055, A101
continuous 1011
discrete 1011, 1033
Fisher's F- 1066, A102
-free test 1080
function 1011, 1032
Gauss 1026
hypergeometric 1024
marginal 1035
multinomial 1025
normal 1026, 1047-1057, 1062-1067, A98
Poisson 1022, 1073, A97
Student's t- 1053, A100
two-dimensional 1032

Distribution (Cont.)
uniform 1015, 1017, 1034

Divergence
theorem of Gauss 459
of vector fields 410, A72

Divergent
sequence 665
series 171, 667

Divided differences 802
Division of complex numbers 604, 609
Domain 401,613,646
Doolittle's method 841
Dot product 325,371
Double

Fourier series 576
integral 433
labeling 968
precision 782

Driving force 84
Drumhead 569
Duffing equation 159
Duhamel's formula 597

E
Eccentricity of a vertex 973
Echelon form 294
Edge 955

coloring 987
incidence list 957

Efficient algorithm 962
Eigenbasis 349
Eigenfunction 204, 542, 559, 574

expansion 210
Eigenspace 336, 865
Eigenvalue problems for

matrices (Chap. 8) 333-363
matrices, numerics 863-882
ODEs (Sturm-Liouville problems) 203-216
PDEs 540-593
systems of ODEs 130-165

Eigenvector 334, 864
EIS PACK 778
Elastic membrane 340
Electrical network (see Networks)
Electric circuit (see Circuit)
Electromechanical analogies 96
Electromotive force 91
Electrostatic

field 750
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Electrostatic (Cont.)
potential 588-592, 750

Element of matrix 273
Elementary

matrix 296
operations 292

Elimination of first derivative 197
Ellipse 390
Ellipsoid 449
Elliptic

cylinder 448
paraboloid 448
partial differential equation 551, 909

Empty set 998
Engineering system: Front cover
Entire function 624, 661, 711
Entry 273, 309
Equality of

complex numbers 602
matrices 275
vectors 365

Equally likely 1000
Equipotential

lines 750, 762
surfaces 750

Equivalence relation 296
Equivalent linear systems 292
Erf 568, 690, A64, A95
Error 783

bound 784
estimation 785
function 568, 690, A64, A95
propagation 784
Type I, Type 11 1060

Essential singularity 708
Estimation of parameters 1046-1057
Euclidean

norm 327
space 327

Euler 69
backward methods for ODEs 896, 907
beta function A64
-Cauchy equation 69, 108, 116, 185,589
-Cauchy method 887, 890,903
constant 200
formula 58, 496, 624, 627, 687
formulas for Fourier coefficients 480, 487
graph 963
numbers 690
method for systems 903

17

Euler (Cont.)
trail 963

Evaporation 18
Even function 490
Event 997
Everett interpolation formula 809
Exact

differential equation 20
differential form 20, 429

Existence theorem
differential equations 37, 73, 107, 109, 137,

175
Fourier integral 508
Fourier series 484
Laplace transforms 226
Linear equations 302

Expectation 1016
Experiment 997
Explicit solution 4
Exponential

decay 5
function, complex 57, 623
function, real A60
growth 5,31
integral A66

Exposed vertex 983
Extended complex plane 710, 736
Extension, periodic 494
Extrapolation 797
Extremum 937

F
Factorial function 192, 1008, A95
Failure 1021
Fair die 1000
Falling body 8
False position 796
Family of curves 5, 35
Faraday 92
Fast Fourier transform 526
F-distribution 1066, A102
Feasible solution 942
Fehlberg 894
Fibonacci numbers 683
Field

conservative 415, 428
of force 385
gravitational 385, 407, 411, 587
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Field (Cont.)
irrotational 415, 765
scalar 384
vector 384
velocity 385

Finite complex plane 710
First

fundamental form 457
Green's formula 466
shifting theorem 224

Fisher, R. A. 1047, 1066, 1077
F-distribution 1066, A102

Fixed
decimal point 781
point 736, 781, 787

Flat spring 68
Floating point 781
Flow augmenting path 975
Flows in networks 973-981
Fluid flow 412,463,761
Flux 412, 450

integral 450
Folium of Descartes 399
Forced oscillations 84, 499
Ford-Fulkerson algorithm 979
Forest 970
Form

Hermitian 361
quadratic 353
skew-Hermitian 361

Forward
differences 804
edge 974, 976

Four-color theorem 987
Fourier 477

-Bessel series 213, 583
coefficients 480, 487
coefficients, complex 497
constants 210
cosine integral 511
cosine series 491
cosine transform 514, 529
double series 576
half-range expansions 494
integral 508, 563
integral, complex 519
-Legendre series 212, 590
matrix 525
series 211, 480, 487
series, complex 497

Fourier (Cont.)
series, generalized 210
sine integral 511
sine series 491, 543
sine transform 514,530
transform 519,531,565
transform, discrete 525
transform, fast 526

Fractional linear transformation 734
Fraction defective 1073
Fredholm 201
Free

fall 18
oscillations 61

Frenet formulas 400
Frequency 63

of values in samples 994
Fresnel integrals 690, A65
Friction 18-19
Frobenius 182

method 182
norm 849
theorem 869

Fulkerson 979
Full-wave rectifier 248
Function

analytic 175, 617
Bessel 191, 198,202,207, A94
beta A64
bounded 38
characteristic 542, 574
complex 614
conjugate harmonic 622
entire 624, 661, 711
error 568, 690,A64, A95
even 490
exponential 57, 623, A60
factorial 192, 1008, A95
gamma 192, A95
Hankel202
harmonic 465,622,772
holomorphic 617
hyperbolic 628, 743, A62
hypergeometric 188
inverse hyperbolic 634
inverse trigonometric 634
Legendre 177
logarithmic 630, A60
meromorphic 711
Neumann 201
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G

Gerschgorin's theorem 866
Gibbs phenomenon 490,510
Global error 887
Golden Rule 15, 23
Goodness of fit 1076
Gosset 1066
Goursat 648, A88
Gradient 403,415,426, A72

method 938
Graph 955

bipartite 982
complete 958
Euler 963
planar 987
sparse 957
weighted 959

Gravitation 385, 407, 411, 587
Greedy algorithm 967
Greek alphabet: Back cover
Green 439

formulas 466
theorem 439, 466

Gregory-Newton formulas 805
Growth restriction 225
Guldin's theorem 458

Function (Cont.)
odd 490
orthogonal 205, 482
orthonormal 205, 210
periodic 478
probability 1012, 1033
rational 617
scalar 384
space 382
staircase 248
step 234
trigonometric 626, 688, A60
unit step 234
vector 384

Function space 327
Fundamental

form 457
matrix 139
mode 542
period 485
system 49, 106, 113, 138
theorem of algebra 662

Galilei 15
Gamma function 192, A95
GAMS 778
Gauss 188

distribution 1026
divergence theorem 459
elimination method 289, 834
hypergeometric equation 188
integration formula 826
-Jordan elimination 317, 844
least squares 860, 1084
quadrature 826
-Seidel iteration 846, 913

General
powers 632
solution 64, 106, 138, 159

Generalized
Fourier series 210
function 242
solution 545
triangle inequality 608

Generating function 181, 216, 258
Geometric

multiplicity 337
series 167,668,673,687,692

H
Hadamard's formula 676
Half-life time 9
Half-plane 613
Half-range Fourier series 494
Half-wave rectifier 248, 489
Halving 819,824
Hamiltonian cycle 960
Hanging cable 198
Hankel functions 202
Hard spring 159
Harmonic

conjugate 622
function 465, 622, 772
oscillation 63
series 670

Heat
equation 464, 536, 553, 757, 923
potential 758

Heaviside 221
expansions 245
formulas 247
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Heaviside (Cont.)
function 234

Helicoid 449
Helix 391, 394, 399
Helmholtz equation 572
Henry 92
Hermite

interpolation 816
polynomials 216

Hermitian 357, 361
Hertz 63
Hesse 's normal form 375
Heuns method 890
High-frequency line equations 594
Hilbert 201, 326

matrix 858
space 326

Histogram 994
Holomorphic 617
Homogeneous

differential equation 27, 46, 105, 535
system of equations 288, 304, 833

Hooke's law 62
Householder's tridiagonalization 875
Hyperbolic

differential equation 551, 909, 928
functions, complex 628, 743
functions, real A62
paraboloid 448
partial differential equations 551, 928
spiral 399

Hypergeometric
differential equation 188
distribution 1024
functions 188
series 188

Hypocycloid 399
Hypothesis 1058

Imaginary
axis 604
part 602
unit 602

Impedance 94, 98
Implicit solution 20
Improper integral 222, 719, 722
Impulse 242
IMSL 778
Incidence

list 957
matrix 958

Inclusion theorem 868
Incomplete gamma function A64
Incompressible 765
Inconsistent equations 292, 303
Increasing sequence A69
Indefinite

integral 637, 650
integration 640

Independence of path 426, 648
Independent

events 1004
random variables 1036

Indicial equation 184
Indirect method 845
Inductance 92
Inductor 92
Inequality

Bessel 215, 504
Cauchy 660
ML- 644
Schur 869
triangle 326, 372, 608

Infinite
dimensional 325
population 1025, 1045
sequence 664
series (see Series)

Infinity 710, 736
Initial

condition 6, 48, 137,540
value problem 6, 38,48, 107, 886, 902

Injective mapping 729
Inner product 325,359,371

space 326
Input 26, 84, 230
Instability (see Stability)
Integral

contour 647

Idempotent matrix 286
Identity

of Lagrange 383
matrix (see Unit matrix)
theorem for power series 679
transformation 736
trick 351

Ill-conditioned 851
Image 327, 729
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Integral (Cont.)
definite 639
double 433
equation 252
Fourier 508, 563
improper 719, 722
indefinite 637, 650
line 421, 633
surface 449
theorems, complex 647, 654
theorems, real 439, 453, 469
transform 221, 513
triple 458

Integrating factor 23
Integration

complex functions 637-663, 701-727
Laplace transforms255
numeric 817-827
power series 680
series 695

Integro-differential equation 92
Interest 9, 33
Interlacing of zeros 197
Intermediate value theorem 796
Interpolation 797-815

Hermite 816
Lagrange 798
Newton 802, 805, 807
spline 81 I

Interquartile range 995
Intersection of events 998
Interval

closed A69
of convergence 172, 676
estimate 1046
open 4, A69

Invariant subspace 865
Inverse

hyperbolic functions 634
mapping principle 733
of a matrix 315, 844
trigonometric functions 634

Inversion 735
Investment 9, 33
Irreducible 869
Irregular boundary 919
Irrotational 415, 765
Isocline 10
Isolated singularity 707
Isotherms 758

Iteration
for eigenvalues 872
for equations 787-794
Gauss-Seidel 846, 913
Jacobi 850
Picard 41

J
Jacobian 436, 733
Jacobi iteration 850
Jerusalem, Shrine of the Book 814
Jordan 316
Joukowski airfoil 732

K
Kirchhoff's laws 92, 973
Kronecker delta 210, A83
Kruskal's algorithm 967
Kutta 892

L
11, 12, t; 853
L2863
Labeling 968
Lagrange 50

identity of 383
interpolation 798

Laguerre polynomials 209, 257
Lambert's law 43
LAPACK 778
Laplace 221

equation 407, 465, 536, 579, 587, 910
integrals 512
limit theorem 1031
operator 408
transform 221,594

Laplacian 443, A73
Latent root 324
Laurent series 701, 712
Law of

absorption 43
cooling 14
gravitation 385
large numbers 1032
mass action 43
the mean (see Mean value theorem)

LC-circuit 97
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LCL 1068
Least squares 860, 1084
Lebesgue 863
Left-hand

derivative 484
limit 484

Left-handed 378
Legendre 177

differential equation 177, 204, 590
functions 177
polynomials 179, 207, 590, 826

Leibniz 14
convergence test A70

Length
of a curve 393
of a vector 365

Leonardo of Pisa 638
Leontief 344
Leslie model 341
Libby 13
Liebmanns method 913
Likelihood function 1047
Limit

of a complex function 615
cycle 157
left-hand 484
point A90
right-hand 484
of a sequence 664
vector 386
of a vector function 387

Lineal element 9
Linear

algebra 271-363
combination 106, 325
dependence 49,74, 106, 108,297,325
differential equation 26, 45, 105, 535
element 394, A72
fractional transformation 734
independence 49, 74, 106, 108, 297, 325
interpolation 798
operator 60
optimization 939
programming 939
space (see Vector space)
system of equations 287, 833
transformation 281, 327

Linearization of systems of ODEs 151
Line integral 421, 633
Lines of force 751

UNPACK 779
Liouville 203

theorem 661
Lipschitz condition 40
List 957
Ljapunov 148
Local

error 887
minimum 937

Logarithm 630, 688, A60
Logarithmic

decrement 69
integral A66
spiral 399

Logistic population law 30
Longest path 959
Loss of significant digits 785
Lotka- Volterra population model 154
Lot tolerance per cent defective 1075
Lower

control limit 1068
triangular matrix 283

LTPD 1075
LU-factorization 841

M
Maclaurin 683

series 683
trisectrix 399

Magnitude of a vector (see Length)
Main diagonal 274, 309
Malthus's law 5, 31
MAPLE 779
Mapping 327, 729
Marconi 63
Marginal distributions 1035
Markov process 285, 341
Mass-spring system 61, 86, 135, 150, 243, 252,

261,342,499
Matching 985
MATHCAD 779
MATHEMA TICA 779
Mathematical expectation 1019, 1038
MATLAB 779
Matrix

addition 275
augmented 288, 833
band 914
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Matrix (Cont.)
diagonal 284
eigenvalue problem 333-363, 863-882
Hermitian 357
identity (see Unit matrix)
inverse 315
inversion 315, 844
multiplication 278, 321
nonsingular 315
norm 849, 854
normal 362, 869
null (see Zero matrix)
orthogonal 345
polynomial 865
scalar 284
singular 315
skew-Hermitian 357
skew-symrnetric 283, 345
sparse 812, 912
square 274
stochastic 285
symmetric 283, 345
transpose 282
triangular 283
tridiagonal 812, 875, 914
unit 284
unitary 357
zero 276

Max-flow min-cut theorem 978
Maximum 937

flow 979
likelihood method 1047
matching 983
modulus theorem 772
principle 773

Mean convergence 214
Mean-square convergence 214
Mean value of a (an)

analytic function 771
distribution 1016
function 764
harmonic function 772
sample 996

Mean value theorem 402, 434, 454
Median 994, 1081
Membrane 569-586
Meromorphic function 711
Mesh incidence matrix 278
Method of

false position 796

Method of (Cont.)
least squares 860, 1084
moments 1046
steepest descent 938
undetermined coefficients 78, 117, 160
variation of parameters 98, 118, 160

Middle quartile 994
Minimum 937, 942, 946
MINITAB 991
Minor 309
Mixed

boundary value problem 558, 587, 759, 917
triple product 381

Mixing problem 13, 130, 146, 163,259
Mks system: Front cover
ML-inequality 644
Mobius 453

strip 453, 456
transformation 734

Mode 542, 582
Modeling 2, 6, 13, 61, 84, 130, 159, 222, 340, 499,

538, 569, 750-767
Modified Bessel functions 203
Modulus 607
Molecule 912
Moivre's formula 610
Moment

central 1019
of a distribution 1019
of a force 380
generating function 1026
of inertia 436, 455, 457
of a sample 1046
vector 380

Monotone sequence A69
Moore's shortest path algorithm 960
Morera's theorem 661
Moulton 900
Moving trihedron (see Trihedron)
M-test for convergence 969
Multinomial distribution 1025
Multiple point 391
Multiplication of

complex numbers 603, 609
determinants 322
matrices 278, 321
means 1038
power series 174, 680
vectors 219, 371, 377

Multiplication rule for events 1003
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Multiplicity 337, 865
Multiply connected domain 646
Multistep method 898
"Multivalued function" 615
Mutually exclusive events 998

N
Nabla 403
NAG 779
Natural

frequency 63
logarithm 630, A60
spline 812

Neighborhood 387, 613
Nested form 786
NETLIB 779
Networks 132, 146, 162,244,260,263,277,331

in graph theory 973
Neumann, C. 201

functions 201
problem 558, 587, 917

Newton 14
-Cotes formulas 822
interpolation formulas 802, 805, 807
law of cooling 14
law of gravitation 385
method 800
-Raphson method 800
second law 62

Neyman 1049, 1058
Nicolson 924
Nicomedes 399
Nilpotent matrix 286
NIST 779
Nodal

incidence matrix 277
line 574

Node 142, 797
Nonbasic variables 945
Nonconservative 428
Nonhomogeneous

differential equation 27, 78, 116, 159,305,535
system of equations 288, 304

Nonlinear differential equations 45, 151
Nonorientab1e surface 453
Nonparametric test 1080
Nonsingu1ar matrix 315
NOITn205, 326, 346, 359, 365, 849

Normal
acceleration 395
asymptotically 1057
to a curve 398
derivative 444, 465
distribution 1026, 1047-1057, 1062-1067, A98

two-dimensional 1090
equations 860, 1086
form of a PDE 551
matrix 362, 869
mode 542, 582
plane 398
to a plane 375
random variable 1026
to a surface 447
vector 375, 447

Null
hypothesis 1058
matrix (see Zero matrix)
space 301
vector (see Zero vector)

Nullity 301
Numeric methods 777-934

differentiation 827
eigenvalues 863-882
equations 787-796
integration 817-827
interpolation 797-816
linear equations 833-858
matrix inversion 315, 844
optimization 936-953
ordinary differential equations (ODEs)

886-908
partial differential equations (PDEs) 909~930

Nystrom method 906

o
0962
Objective function 936
OC curve 1062
Odd function 490
ODE 4 (see also Differential equations)
Ohm's law 92
One-dimensional

heat equation 553
wave equation 539

One-sided
derivative 484
test 1060
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One-step method 898
One-to-one mapping 729
Open

disk 613
integration formula 827
interval A69
point set 613

Operating characteristic 1062
Operational calculus 59, 220
Operation count 838
Operator 59, 327
Optimality principle, Bellman's 963
Optimal solution 942
Optimization 936-953, 959-990
Orbit 141
Order 887, 962

of a determinant 308
of a differential equation 4, 535
of an iteration process 793

Ordering 969
Ordinary differential equations 2-269, 886-908

(see also Differential equation)
Orientab1e surface 452
Orientation of a

curve 638
surface 452

Orthogonal
coordinates A71
curves 35
eigenvectors 350
expansion 210
functions 205, 482
matrix 345
polynomials 209
series 210
trajectories 35
transformation 346
vectors 326, 371

Orthonormal functions 205, 210
Oscillations

of a beam 547, 552
of a cable 198
in circuits 91
damped 64, 88
forced 84
free 61, 500, 547
harmonic 63
of a mass on a spring 61, 86, 135, 150, 243,

252,261,342,499
of a membrane 569-586

115

Oscillations (Cont.)
self-sustained 157
of a string 204, 538, 929
undamped 62,

Osculating plane 398
Outcome 997
Outer product 377
Outlier 995
Output 26, 230
Overdarnping 65
Overdetermined system 292
Overflow 782
Overrelaxation 851
Overtone 542

p

Paired comparison 1065
Pappus's theorem 458
Parabolic differential equation 551, 922
Paraboloid 448
Parachutist 12
Parallelepiped 382
Parallel flow 766
Parallelogram

equality 326, 372, 612
law 367

Parameter of a distribution 1016
Parametric representation 389,446
Parking problem 1023
ParsevaI's equality 215, 504
Partial

derivative 388, A66
differential equation 535, 909
fractions 231, 245
pivoting 29 I, 834
sum 171, 480, 666

Particular solution 6, 48, 106, 159
Pascal 399
Path

in a digraph 974
in a graph 959
of integration 421, 637

PDE 535, 909 (see also Differential equation)
Peacernan-Rachford method 915
Pearson, E. S. 1058
Pearson, K. 1066
Pendulum 68, 152, 156
Period 478
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Periodic
extension 494
function 478

Permutation 1006
Perron-Frobenius theorem 344, 869
Pfaffian form 429
Phase

angle 88
of complex number (see Argument)
lag 88
plane 141, 147
portrait 141, 147

Picard
iteration method 41
theorem 709

Piecewise
continuous 226
smooth 421, 448, 639

Pivoting 291, 834
Planar graph 987
Plane 315,375
Plane curve 391
Poincare 216
Point

estimate 1046
at infinity 710, 736
set 613
source 765
spectrum 507, 524

Poisson 769
distribution 1022, 1073, A97
equation 910, 918
integral formula 769

Polar
coordinates 437, 443, 580, 607-608
form of complex numbers 607
moment on inertia 436

Pole 708
Polynomial

approximation 797
matrix 865

Polynomially bounded 962
Polynomials 617

Chebyshev 209
Hermite 216
Laguerre 207, 257
Legendre 179,207,590,826
trigonometric 502

Population in statistics 1044
Population models 31, 154,341

Position vector 366
Positive definite 326, 372
Possible values 1012
Postman problem 963
Potential 407, 427, 590, 750, 762

complex 763
theory 465, 749

Power
method for eigenvalues 872
of a test 1061
series 167, 673
series method 167

Precision 782
Predator-prey 154
Predictor-corrector 890, 900
Pre-Hilbert space 326
Prim's algorithm 971
Principal

axes theorem 354
branch 632
diagonal (see main diagonal)
directions 340
normal (Fig. 210) 397
part 708
value 607,630,632, 719, 722

Prior estimate 794
Probability 1000, 1001

conditional 1003
density 1014, 1034
distribution 1010, 1032
function 1012, 1033

Producer's risk 1075
Product (see Multiplication)
Projection of a vector 374
Pseudo code 783
Pure imaginary number 603

Q
QR-factorization method 879
Quadratic

equation 785
form 353
interpolation 799

Qualitative methods 124, 139-165
Quality control 1068
Quartile 995
Quasilinear 551, 909
Quotient of complex numbers 604



Index 117

R

Rachford method 915
Radiation 7, 561
Radiocarbon dating 13
Radius

of convergence 172, 675, 686
of a graph 973

Random
experiment 997
numbers 1045
variable 1010, 1032

Range of a
function 614
sample 994

Rank of a matrix 297, 299, 311
Raphson 790
Rational function 617
Ratio test 669
Rayleigh 159

equation 159
quotient 872

RC-circuit 97, 237, 240
Reactance 93
Real

axis 604
part 602
sequence 664
vector space 324, 369

Rectangular
membrane 571
pulse 238, 243
rule 817
wave 211, 480, 488, 492

Rectifiable curve 393
Rectification of a lot 1075
Rectifier 248, 489, 492
Rectifying plane 398
Reduction of order 50, 116
Region 433,614
Regression 1083

coefficient 1085, 1088
line 1084

Regula falsi 796
Regular

point of an ODE 183
Sturm-Liouville problem 206

Rejectable quality level 1075
Rejection region 1060
Relative

class frequency 994

Relative (Cont.)
error 784
frequency 1000

Relaxation 850
Remainder 171, 666
Removable singularity 709
Representation 328
Residual 849, 852
Residue 713
Residue theorem 715
Resistance 91
Resonance 86
Response 28, 84
Restoring force 62
Resultant of forces 367
Riccati equation 34
Riemann 618

sphere 710
surface 746

Right-hand
derivative 484
limit 484

Right-handed 377
Risk 1095
RL-circuit 97, 240
RLC-circuit 95, 241, 244, 499
Robin problem 558, 587
Rodriguess formula 181
Romberg integration 829
Root 610
Root test 671
Rotation 381, 385, 414, 734, 764
Rounding 782
Row

echelon form 294
-equivalent 292, 298
operations 292
scaling 838
space 300
sum norm 849
vector 274

Runge-Kutta-Fehlberg 893
Runge-Kutta methods 892, 904
Runge-Kutta-Nystrom 906

S
Saddle point 143
Sample 997, 1045

covariance 1085
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Sample (Cont.)
distribution function 1076
mean 996, 1045
moments 1046
point 997
range 994
size 997, 1045
space 997
standard deviation 996, 1046
variance 996, 1045

Sampling 1004, 1023, 1073
SAS 991
Sawtooth wave 248, 493, 505
Scalar 276, 364

field 384
function 384
matrix 284
multiplication 276, 368
triple product 381

Scaling 838
Scheduling 987
Schoenberg 810
Schrodinger 242
Schur's inequality 869
Schwartz 242
Schwarz inequality 326
Secant 627, A62

method 794
Second

Green's formula 466
shifting theorem 235

Sectionally continuous
(see Piecewise continuous)

Seidel846
Self-starting 898
Self-sustained oscillations 157
Separable differential equation 12
Separation of variables 12, 540
Sequence 664, A69
Series 666, A69

addition of 680
of Bessel functions 213, 583
binomial 689
convergence of 171, 666
differentiation of 174, 680
double Fourier 576
of eigenfunctions 210
Fourier 211, 480, 487
geometric 167,668,673,687,692
harmonic 670

Series (Cont.)
hypergeometric 188
infinite 666, A70
integration of 680
Laurent 701, 712
Maclaurin 683
multiplication of 174, 680
of orthogonal functions 210
partial sums of 171, 666
power 167, 673
real A69
remainder of 171, 666, 684
sum of 171, 666
Taylor 683
trigonometric 479
value of 171, 666

Serret-Frenet formulas
(see Frenet formulas)

Set of points 613
Shifted data problem 232
Shifting theorems 224, 235, 528
Shortest

path 959
spanning tree 967

Shrine of the Book 814
Sifting 242
Significance level 1059
Significant

digit 781
in statistics 1059

Sign test 1081
Similar matrices 350
Simple

curve 391
event 997
graph 955
pole 708
zero 709

Simplex
method 944
table 945

Simply connected 640, 646
Simpson's rule 821
Simultaneous

corrections 850
differential equations 124
linear equations (see Linear systems)

Sine
of a complex variable 627, 688, 742
hyperbolic 688
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Sine (Cont.)
integral 509, 690, A65, A95
of a real variable A60

Single precision 782
Single-valued relation 615
Singular

at infinity 711
matrix 315
point 183, 686, 707
solution 8, 50
Sturm-Liouville problem 206

Singularity 686, 707
Sink 464, 765, 973
SI system: Front cover
Size of a sample 997, 1045
Skew-Hermitian 357, 361
Skewness 1020
Skew-symmetric matrix 283, 345
Skydiver 12
Slack variable 941
Slope field 9
Smooth

curve 421, 638
piecewise 421, 448, 639
surface 448

Sobolev 242
Soft spring 159
Software 778, 991
Solution

of a differential equation 4, 46, 105, 536
general 6, 48, 106, 138
particular 6, 48, 106
singular 8, 50
space 304
steady-state 88
of a system of differential equations 136
of a system of equations 288
vector 288

SOR 851
Sorting 969, 993
Source 464, 765, 973
Span 300
Spanning tree 967
Sparse

graph 957
matrix 812, 912
system of equations 846

Spectral
density 520
mapping theorem 344, 865

Spectral (Cont.)
radius 848
representation 520
shift 344, 865, 874

Spectrum 324, 542, 864
Speed 394
Sphere 446
Spherical coordinates 588, A71
Spiral 399

point 144
Spline 811
S-PLUS, SPSS 992
Spring 62
Square

error 503
matrix 274
membrane 575
root 792
wave 211, 480, 488, 492

Stability 31, 148, 783, 822, 922
chart 148

Stagnation point 763
Staircase function 248
Standard

basis 328, 369
deviation 1016
form of a linear ODE 26, 45, 105

Standardized random variable 1018
Stationary point 937
Statistical

inference 1044
tables A96-AI06

Steady 413, 463
state 88

Steepest descent 938
Steiner 399, 457
Stem-and-leaf plot 994
Stencil 912
Step-by-step method 886
Step function 234
Step size control 889
Stereographic projection 711
Stiff

ODE 896
system of ODEs 907

Stirling formula 1008, A64
Stochastic

matrix 285
variable 1011

Stokes's theorem 469

119
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Straight line 375, 391
Stream function 762
Streamline 761
Strength of a source 767
Strictly diagonally dominant 868
String 204, 538, 594
Student's t-distribution 1053, A 100
Sturm-Liouville problem 203
Subgraph 956
Submarine cable equations 594
Submatrix 302
Subsidiary equation 220, 230
Subspace 300

invariant 865
Success 1021
Successive

corrections 850
overrelaxation 851

Sum (see Addition)
Sum of a series 171, 666
Superlinear convergence 795
Superposition principle 106, 138
Surface 445

area 435, 442, 454
integral 449
normal 406

Surjective mapping 729
Symmetric matrix 283, 345
System of

differential equations 124-165,258-263,902
linear equations (see Linear system)
units: Front cover

T
Tables

on differentiation: Front cover
of Fourier transforms 529-531
of functions A94-A 106
of integrals: Front cover
of Laplace transforms 265-267
statistical A96-A106

Tangent 627, A62
to a curve 392, 397
hyperbolic 629, A62
plane 406, 447
vector 392

Tangential acceleration 395
Target 973
Tarjan 971

Taylor 683
formula 684
series 683

Tchebichef (see Chebyshev)
t-distribution 1053, A 100
Telegraph equations 594
Termination criterion 791
Termwise

differentiation 696
integration 695
multiplication 680

Test
chi-square 1077
for convergence 667-672
of hypothesis 1058-1068
nonparametric 1080

Tetrahedron 382
Thermal

conductivity 465, 552
diffusivity 465, 552

Three
-eights rule 830
-sigma limits 1028

Timetabling 987
Torricelli's law 15
Torsion of a curve 397
Torsional vibrations 68
Torus 454
Total differential 19
Trace of a matrix 344, 355, 864
Trail 959
Trajectories 35, 133, 141
Transfer function 230
Transformation

of Cartesian coordinates A84
by a complex function 729
of integrals 437, 439, 459, 469
linear 281
linear fractional 734
orthogonal 346
similarity 350
unitary 359
of vector components A83

Transient state 88
Translation 365, 734
Transmission line equations 593
Transpose of a matrix 282
Transpositions 1081, A 106
Trapezoidal rule 817
Traveling salesman problem 960
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Tree 966
Trend 1081
Trial 997
Triangle inequality 326, 372, 608
Triangular matrix 283
Tricomi equation 551, 552
Tridiagonalization 875
Tridiagonal matrix 812, 875, 914
Trigonometric

approximation 502
form of complex numbers 607, 624
functions, complex 626, 688
functions, real A60
polynomial 502
series 479
system 479, 482

Trihedron 398
Triple

integral 458
product 381

Trivial solution 27, 304
Truncation error 783
Tuning 543
Twisted curve 391
Two-dimensional

distribution 1032
normal distribution 1090
random variable 1032
wave equation 571

Two-sided test 1060
Type of a differential equation 551
Type 1 and 11errors 1060

Uniqueness (Cont.)
Laurent series 705
linear equations 303
power series 678

Unit
binormal vector 398
circle 611
impulse 242
matrix 284
normal vector 447
principal normal vector 398
step function 234
tangent vector 392, 398
vector 326

Unitary
matrix 357
system of vectors 359
transformation 359

Unstable (see Stability)
Upper control limit 1068

v

U
uci. 1068
Unconstrained optimization 937
Uncorrelated 1090
Undamped system 62
Underdamping 66
Underdetermined system 292
Underflow 782
Undetermined coefficients 79,117,160
Uniform

convergence 691
distribution 1015, 1017, 1034

Union of events 998
Uniqueness

differential equations 37, 73, 107, 137
Dirichlet problem 774

Value of a series 171, 666
Vandermonde determinant 112
Van del' Pol equation 157
Variable

complex 614
random 1010, 1032
standardized random 1018
stochastic 1011

Variance of a
distribution 1016
sample 996, 1045

Variation of parameters 98, 118, 160
Vector 274, 364

addition 276, 327, 367
field 384
function 384
moment 380
norm 853
product 377
space 300, 323, 369
subspace 300

Velocity 394
field 385
potential 762
vector 394

Venn diagram 998
Verhulst 31



122 Index

Vertex 955
coloring 987
exposed 983
incidence list 957

Vibrations (see Oscillations)
Violin string 538
Vizing's theorem 987
Volta 92
Voltage drop 92
Volterra 154,201,253
Volume 435
Vortex 767
Vorticity 764

Weber (Cont.)
functions 20 I

Website see Preface
Weierstrass 618, 696

approximation theorem 797
M-test 696

Weighted graph 959
Weight function 205
Well-conditioned 852
Wessel605
Wheatstone bridge 296
Work 373, 423

integral 422
Wronskian 75, 108

w
Waiting time problem 1013
Walk 959
Wave equation 536, 539, 569, 929
Weber 217

equation 217

z
Zero

of analytic function 709
matrix 276
vector 367
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