A CATALOG OF ALGORITHMS FOR APPROXIMATION

ERIC GROSSE AT&T BELL LABORATORIES

Abstract. This is an outline and a list of algorithms for numerical approximation, with references to the literature and pointers to available code. The database has been formatted here as an indented tree using TEX; alternatively, it may be viewed in graphical form or may be traversed using a C program or a World Wide Web browser.

This paper was presented at the Algorithms for Approximation conference at Shrivenham, England in July 1988. The November 1988 version appeared in the proceedings published by Chapman and Hall. The most recent version is best accessed over the network; this paper copy was typeset on September 6, 1994.

Key Words. approximation algorithms, bibliography, database, library routines, subroutines, numerical consultant, netlib, walk

1. Introduction. There is a large gap between the classical polynomial, rational, and univariate spline fitting taught in textbooks and the variety of additional methods that have been developed for complicated real-world problems. Someday we may hope for a Knuth to write the definitive survey, but probably it is too soon for that. The following categorized list of algorithms can help bridge this gap in the meantime. This catalog is designed first to assist in numerical analysis consulting; second, to guide the acquisition of software for netlib[243]; and third, to help inventors of new methods search for prior art.

Notes in square brackets in the bibliography indicate where software may be found. Most commonly this will be a directory in netlib or one of the standard commercial libraries[27, 438, 559, 299]. For example, to get LSQR[571], send the one-line message send lsqr from misc by electronic mail to netlib@research.att.com or research!netlib. The name “toms” refers to the Collected Algorithms of the ACM, available via IMSL and netlib. A server statlib@temper.stat.cmu.edu, spun off from netlib to serve the statistical community, also contains interesting algorithms.

When known, references most closely related to final code are given. These will often not be the primary reference for the idea and hence many classic papers in approximation do not appear. Analytical papers are cited if they provide useful guidance on choosing between codes or if the topic seems ripe for computation although no algorithmic papers are known. Generally the comparative foundations do not exist for recommending a best method in each category. It would have been desirable to mention only methods for which convincing numerical evidence has been reported. Consistently adhering to such a policy would have made a very much shorter list but would necessarily have left out many good algorithms. Where NAG routines are apparently superseded by DASL routines, they have not been listed. Methods requiring an (expensive) software license have been de-emphasized, particularly when competitive public versions are available. Finally, it was not feasible to cite the papers in this proceedings; but they report a number of exciting developments and the reader who has not already done so is encouraged to look at the rest of the book!

2. Classification. In addition to the traditional characterization of practical approximation as fundamentally a choice of form and norm, this scheme adds a third category, variable, to reflect the important choices of sample designs and coordinate transforms. The primary classification is by form since it corresponds most directly to the literature. Some methods are not specific to a particular basis but are more readily characterized by, for example, the norm they optimize; these are listed under norm.

Another possible characterization would have been by the operation involved. Some of these are: evaluate, differentiate, integrate; interpolate, extrapolate, local fit; best or good fit in various norms; diagnostics, error estimation; conversions between different bases; i/o, graphics; zeros, maxima, other critical features.

The database is formatted below as an indented tree with cross-links. The bracketed numbers at the leaf nodes are lists of references. While this paper snapshot may be convenient for distribution, interactive software providing easier use is described in section 3.

form (basis of approximating space) polynomial, rational real polynomial

power

evaluation [400, 284, 777, 666, 395] integrals [666] Newton form of interpolating polynomial [331, 262, 286] Chebyshev

interpolation to function and derivative data [471] least squares [184] evaluation [323, 299, 27, 98] derivatives [27] integrals [27] standard errors from least squares fit [27] endpoint constrained [473] barycentric, Bernstein-Bezier curves and patches [411, 356, 276, 276, 647, 672, 666, 676]

Bezier

degree lowering [186, 429, 259] deglower

general orthogonal [295, 757, 299, 679, 176, 723, 334]

adding and deleting points [210, 266] Sobolev norm [440] constrained [164, 518, 461] polycon

multivariate

evaluation [139] approximation, interpolation [160, 331, 128, 57, 251, 543, 461, 596] real rational [727, 460, 641, 506, 218, 590] Remez exchange [502, 529, 119, 144, 446]

Remez

Remez, first (single exchange) [248, 561] Remez, second (multiple exchange) [191, 691, 149, 56, 151] differential correction [299, 458, 149] diffcor

linear inequality method [480, 249] interpolation [370, 371, 193, 195, 194, 734]

barycentric [82, 83] Padé [404, 517, 195, 728] power of polynomial in denominator [140, 250] complex polynomial, rational [702, 750, 752] polynomial [294, 607, 389, 286, 710] rational [609, 727] zeros of polynomials [578, 500, 441] spline, finite element discontinuities (jump, crease, edges) crease

known, fixed crease [99, 305, 682, 245] unknown crease, to be found [546, 682, 522, 132, 724, 77, 484, 483, 339] splines

univariate

piecewise linear

tabulate at arguments where values need few digits [327, 3, 708, 513, 328, 778] breakpoint placement [434, 575, 760, 573, 744, 245, 527] segment

pch: piecewise cubic Hermite [317, 316]

derivative estimation [5, 267, 437, 8] u-der

pp: general piecewise polynomial [562] almost smooth (jumps less than ϵ)

(no citations at hand, though surely some exist) evaluation of general piecewise polynomial [101, 438] one-pass least squares fitting [774] B-splines [101]

fitting, interpolation

interpolation [101, 27, 438]

“optimal” spline interpolation [101, 438, 326, 716] optinterp

many-knot interpolation [204] end conditions for interpolation [495, 66] local, variation diminishing [499, 204] quasi-interpolation [101, 639, 158] least squares fitting

fitting discrete data [101, 27, 438, 299] fitting user function [299] l_1 fitting to data points [187] l_∞ fitting to a function [560, 91] evaluation, derivatives, integral

spline evaluation [101, 27, 438, 299, 487, 689] B-spline basis evaluation [101, 299] spline derivatives [101, 27, 438, 299] B-spline basis derivatives [101, 299] spline integrals [27, 438, 299, 325] B-spline basis integrals [299, 740] Fourier transform [333, 388, 548, 390, 221] knot insertion and degree raising [173, 92, 476, 93, 199, 94, 498] knotins

zeros [235, 369]

B-spline-zero

subdivision, knot insertion →knotins degree raising [593, 174, 498]

degree lowering →deglower diagnostics, error estimation

B-diag

standard errors from least squares fit [27] function and spline [299] two splines [299] rational B-splines [583, 488] Bernstein-Bezier curves →Bezier conversion between different bases [101, 313, 429, 349, 315, 722] specialized splines [642]

elastica [486, 504, 611, 351, 455, 124, 451, 125, 261] ν, β, γ, Manning, Farin, W-F [550, 313, 421, 290, 315, 291] nu-spline

taut splines, splines under tension [697, 167, 101, 617, 555, 613, 646, 468, 615] minimum norm network spline [553, 555, 556, 540] network

weighted splines [644, 290, 472] other [664, 25]

Catmull-Rom [141, 54] discrete spline [252, 173] EHB-spline (unusual smoothness constraints) [444] spectral spline [379] spec-spline

conic spline [574, 591, 582] Bernoulli spline [699] free knots [28] adaptive

refinement

refine

refine intervals with large residual [235, 187, 2, 539] refine triangle [659] refine using critical features [648] segmented piecewise linear approximation →segment k-d tree [310, 626, 166, 380, 311] hierarchical rectangular grid [620, 105, 198, 40]

hierarchical basis [775, 21]

wavelet, quadrature mirror filter [383, 84, 739, 532, 156] wavelet

quadtree, octree [772] rectangular covering [74, 377, 75] recursive subdivision [470, 255, 533, 426, 637]

knot insertion for splines →knotins bounds [360, 150] bounds

free knots [104, 585, 453, 53, 562, 560]

de Boor newnot [100, 661, 438, 598] methods applied to differential equations [577, 758, 464, 134, 32] free knots for piecewise constant [269] free grid in more than one variable [216] nonuniform sampling to ameliorate aliasing [538] quasirandom (more uniform than true random would be) [651, 298] multivariate pp: general piecewise polynomial [14, 342]

Bernstein-Bezier patches →Bezier tensor product splines [576, 102] tensor

fitting, interpolation

interpolation [101, 27, 756] least squares fitting [130, 403, 227, 382, 229, 27] low rank [222, 311] twist estimation [276] evaluation, derivatives

evaluation [27, 438, 299] derivatives [27, 438] integrals [438] thin plate splines [121, 99, 302, 303, 481, 62, 599, 732, 686] plate

polyharmonic spline [601, 534, 602, 603] simplex splines [205, 206, 425, 366, 343, 345, 368] box splines; uniform grid [639, 94, 200, 442, 390, 201] evaluation [426, 155, 474] interpolation and quasi-interpolation [158, 157, 196, 756, 445] triangular B-spline [307, 676, 94, 293] super spline [159, 667] minimum norm network spline →network conversion between different bases; degree lowering [432] finite elements [161, 72, 457] fem

bivariate

triangle

quadratic, piecewise quadratic [586, 588, 687, 237] cubic, piecewise cubic [344, 367]

Hsieh-Clough-Tocher C^1 cubic macro-triangle [169, 81, 80, 509, 275, 767] C^1 quintic, piecewise quintic [80, 596] rational [524, 44, 510, 745, 16, 416] other [552, 685, 596] rectangle [530, 59, 557] isoparametric approximation (min_{P,Q} ‖f ∘ P − Q‖) [362, 509, 308, 283, 162] iso

irregular patches for otherwise rectangular grid [635, 700, 493, 579] param/irr

trivariate and general dimension [638]

tetrahedron [10, 11, 767, 769, 629] discretizations of blending on simplices [508, 49, 13, 374] blendmult

estimate nodal information for finite element est+fem

triangulation [63] triang

Delaunay-Thiessen (dual to Voronoi polygons); max-min angle [563] bivariate [478, 6, 168, 49, 297, 296, 260] three and more [110, 748, 449] other (data-independent) triangulation criteria

min-max angle [754] data dependent triangulation [257, 600, 669] searching general triangulation for given point [478, 666, 594] dealing with nonconvex domains [645] estimate values, derivatives (for use with finite element)

univariate →u-der least squares local quadratic [478] weighted average of directional derivatives [6, 510, 7, 49] variational method (minimize integral of derivatives) [12] minimum norm network →network finite element →fem blending blending

rectangular patch [142, 46, 44, 73] triangular patch [45, 44, 373, 551, 552, 16, 391, 288] network of curves [763, 443] blendcur

slices parallel to coordinate plane [321, 97, 466] recontour

Urysohn’s lemma [143]

Urysohn

more than two variables →blendmult boundary data as basis functions [719] experimental design [361, 220] blendpt

other specific approximating spaces trigonometric [392, 299, 340, 113, 253]

FFT [177, 692, 715, 240, 707, 684, 714, 197] spectral methods [364, 365, 133] special functions (approximation by, not approximation of) sum of exponentials [392, 456, 630, 749, 694, 751] exp

VARPRO [353, 462, 463, 352, 299] varp

sum of gaussians [652] gaus

sinc [698, 129, 83] kernel smoothing [170] moving least squares

distance weighted interpolation (Shepard) [681, 363, 44, 304, 491, 280, 50, 614] (finite weight) least squares [523, 165, 475, 522, 166] radial basis functions

Hardy’s multiquadrics [399, 301, 289, 587, 68, 67] thin plate splines r^2 log r^2 →plate sum of gaussians →gaus algorithms applicable to many radial bases [254, 256, 123, 526, 445, 693] other [634] wavelet, quadrature mirror filter →wavelet Urysohn’s lemma →Urysohn grid refinement →refine techniques for combining specific methods directrix, correspondence, and generator [633, 35] extension of univariate methods to multivariate tensor product and similar methods

rectangular grid data; tensor splines →tensor slices parallel to coordinate axis [164, 27] scattered data [409] missing data : Δu = 0 curved mesh lines [185] rational product [459, 413] blending, Coons patch, transfinite element →blending additive f(x, y) ≈ g(x) + h(y) [410, 149, 408, 569, 311, 743] nomographic ≈ f(u(x) + b(y)), ACE [149, 116] projection pursuit, ≈ ∑ f(α · x) [312, 718] multistage methods

estimate nodal information for finite element →est+fem interpolate scattered data onto rectangular grid [663] Boolean sum, other than blending [47, 44, 475] smooth averaging of overlapping local patches [519, 452, 300, 731, 302, 207, 26] iterated fitting of residual [312, 287, 636] Ivakhnenko GMDH [277] adaptive learning networks [123] isoparametric approximation (min_{P,Q} ‖f ∘ P − Q‖) →iso generalized cone [549] offset [143, 633, 278] fillets [424, 747, 592, 624, 633] parametric, geometric/visual continuity parametric smoothness desired [27]

curves

choice of parameterization variable [268, 511, 313, 430, 485, 276, 278, 18] vparam

orthogonal distance regression splines [735, 406, 96, 512, 721]

tl2

ordering scattered points [217] spline [235] piecewise conic [525, 309, 527, 431] surfaces [152]

irregular patches for otherwise rectangular grid →param/irr only geometric smoothness of locus of points needed curves [103, 357, 649, 472, 477, 677, 218]

ν, β, γ, Manning, Farin, Wilson-Fowler splines →nu-spline surfaces [274, 442, 554, 683, 659, 616] abstract spaces

Haar system [213] sum of exponentials →exp Remez exchange →Remez generating function methods (generalized Padé) [694] general linear basis functions linalg

driver routine for user-supplied linear basis [27, 438] kernel code [242] linear equations [337, 354, 246, 101]

Linpack [244, 175] solving Vandermonde systems [88, 329, 87, 712, 417, 418, 58, 131] least squares [42]

unconstrained [210, 571, 29, 145, 86, 420, 85] constrained [405, 347, 736, 397, 163, 43] least p-norm [215] general non-linear basis functions [117, 224, 376, 225] opt

separable nonlinear least squares →varp zeros of splines →B-spline-zero implicit algebraic equations [348, 747, 592, 675, 37, 36]

patches on quadric surfaces [746, 238] patches on cubic surfaces [492] approximation of parametric curve by implicit [572, 154, 584] approximation of implicit curve by parametric [542] data near parametric curve paramdat

near circle or ellipse [95, 78, 188, 628] differential equations [737] functional approximation [535, 531] norm (criteria of approximation, figure of merit, nonstandard data) classical L_p and analogous norms l_2 [350] total least squares, orthogonal distance regression →tl2 l_∞, L_∞ [447, 752]

Remez exchange →Remez approximation by l_2 solution [608] overdetermined linear system [51, 115, 702, 701] underdetermined linear system [717] differential correction →diffcor Hankel norm (“CF” or “AAK” approximation) [727, 641] l_1 [1, 52, 55, 187] piecewise smooth [501]

sum of norms [570, 387] Hausdorff max[max_{y∈G} min_{x∈F} ‖x − y‖, max_{y∈F} min_{x∈G} ‖x − y‖] [678] statistically motivated metrics

maximum likelihood [223, 713, 568, 126] AIC (Akaike’s Information Criterion) [4, 619, 33] Markov random field [336, 515] bounding the relative error [660, 597] measures of convergence [638] penalties, smoothing, tolerances choosing weights in l_2 and other norms [764, 718]

weighted norm of second derivative to approximate curvature [644, 245] app-curv

l_2 + penalty

L_2 norm of first derivative, “minimum length” [39, 440] L_2 norm of high derivative [414, 415, 101, 438] l_2 and jumps in high derivative [230] jumps in divided difference [759] choice of smoothing parameter [585, 619, 605, 396]

generalized cross validation [338, 226]

GCV

univariate [741, 567, 435, 765, 427, 469, 671] bivariate [62, 771] weighted norm of second derivative to approximate curvature →app-curv energy of thin plate [599] min ∫ g^{′′2} subject to |g(t_i) − z_i| ≤ ϵ [733] divided differences as a measure of noise [190] interpolation [326]

at Chebyshev points [621, 411] fair, pleasing [76, 528] constraints

periodic [496, 522, 604, 235, 680, 699] monotone, comonotone [138]

quadratic [627, 665, 70, 358] cubic [318, 178, 436, 239, 738, 212, 208]

O(h^4) [263, 770, 69, 332] rational quadratic [219, 656] bivariate [70, 183, 136, 137, 180, 732, 203, 658] monotone, other forms or general order [106, 183, 642, 613, 187, 606] convex

quadratic [520, 627, 64, 358] cubic [101, 653, 654] with penalty term for smoothing [439, 23, 265] convex, other forms [547, 228, 147, 673, 179, 613, 187, 282, 202, 658] one-sided, non-negative [630, 65, 564, 656, 657, 566, 208] specialized constraints [566]

branching [690] branch

integer [381] specific to polynomials →polycon “essentially non-oscillatory”, “total variation diminishing” [375, 402, 401, 776] ellipticity ∂^2_{12} ≤ ∂_{11}∂_{22} [192] cusp, inflection, self-intersection [258, 507] abstract methods [536]

semi-infinite programming [630, 341, 109, 710, 285] nonstandard data data

cross sections [236, 490, 346, 668, 264, 61]

blending methods →recontour given Fourier series coefficients, as in crystallography rational in cos, sin [148] spectral spline →spec-spline derivative data

given gradients, get surface; “shape from shading” [428, 482, 181] given only gradient directions [209] potential, stream function [742, 20] integral data given integrals over small subintervals [60, 643, 655] given flux, get velocities [394] given moments [319, 320, 640] missing data [718] bounds →bounds multiple scales or resolutions [132, 77] variable (coordinate transform, mesh generation) geometry of the domain or graph

data on rectangular grid →tensor data on nearly rectangular grid [636]

irregular patches for otherwise rectangular grid →param/irr data along tracks, possibly intersecting [270]

blending on network of curves →blendcur infinite interval [460] functions defined over the surface of a sphere

tensor grid (latitude, longitude) [705, 706, 742, 231, 233, 234, 346, 725, 670] uniform triangulation [63, 281] scattered over sphere [479, 612, 34, 170, 292] curves on the surface of a sphere in 3 or 4 dimensions [247, 556, 622] branching curve; multivalued function →branch points lying near a parametric curve →paramdat projective space [489] nonstandard data →data discontinuities (jump, crease, edges) →crease experimental design [537, 107, 286]

sample at Chebyshev points cos^{jπ}_n [423] optimal statistical design [111, 273, 398] blending →blendpt coordinate transformation [729, 758, 720, 116] scaling, centering, sphere-ing, decorrelation [730, 31] conformal mapping [726, 412, 90] polar coordinates [232] selection of regression variables [311]

stepwise [505, 324, 359] all subsets [422, 30] choice of parameterization variable →vparam isoparametric finite elements →iso mesh generation, refinement

simple spline mesh utilities [101, 27, 299, 438] “optimal” spline interpolation (particular choice of knots) →optinterp segmented piecewise linear approximation →segment stopping criteria for grid points

plateau in ||r|| [101] autocorr(r) ≤ 1/ √ 2(N − 1) [585] cross-validation →GCV maximum likelihood [114] triangulation, given scattered points →triang adaptive grids →adaptive multivariate mesh generation [720, 448, 457, 38, 79, 454, 526, 631] file format [153, 182, 494, 589] boundary data structures [755, 766, 762, 9] diagnostics

recognizing noise [385, 565] recognizing outliers and influential points [674, 503] recognizing redundancy [384] diagnostics specific to B-splines →B-diag diagnostic graphics [505, 729, 17, 71, 407]

contouring [632]

irregular grid [514, 99, 634, 650, 595, 211, 768] rectangular grid [523, 703, 696, 662, 704, 687, 779] higher order than quadratic; general functions [272, 372] contour surfaces for function of three variables [153, 279, 580, 623] color spectrum generation [378] tests, benchmarks

standard test datasets [5, 585, 523, 478, 6, 318, 301, 305, 17, 661, 314, 419] test methodology [189] programs to test approximation algorithms [172, 709] evaluations of algorithms [301] tools from other fields linear algebra →linalg multigrid [521, 122] optimization →opt continuation, homotopy, surface-surface intersection [618, 753, 497] surface-surface intersection methods [127] arithmetic

multiple precision [118, 695] interval [541]

basic arithmetic and special functions [773, 610, 625] optimization and zero-finding [335, 465] random number generators [467, 516, 298, 386, 19, 22, 581] omitted topics

time series, digital filters, signal processing [240, 108, 761, 450] finding intersections [112, 241, 433, 348, 146, 154, 558, 545, 544] minimal surfaces [41] quadrature [355, 214, 48] special functions [400, 172, 171, 323, 322, 708, 711, 98] elliptic integrals, Jacobian elliptic functions [271, 135] extrapolation, acceleration of series [89, 120, 688]

3. Software for examining the catalog. The listing above is an adequate but hardly convenient way to look at the catalog. An interactive program for walking over the tree (actually, directed graph) is clearly preferable. Publicly available menu systems of this sort exist, but require numeric node labels and a specialized editor. Having mouse-based cut-and-paste, regular expression searching, undo, multiple windows, automatic backup against system crash, and other such features common to modern editors makes specialized editors unattractive. Instead I wrote my own menu system in one evening, a cost quite insignificant compared to typing in the database, which itself is insignificant compared to reading all those papers!

More recently, the database has been converted to an HTML file, ftp://netlib.att.com/netlib/a/catalog.html.Z, for use by World Wide Web browsers.

For those who nevertheless prefer paper, a PostScript copy of the catalogue is available from

netlib@research.att.com by the request send catalog from research/nam.

Particularly when building a large graph with many cross links, it can be helpful to see a graphical representation of the walk database. There is an option to produce input for dag[330].

Another option produces a file which can be loaded into Hypercard. In order to fit onto the small Macintosh screen, there are a maximum of eight alternatives at any node. This might not be such a bad choice on psychological grounds as well. In one detail these interactive programs supply a bit more information than the typeset version; in place of the numeric reference number is a brief note that may indicate a particular routine or hint at important ideas of the algorithm not obvious from the title.

Keyword search is possible, though the database wasn’t really designed with this in mind. To do a search via netlib, send a message of the form find Schumaker in approximation. “Schumaker” may be replaced here by any other pattern to be matched against the BibTEX database using the Unix system command egrep.

A weakness of the current system for some users is the absence of a glossary. Faced with a difficult choice at some point in walking the tree, it might be useful to look at the precise definition of terms.

End users would prefer everything to be indexed under “problem” instead of “form” and “norm”, but that will take a lot more thought. The present catalog is to such an expert system as the Merck manual is to the Mycin program. The following short list hints at some of the relevant questions such a consultant would ask the user.

given data

arrangement of data range of variables criteria and constraints

norm, weights continuity class (C^k or G^k) of fitted surface with respect to point of evaluation data ordinates data abscissae periodic shape fidelity (monotone, convex, “fair”) local or global dependence on data other constraints how approximation is to be used

values, derivatives, integral, plotting, extrapolation expected characteristics of data

singularities or peaks other considerations

desired form; interpreting coefficients rotational, affine invariance in abscissae; linearity in ordinates speed, memory polynomial precision order, asymptotic convergence rate sensitivity to noise in data, rounding error failure modes available libraries, languages

In some ways it would be more natural to classify the methods independently along several axes. But with so many methods, this would be awkward to display and traverse. A more classical expert system using production rules could probably handle this, but history suggests the result would be unreadable by others and hence not susceptible to peer review.

Table 1 warmup attributes for Port.

attribute values form rational; spline; Bspline op fit; eval; deriv; int; errest; mesh dat function; spline; accurate; noisy shape wiggles-allowed; monotone-in,monotone-out dorder values; derivatives; integral spacing uniform; piecewise-uniform; multiplicities

A partial solution is provided by the program warmup, which takes a list of routines with associated attributes and automatically builds a decision tree in the form of a walk database. The attributes used for describing approximation routines in the Port library are shown in Table 1. Using only these values, warmup reproduced practically the same walk tree that was created manually by Norm Schryer.

This strategy is motivated by my observation of typical consulting at Bell Labs. A physicist walks into my office and gives me about five sentences describing her problem before I interrupt with a few questions and offer a possible algorithm. The point is that she will naturally mention half a dozen attributes that drastically narrow the range of possibilities. If this is not the first time we have talked, I probably remember from previous sessions various attributes she prefers in a code. Warmup appears well suited to this mode, if we can ever get an English language front end that can translate from physics into numerical analysis jargon. Various attributes would be recognized as either required, prohibited, or irrelevant; restricting the database according to this user profile yields a small decision tree by a greedy algorithm of picking for the next decision that attribute that minimizes the depth of the resulting subtrees.

4. Disclaimers. This is a catalog of a diverse collection, as distinguished from a table of contents of a high-quality mathematical software library. Certainly it would be pleasant if all routines adopted compatible calling styles, names, and data representations. But users see lots of interfaces anyway because they use collections of libraries. The enormous effort of making systematized interfaces means that libraries tend to fall behind the research front. Finally, even well-tested library routines may still have subtle numerical problems. Certainly the commercial libraries are valuable and well worth the rental. Library authors often do a much better job than the typical researcher when it comes to providing good example programs, carefully checking user input, and worrying about error messages. But there is also a place for research codes in exotic applications and to gain experience with different algorithms, in order to know what ought to go next into the libraries. Traditionally the time and expense of acquiring such research codes has been a major impediment, but netlib offers a solution. Moreover, programming environments have improved so much that coding up a method straight from a well-written article is often easy. Still, it should be clearly understood that research codes must be used with the same professional caution you would want your doctor to exercise when trying a new procedure.

Another worthwhile project would be to collect and standardize test problems, as David Gay has done for linear programming in netlib/lp/data and Chris Fraley has done for unconstrained optimization in netlib/uncon/data. Gay found that it was best to compress the files and distribute C and Fortran programs for unpacking them into the standard MPS file format. Some places to start would be [5][585][523][478][6][318][301][305][17][314] [419]. I would be willing to contribute an example coming from an important application in VLSI, monotone fitting of current as a function of the three independent terminal voltages for a MOSFET transistor [183].

Comments are welcome and will be incorporated in the online edition of the catalog. Send electronic mail to ehg@research.att.com or uunet!research!ehg. As well as pointing out missing papers, please note defects in the citations; in a list of this size, an inadequately classified paper is as good as lost. Since the list will always be incomplete, anyone seriously concerned with a particular topic should not restrict themselves to the references here but should follow the citations in the given papers and use Science Citation

Index to check for more recent work.

Acknowledgments I thank Peter Weinberger for discussions that led to walk, Anne Trefethen for suggesting this survey, and Al Aho, Ron Boisvert, Bill Coughran, Dick Franke, Gene Golub, David Lee, Sam Marin, Victor Pereyra, Kishore Singhal, Nick Trefethen, and Grace Wahba for their suggestions. Surveys that I have found particularly helpful are [44][636][149][306][15][718]. Recently I came across KENS[393], a system somewhat like walk, for nonparametric statistical measures. [24] is another good statistical tree. Hypercard and Macintosh are trademarks of Apple Computer, Inc. Unix is a trademark of AT&T Bell Laboratories.

REFERENCES

[1] N. N. Abdelmalek, A Fortran subroutine for the L1 solution of overdetermined systems of linear equations, ACM Transactions on Mathematical Software, 6 (1980), pp. 220–227. [toms/551].

[2] S. Adjerid and J. E. Flaherty, Second-order finite element approximations and a posteriori error estimation for two-dimensional parabolic systems, Numerische Mathematik, 53 (1988), pp. 183–198.

[3] R. C. Agarwal, J. W. Cooley, F. G. Gustavson, J. B. Shearer, G. Slishman, and B. Tuckerman, New scalar and vector elementary functions for the IBM System/370, IBM J. Research and Development, 30 (1986), pp. 126–144.

[4] H. Akaike, Information theory and an extension of maximum likelihood principle, in 2nd International Symposium on Information Theory, B. N. Petrov and F. Csáki, eds., Akademia Kiadó, Budapest, 1973, pp. 267–281.

[5] H. Akima, A new method of interpolation and smooth curve fitting based on local procedures, J. ACM, 17 (1970), pp. 589–602. [imsl/csakm].

[6] , A method of bivariate interpolation and smooth surface fitting for irregularly distributed data points, ACM Transactions on Mathematical Software, 4 (1978), pp. 148–159. [toms/526, imsl/surf].

[7] , On estimating partial derivatives for bivariate interpolation of scattered data, Rocky Mountain J. of Mathematics, 14 (1984), pp. 41–52.

[8] , A method of univariate interpolation that has the accuracy of a third-degree polynomial, ACM Transactions on Mathematical Software, 17 (1991), pp. 341–366. [toms/697].

[9] S. R. Ala, Performance anomalies in boundary data structures, IEEE Computer Graphics and Applications, (1992), pp. 49–58.

[10] P. Alfeld, A discrete C1 interpolant for tetrahedral data, Rocky Mountain J. of Mathematics, 14 (1984), pp. 5–16. [11] P. Alfeld, A trivariate Clough-Tocher scheme for tetrahedral data, Computer Aided Geometric Design, 1 (1984), pp. 169–181.

[12] P. Alfeld, Derivative generation from multivariate scattered data by functional minimization, Computer Aided Geometric Design, 2 (1985), pp. 281–296.

[13] , Multivariate perpendicular interpolation, SIAM J. on Numerical Analysis, 22 (1985), pp. 95–106. [14] , The Multivariate Spline Newsletter, Dept. Mathematics, Univ. Utah, Salt Lake City UT 84112, 1987–1988. [15] , Scattered data interpolation in three or more variables, tech. rep., Department of Mathematics, University of Utah, 1988.

[16] P. Alfeld and R. E. Barnhill, A transfinite C2 interpolant over triangles, Rocky Mountain J. of Mathematics, 14 (1984), pp. 17–39.

[17] P. Alfeld and B. Harris, Microscope: a software system for multivariate analysis, MRC Technical Summary Report 2701, University of Wisconsin–Madison, 1984. [netlib/microscope/].

[18] L. Alt, Parametrization for data approximation, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L.

Schumaker, eds., Academic Press, New York, 1991, pp. 1–4.

[19] N. S. Altman, Bit-wise behavior of random number generators, SIAM J. on Scientific and Statistical Computation, 9 (1988), pp. 941–949.

[20] L. Amodei and M. N. Benbourhim, A vector spline approximation with application to meterology, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 5–10.

[21] C. R. Anderson, An implementation of the fast multipole method without multipoles, SIAM J. on Scientific and Statistical Computation, 13 (1992), pp. 923–947. [helm2, helm3].

[22] S. L. Anderson, Random number generators on vector supercomputers and other advanced architectures, SIAM Review, 32 (1990), pp. 221–251.

[23] L.-E. Andersson and T. Elfving, An algorithm for constrained interpolation, SIAM J. on Scientific and Statistical Computation, 8 (1987), pp. 1012–1025.

[24] F. M. Andrews, L. Klem, T. N. Davidson, P. M. O’Malley, and W. L. Rodgers, A Guide for Selecting Statistical Techniques for Analyzing Solcial Science Data, Second Edition, Institute for Social Research, University of Michigan,

1981.

[25] P. M. Anselone and P. J. Laurent, A general method for the construction of interpolating or smoothing splinefunctions, Numerische Mathematik, 12 (1968), pp. 66–82.

[26] G. T. Anthony and M. G. Cox, The fitting of extremely large data sets by bivariate splines, in Algorithms for Approximation, J. C. Mason and M. G. Cox, eds., Oxford Univ. Press, 1987, pp. 5–20.

[27] , The National Physical Laboratory’s data approximation subroutine library, in Algorithms for Approximation, J. C. Mason and M. G. Cox, eds., Oxford Univ. Press, 1987, pp. 669–687. [DASL].

[28] E. Arge, M. Dæhlen, T. Lyche, and K. Mørken, Constrained spline approximation of functions and data based on constrained knot removal, in Algorithms for Approximation II, J. C. Mason and M. G. Cox, eds., Lecture Notes in Mathematics, Chapman and Hall, London, 1990, pp. 4–20.

[29] M. Arioli, I. S. Duff, and P. P. M. de Rijk, On the augmented system approach to sparse least-squares problems, Numerische Mathematik, 55 (1989), pp. 667–684.

[30] R. D. Armstrong and M. T. Kung, An algorithm to select the best subset for a least absolute value regression problem, in Optimization in Statistics, S. H. Zanakis and J. S. Rustagi, eds., North-Holland, Amsterdam, 1982, pp. 67–80.

[31] D. Art, R. Gnanadesikan, and J. R. Kettenring, Data-based metrics for hierarchical cluster analysis, Utilitas Mathematica, 21A (1982), pp. 75–99.

[32] U. M. Ascher, R. M. M. Mattheij, and R. D. Russell, Numerical Solution of Boundary Value Problems for Ordinary Differential Equations, Prentice-Hall, Englewood Cliffs, New Jersey, 1988.

[33] T. Atligan, Basis selection for density estimation and regression, tech. rep., AT&T Bell Laboratories, 1988. [34] J. M. Augenbaum and C. S. Peskin, On the construction of the Voronoi mesh on a sphere, Journal of Computational Physics, 59 (1985), pp. 177–192.

[35] G. Aumann, Interpolation with developable Bézier patches, Computer Aided Geometric Design, 8 (1991), pp. 409–420. [36] C. Bajaj, G1 interpolation using piecewise quadric and cubic surfaces, in Curves and Surfaces in Computer Vision and Graphics, L. A. Ferrari and R. J. P. d. Figueiredo, eds., Proc. 1251, SPIE, 1990, pp. 82–93.

[37] C. L. Bajaj, C. M. Hoffmann, R. E. Lynch, and J. E. H. Hopcroft, Tracing surface intersections, Computer Aided Geometric Design, 5 (1988), pp. 285–307.

[38] B. Baker, E. Grosse, and C. Rafferty, Non-obtuse triangulation of polygons, J. Discrete and Computational Geometry, 3 (1988), pp. 147–168.

[39] G. A. Baker, Jr. and J. E. Brolley, Deconvolution of noisy experimental data, J. of Computational Physics, 51 (1983), pp. 227–240.

[40] R. E. Bank, A. H. Sherman, and A. Weiser, Refinement algorithms and data structures for regular local mesh refinement, in Scientific Computing, R. Stepleman et al., eds., North-Holland, Amsterdam, 1983, pp. 3–17.

[41] J. Barbosa and M. Lucas, Minimal Surfaces in R3, Springer-Verlag, New York, 1986.

[42] J. L. Barlow, On the use of structural zeros in orthogonal factorization, SIAM J. on Scientific and Statistical Computation, 11 (1990), pp. 600–601.

[43] J. L. Barlow and S. L. Handy, The direct solution of weighted and equality constrained least-squares problems, SIAM J. on Scientific and Statistical Computation, 9 (1988), pp. 704–716.

[44] R. E. Barnhill, Representation and approximation of surfaces, in Mathematical Software III, Academic Press, New York, 1977, pp. 69–120.

[45] R. E. Barnhill, G. Birkhoff, and W. J. Gordon, Smooth interpolation in triangles, J. of Approximation Theory, 8 (1973), pp. 114–128.

[46] R. E. Barnhill, J. H. Brown, and I. M. Klucewicz, A new twist in computer aided geometric design, Computer Graphics and Image Processing, 8 (1978), pp. 78–91.

[47] R. E. Barnhill and J. A. Gregory, Polynomial interpolation to boundary data on triangles, Mathematics of Computation, 29 (1975), pp. 726–735.

[48] R. E. Barnhill and F. F. Little, Adaptive triangular cubatures, Rocky Mountain J. Mathematics, 14 (1984), pp. 53–75. [49] , Three- and four-dimensional surfaces, Rocky Mountain J. of Mathematics, 14 (1984), pp. 77–102. [50] R. E. Barnhill, B. R. Piper, and K. L. Rescorla, Interpolation to arbitrary data on a surface, in Geometric Modeling:

Algorithms and New Trends, G. E. Farin, ed., SIAM, 1987, pp. 281–289.

[51] I. Barrodale and C. Phillips, Solution of an overdetermined system of linear equations in the Chebyshev norm, ACM Transactions on Mathematical Software, 1 (1975), pp. 264–270. [toms/495].

[52] I. Barrodale and F. D. K. Roberts, Solution of the constrained l1 linear approximation problem, ACM Transactions on Mathematical Software, 6 (1980), pp. 231–235. [toms/552].

[53] D. L. Barrow and P. W. Smith, Efficient L2 approximation by splines, Numerische Mathematik, 33 (1979), pp. 101– 114.

[54] P. J. Barry and R. N. Goldman, A recursive evaluation algorithm for a class of Catmull-Rom splines, Computer Graphics [SIGGRAPH], 22 (1988), pp. 199–204.

[55] R. H. Bartels and A. R. Conn, Linearly constrained discrete l1 problems, ACM Transactions on Mathematical Software, 6 (1980), pp. 594–608. [toms/563].

[56] R. H. Bartels, A. R. Conn, and Y. Li, Primal methods are better than dual methods for solving overdetermined linear systems in the l1 sense?, SIAM J. on Numerical Analysis, 26 (1989), pp. 696–726.

[57] R. H. Bartels and J. J. Jezioranski, Least-squares fitting using orthogonal multinomials, ACM Transactions on Mathematical Software, 11 (1985), pp. 201–217. [toms/634].

[58] S. G. Bartels and D. J. Higham, The structured sensitivity of Vandermonde-like systems, Numerische Mathematik, 62 (1992), pp. 17–33.

[59] G. Baszenski, H. Posdorf, and F. J. Delvos, Representation formulas for conforming bivariate interpolation, in Approximation III, Academic Press, New York, 1980, pp. 193–198.

[60] G. Baszenski and L. L. Schumaker, On a method for fitting an unknown function based on mean-value measurements, SIAM J. on Numerical Analysis, 24 (1987), pp. 725–736.

[61] G. Baszenski and L. L. Schumaker, Use of simulated annealing to construct triangular facet surfaces, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 27–32.

[62] D. M. Bates, M. J. Lindstrom, G. Wahba, and B. Yandell, Gcvpack - routines for generalized cross validation, Commun. Statist. Simul. Comput., 16 (1987), pp. 263–297. [netlib/gcv/gcvpack].

[63] J. R. Baumgardner and P. O. Frederickson, Icosahedral discretization of the two-sphere, SIAM J. on Numerical Analysis, 22 (1985), pp. 1107–1115.

[64] R. K. Beatson, Monotone and convex approximation by splines: Error estimates and a curve fitting algorithm, SIAM J. on Numerical Analysis, 19 (1982), pp. 1278–1285.

[65] , Restricted range approximation by splines and variational inequalities, SIAM J. on Numerical Analysis, 19 (1982), pp. 372–380.

[66] R. K. Beatson and E. Chacko, Which cubic spline should one use?, SIAM J. on Scientific and Statistical Computation, 13 (1992), pp. 1009–1024.

[67] R. K. Beatson and M. J. D. Powell, Univariate interpolation on a regular finite grid by a multiquadric plus a linear polynomial, IMA J. of Numerical Analysis, 12 (1992), pp. 107–133.

[68] , Univariate multiquadric approximation: Quasi-interpolation to scattered data, Constructive Approximation, 8 (1992), pp. 275–288.

[69] R. K. Beatson and H. Wolkowicz, Post-processing piecewise cubics for monotonicity, SIAM J. on Numerical Analysis, 26 (1989), pp. 480–502.

[70] R. K. Beatson and Z. Ziegler, Monotonicity preserving surface interpolation, SIAM J. on Numerical Analysis, 22 (1985), pp. 401–411. [netlib/a/beatson].

[71] R. A. Becker and W. S. Cleveland, Brushing scatterplots, Technometrics, 29 (1987), pp. 127–142. [dynam]. [72] D. Bégis, F. Hecht, and M. Vidrascu, Presentation and evolution of the Club Modulef: a library of computer procedures for finite element analysis, in Elliptic Problem Solvers II, G. Birkhoff and A. Schoenstadt, eds., Academic Press, New York, 1984, pp. 23–33.

[73] M. Bercovier and E. Shilat, Enhancement of Gordon-Coons interpolations by “bubble functions”, Computer Aided Geometric Design, 10 (1993), pp. 253–265.

[74] M. Berger, Data structures for adaptive grid generation, SIAM J. on Scientific and Statistical Computation, 7 (1986), pp. 904–916.

[75] M. Berger and I. Rigoutsos, An algorithm for point clustering and grid generation, Tech. Rpt. 501, New York Univ., Courant Institute, 1990.

[76] S. A. Berger, W. C. Webster, R. A. Tapia, and D. A. Atkins, Mathematical ship lofting, J. Ship Research, 10 (1966), pp. 203–222.

[77] F. Bergholm, Edge focusing, IEEE Trans. on Pattern Analysis and Machine Intelligence, 9 (1987), pp. 726–741. [78] M. Berman, Large sample bias in least squares: Estimators of a circular arc center and its radius, Computer Vision, Graphics, and Image Processing, 45 (1989), pp. 126–128.

[79] M. Bern and D. Eppstein, Mesh generation and optimal triangulation, in Computing in Euclidean Geometry, World Scientific Publishing Co., 1991.

[80] M. Bernadou and M. M. Boisserie, The Finite Element Method in Thin Shell Theory, Birkhauser, Boston, 1982.

[explicit basis].

[81] M. Bernadou and K. Hassan, Basis functions for general Hsieh-Clough-Tocher triangles, complete or reduced, International J. Numerical Methods in Engineering, 17 (1981), pp. 784–789.

[82] J.-P. Berrut, Rational functions for guaranteed and experimentally well-conditioned global interpolation, Computers and Mathematics with Applications, 15 (1988), pp. 1–16.

[83] J.-P. Berrut, Barycentric formulae for cardinal (SINC-)interpolants, Numerische Mathematik, 54 (1989), pp. 703–718.

[erratum 55,747].

[84] G. Beylkin, R. Coifman, and V. Rokhlin, Fast wavelet transforms and numerical algorithms i, Research Report 696, Dept. Computer Science, Yale Univ., 189.

[85] C. H. Bischof and P. C. Hansen, Structure-preserving and range-revealing QR-factorizations, SIAM J. on Scientific and Statistical Computation, 12 (1991), pp. 1332–1350.

[86] A. Björck, Pivoting and stability in the augmented system method, Linköping University LiTH-MAT-R-1991-30, 1991. [87] Å. Björck and T. Elfving, Algorithms for confluent Vandermonde systems, Numerische Mathematik, 21 (1973), pp. 130–137.

[88] A. Bjorck and V. Pereyra, Solution of Vandermonde systems of equations, Mathematics of Computation, 24 (1970), pp. 893–904. [Algol listing].

[89] P. E. Bjørstad, G. Dahlquist, and E. H. Grosse, Extrapolation of asymptotic expansions by a modified Aitken δ2-formula, BIT, 21 (1981), pp. 56–65.

[90] P. E. Bjørstad and E. H. Grosse, Conformal mapping of circular arc polygons, SIAM J. on Scientific and Statistical

Computation, 8 (1987), pp. 19–32. [netlib/conformal/cap].

[91] J. Blatter, An algorithm for best uniform approximation by splines with fixed knots, in Approximation Theory V, C. K.

Chui, L. L. Schumaker, and J. D. Ward, eds., Academic Press, New York, 1986, pp. 263–266.

[92] W. Boehm, Inserting new knots into B-spline curves, Computer Aided Design, 12 (1980), pp. 199–201.

[netlib/dierckx/fitpack (insert)].

[93] W. Boehm and H. Prautzsch, The insertion algorithm, Computer Aided Design, 17 (1985), pp. 58–59. [simple code]. [94] W. Boehm, H. Prautzsch, and P. Arner, On triangular splines, Constructive Approximation, 3 (1987), pp. 157–167. [95] T. B. Boffey, M. G. Cox, L. M. Delves, and C. J. Pursglove, Approximation by spheres, in Algorithms for Approximation II, J. C. Mason and M. G. Cox, eds., Chapman and Hall, London, 1990, pp. 296–302.

[96] P. T. Boggs, J. R. Donaldson, R. H. Byrd, and R. B. Schnabel, ODRPACK: Software for weighted orthogonal distance regression, ACM Transactions on Mathematical Software, 15 (1989), pp. 348–364. [toms/676].

[97] J.-D. Boissonnat, Shape reconstruction from planar cross sections, Computer Vision, Graphics, and Image Processing, 44 (1988), pp. 1–29.

[98] R. F. Boisvert and B. V. Saunders, Portable vectorized software for Bessel function evaluation, ACM Transactions on Mathematical Software, 18 (1992), pp. 456–469.

[99] G. Bolondi, F. Rocca, and S. Zanoletti, Automatic contouring of faulted subsurfaces, Geophysics, 41 (1976), pp. 1377–1393.

[100] C. de Boor, Good approximation by splines with variable knots, II, in Numerical Solution of Differential Equations, G. A. Watson, ed., Springer-Verlag, New York, 1974, pp. 12–20. [netlib/pppack/newnot].

[101] C. de Boor, A Practical Guide to Splines, Springer-Verlag, New York, 1978. [netlib/pppack/]. [102] , Efficient computer manipulation of tensor products, ACM Transactions on Mathematical Software, 5 (1979), pp. 173–182.

[103] C. de Boor, K. Höllig, and M. Sabin, High accuracy geometric Hermite interpolation, Computer Aided Geometric Design, 4 (1987), pp. 269–278.

[104] C. de Boor and J. R. Rice, Least squares cubic spline approximation II - variable knots, CSD TR 21, Purdue University, Computer Sciences Department, 1968. [Fortran listing].

[105] , An adaptive algorithm for multivariate approximation giving optimal convergence rates, J. of Approximation Theory, 25 (1979), pp. 337–359.

[106] C. de Boor and B. Swartz, Piecewise monotone interpolation, J. of Approximation Theory, 21 (1977), pp. 411–416. [107] L. P. Bos, Bounding the Lebesgue function for Lagrange interpolation in a simplex, J. of Approximation Theory, 38 (1983), pp. 43–59.

[108] N. K. Bose, Digital Filters: Theory and Applications, North-Holland, Amsterdam, 1985. [short Fortran listings]. [109] K. W. Bosworth, Shape constrained curve and surface fitting, in Geometric Modeling: Algorithms and New Trends, G. E. Farin, ed., SIAM, 1987, pp. 247–263.

[110] A. Bowyer, Computing Dirichlet tessellations, Computer J., 24 (1981), pp. 162–166.

[111] G. E. P. Box and N. R. Draper, Empirical Model-Building and Response Surfaces, John Wiley & Sons, New York, 1987.

[112] J. W. Boyse and J. E. Gilchrist, GMSolid: interactive modeling for design and analysis of solids, IEEE Computer Graphics and Applications, March (1982), pp. 27–40.

[113] R. N. Bracewell, The Hartley Transform, Oxford University Press, New York, 1986. [legal restrictions apply; some say this never beats FFT anyway].

[114] M. Brannigan, Criteria for adaptive approximation, in Approximation Theory IV, C. K. Chui, L. L. Schumaker, and J. D. Ward, eds., Academic Press, New York, 1983, pp. 381–386.

[115] M. Brannigan, Discrete Chebyshev approximation with linear constraints, SIAM J. on Numerical Analysis, 22 (1985), pp. 1–15.

[116] L. Breiman and J. H. Friedman, Estimating optimal transformations for correlation and regression, J. of the American Statistical Association, 80 (1985), pp. 580–598. [statlib/general/ace].

[117] R. Brent, Algorithms for Minimization Without Derivatives, Prentice-Hall, Englewood Cliffs, New Jersey, 1973. [netlib/go/fmin,zeroin].

[118] R. P. Brent, A Fortran multiple-precision arithmetic package, ACM Transactions on Mathematical Software, 4 (1978), pp. 57–81. [netlib/bmp/].

[119] P. T. Breuer, A new method for real rational uniform approximation, in Algorithms for Approximation, J. C. Mason and M. G. Cox, eds., Oxford Univ. Press, 1987, pp. 265–283.

[120] G. Brezinski, A subroutine for the general interpolation and extrapolation problems, ACM Transactions on Mathematical Software, 8 (1982), pp. 290–301. [toms/585].

[121] I. C. Briggs, Machine contouring using minimum curvature, Geophysics, 39 (1974), pp. 39–48. [122] W. L. Briggs, ed., A Multigrid Tutorial, SIAM, 1987.

[123] D. S. Broomhead and D. Lowe, Radial basis functions, multi-variable functional interpolation, and adaptive networks, Memorandum 4148, Royal Signals and Radar Establishment, UK, 1988.

[124] A. M. Bruckstein and A. N. Netravali, On minimal energy trajectories, tech. rep., AT&T Bell Laboratories, 1988. [125] G. Brunnett, A new characterization of plane elastica, in Mathematical Methods in Computer Aided Geometric Design and Image Processing, 1992.

[126] D. S. Bunch, D. M. Gay, and R. E. Welsch, Subroutines for maximum likelihood and quasi-likelihood estimation of parameters in nonlinear regression models, ACM Transactions on Mathematical Software, 19 (1993), pp. 109–130. [toms/717].

[127] H. Bürger and R. Schaback, A parallel multistage method for surface/surface intersection, Computer Aided Geometric Design, 10 (1993), pp. 277–291.

[128] J. R. Busch, Osculatory interpolation in IRn, SIAM J. on Numerical Analysis, 22 (1985), pp. 107–113. [129] P. L. Butzer, W. Engels, S. Ries, and R. L. Stens, The Shannon sampling series and the reconstruction of signals in terms of linear, quadratic, and cubic splines, SIAM J. of Applied Mathematics, 46 (1986), pp. 299–.

[130] E. S. Call and F. F. Judd, Surface fitting by separation, J. of Approximation Theory, 12 (1974), pp. 283–290. [131] D. Calvetti and L. Reichel, Fast inversion of Vandermonde-like matrices involving orthogonal polynomials, BIT, 33 (1993), pp. 437–484.

[132] J. Canny, A computational approach to edge detection, IEEE Trans. on Pattern Analysis and Machine Intelligence, 8 (1986), pp. 679–698.

[133] C. Canuto, M. Y. Hussaini, A. Quarteroni, and T. A. Zang, Spectral Methods in Fluid Dynamics, Springer-Verlag, New York, 1987.

[134] G. Carey and H. T. Dinh, Grading functiions and mesh redistribution, SIAMJNA, 22 (1985), pp. 1028–1040. [135] B. C. Carlson, Computing elliptic integrals by duplication, Numerische Mathematik, 33 (1979), pp. 1–16. [toms/577]. [136] R. E. Carlson and F. N. Fritsch, An algorithm for monotone piecewise bicubic interpolation, SIAM J. on Numerical Analysis, 26 (1988), pp. 230–238.

[137] , A bivariate interpolation algorithm for data which are monotone in one variable, UCRL-100512, Lawrence Livermore National Laboratory, 1989.

[138] , A note on piecewise monotonic bivariate interpolation, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 71–74.

[139] J. Carnicer and M. Gasca, Evaluation of multivariate polynomials and their derivatives, Mathematics of Computation, 54:189 (1990), pp. 231–243.

[140] D. G. Carta, Minimax approximation by rational fractions of the inverse polynomial type, BIT, 18 (1978), pp. 490–492. [141] E. E. Catmull and R. J. Rom, A class of local interpolating splines, in Computer Aided Geometric Design, R. E. Barnhill and R. F. Riesenfeld, eds., Academic Press, New York, 1974, pp. 317–326.

[142] J. C. Cavendish, Local mesh refinement using rectangular blended finite elements, J. Computational Physics, 19 (1975), pp. 211–228.

[143] J. C. Cavendish and S. P. Marin, Feature-based design of automobile surfaces, in Proceedings of the IMA Conference on Mathematics in the Automotive Industry, University of Warwick, J. R. Smith, ed., Oxford University Press, 1989, p. to appear. [patent pending].

[144] B. Chalmers, The Remez exchange algorithm for approximation with linear restrictions, Transactions of the American Mathematical Society, 223 (1976), pp. 103–131.

[145] T. F. Chan and P. C. Hansen, Computing truncated singular value decomposition least squares solutions by rank revealing QR-factorizations, SIAM J. on Scientific and Statistical Computation, 11 (1990), pp. 519–530.

[146] V. Chandru and B. S. Kochar, Analytic techniques for geometric intersection problems, in Geometric Modeling: Algorithms and New Trends, G. E. Farin, ed., SIAM, 1987, pp. 305–318.

[147] G.-z. Chang and P. J. Davis, The convexity of Bernstein polynomials over triangles, J. of Approximation Theory, 40 (1984), pp. 11–28.

[148] R. J. Charron, Adapting rational approximants for Fourier series to data representation problems, Computing, 40 (1988), pp. 217–228.

[149] E. W. Cheney, Algorithms for approximation, in Approximation Theory, C. de Boor, ed., vol. 36 of Proceedings of Symposia in Applied Mathematics, American Mathematical Society, Providence, Rhode Island, 1986, pp. 67–80.

[150] F. Cheng, Estimating subdivision depths for rational curves and surfaces, ACM ACM Transactions on Graphics, 11 (1992), pp. 140–151.

[151] Y.-L. F. Chiang, A modified Remes algorithm, SIAM J. on Scientific and Statistical Computation, 9 (1988), pp. 1058– 1072.

[152] B. K. Choi, H. Y. Shin, Y. I. Yoon, and J. W. Lee, Triangulation of scattered data in 3D space, Computer Aided Design, 20 (1988), pp. 239–248.

[153] H. N. Christiansen and M. B. Stephenson, MOVIE.BYU — a general purpose computer graphics display system, in Applications of Computer Methods in Engineering, Vol. II, L. C. Wellford, Jr., ed., University of Southern California, 1977, pp. 759–768.

[154] J. H. Chuang and C. M. Hoffmann, On local implicit approximation and its applications, ACM Transactions on Graphics, 8 (1989), pp. 298–324.

[155] C. K. Chui, Multivariate Splines, SIAM, 1988.

[156] , An Introduction to Wavelets, Academic Press, New York, 1992.

[157] C. K. Chui, H. Diamond, and L. A. Raphael, Interpolation by multivariate splines, Mathematics of Computation, 51 (1988), pp. 203–218.

[158] C. K. Chui and M. J. Lai, A multivariate analog of Marsden’s identity and a quasi-interpolation scheme, Constructive Approximation, 3 (1987), pp. 111–122.

[159] C. K. Chui and M. L. Lai, On multivariate vertex splines and applications, in Topics in Multivariate Approximation, C. K. Chui, L. L. Schumaker, and F. I. Utreras, eds., Academic Press, New York, 1987, pp. 19–36.

[160] K. C. Chung and T. H. Yao, On lattices admitting unique lagrange interpolations, SIAM J. on Numerical Analysis, 14 (1977), pp. 735–743.

[161] P. G. Ciarlet, The Finite Element Method for Elliptic Problems, North-Holland, Amsterdam, 1978. [162] E. Citipitioglu, Universal serendipity elements, International J. Numerical Methods in Engineering, 19 (1983), pp. 803– 810.

[163] D. I. Clark and M. R. Osborne, On linear restricted and interval least-squares problems, IMA J. of Numerical Analysis, 8 (1988), pp. 23–36.

[164] C. W. Clenshaw and J. G. Hayes, Curve and surface fitting, J. of the Institute of Mathematics and its Applications, 1 (1965), pp. 164–183. [DASL/T1FCE, NAG/E02CAF].

[165] W. S. Cleveland, Robust locally-weighted regression and smoothing scatterplots, J. of the American Statistical Association, 74 (1979), pp. 829–836. [netlib/go/lowess].

[166] W. S. Cleveland, S. J. Devlin, and E. Grosse, Regression by local fitting: Methods, properties, and computational algorithms, J. Econometrics, 37 (1988), pp. 87–114. [netlib/a/loess].

[167] A. K. Cline, Curve fitting in one and two dimensions using splines under tension, Communications of the ACM, 17 (1974), pp. 213–218. [fitpack (commercial, subset in netlib)].

[168] A. K. Cline and R. L. Renka, A storage-efficient method for construction of a Theissen triangulation, Rocky Mountain J. of Mathematics, 14 (1984), pp. 119–139. [toms/624].

[169] R. W. Clough and J. L. Tocher, Finite element stiffness matrices for analysis of plates in bending, in Proceedings of Conference on Matrix Methods in Structural Mechanics, Air Force Institute of Technology, Wright-Patterson A.F.B., Ohio, 1965.

[170] M. Clutton-Brock, Generalized Fejér and Lanczos kernels, SIAM J. Mathematical Analysis, 18 (1987), pp. 259–. [171] W. J. Cody, Software for special functions, Rend. Sem. Mat. Univers. Politecn. Torino, (1987), pp. 92–116. [survey of Amoslib, Calgo, FUNPACK, IMSL, NAG, NUMAL, SFUN/fnlib, SLATEC, SPECFUN, other].

[172] W. J. Cody and W. M. Waite, Software Manual for the Elementary Functions, Prentice-Hall, Englewood Cliffs, New Jersey, 1980. [netlib/elefunt/,specfun/].

[173] E. Cohen, T. Lyche, and R. Riesenfeld, Discrete B-splines and subdivision techniques in computer-aided geometric design and computer graphics, Computer Graphics and Image Processing, 14 (1980), pp. 87–111.

[174] E. Cohen, T. Lyche, and L. L. Schumaker, Algorithms for degree-raising of splines, ACM Transactions on Graphics, 4 (1985), pp. 171–181.

[175] T. F. Coleman and C. Van Loan, Handbook for Matrix Computations, SIAM, 1988.

[176] S. D. Conte and C. de Boor, Elementary Numerical Analysis: An Algorithmic Approach, 3rd edition, McGraw-Hill, New York, 1980. [ortpol,p.263].

[177] J. W. Cooley, P. A. Lewis, and P. D. Welch, The Fast Fourier Transform algorithm: Programming considerations in the calculation of since, cosine, and Laplace transforms, J. of Sound and Vibration, 12 (1970), pp. 315–337.

[178] R. Correa F. and F. Utreras D., A variational approach to monotone interpolation, tech. rep., Universidad de Chile, 1980.

[179] P. Costantini, Co-monotone interpolating splines of arbitrary degree—a local approach, SIAM J. on Scientific and Statistical Computation, 8 (1987), pp. 1026–1034.

[180] P. Costantini and F. Fontanella, Shape-preserving bivariate interpolation, vol. 27, 1990, pp. 488–506. [181] W. M. Coughran, Jr., W. Fichtner, and E. Grosse, Extracting transistor charges from device simulations by gradient fitting, IEEE Transactions on Computer Aided Design, to appear (1988).

[182] W. M. Coughran, Jr. and E. Grosse, A philosophy for scientific computing tools, SIGNUM Newsletter, 24:2/3 (1989), pp. 2–9.

[183] W. M. Coughran, Jr., E. Grosse, and D. J. Rose, Variation diminishing splines in simulation, SIAM J. on Scientific and Statistical Computation, 7 (1986), pp. 696–705. [netlib/port/vdss1,vdss2,vdss3].

[184] M. G. Cox, Piecewise Chebyshev series, Bulletin of the Institute of Mathematics and its Applications, 22 (1986), pp. 396–411. [DASL/T1FE].

[185] , Data approximation by splines in one and two variables, in The State of the Art in Numerical Analysis, A. Iserles and M. J. D. Powell, eds., Oxford Univ. Press, 1987, pp. 111–138.

[186] M. G. Cox and P. M. Harris, The approximation of a composite Bézier cubic curve by a composite Bézier quadratic curve, IMA J. of Numerical Analysis, 11 (1991), pp. 159–180.

[187] M. G. Cox and H. M. Jones, Shape preserving spline approximation in the l1-norm, in Algorithms for Approximation, J. C. Mason and M. G. Cox, eds., Clarendon Press, Oxford, 1987, pp. 115–129. [DASL/planned].

[188] M. G. Cox and H. M. Jones, An algorithm for least-squares circle fitting to data with specified uncertainty ellipses, IMA J. of Numerical Analysis, 9 (1989), pp. 285–298.

[189] H. Crowder, R. S. Dembo, and J. M. Mulvey, On reporting computational experiments with mathematical software, ACM Transactions on Mathematical Software, 5 (1979), pp. 193–203.

[190] M. P. Cullinan, Data smoothing using non-negative divided differences and l2 approximation, IMA J. of Numerical Analysis, 10 (1990), pp. 583–608.

[191] A. Curtis and R. R. Osborne, The construction of minimax rational approximations to functions, Computer J., 9 (1966), pp. 286–293. [harwell/pe05ad].

[192] A. R. Curtis, Discretisation of the zonally-averaged transport equation for use in global atmosphereic pollution studies, AERE R 12524, Computer Science and Systems Division, Harwell Laboratory, 1987.

[193] A. Cuyt, A recursive computation scheme for multivariate rational interpolants, SIAM J. on Numerical Analysis, 24 (1987), pp. 228–239.

[194] A. Cuyt, A multivariate qd-like algorithm, BIT, 28 (1988), pp. 98–112.

[195] A. Cuyt and L. Wuytack, Nonlinear Methods in Numerical Analysis, North-Holland, Amsterdam, 1987. [196] M. Dæhlen and T. Lyche, Bivariate interpolation with quadratic box splines, Mathematics of Computation, 51 (1988), pp. 219–230.

[197] G. Dahlquist, A “multigrid” extension of the FFT for the numerical inversion of Fourier and Laplace transforms, BIT, 33 (1993), pp. 85–112.

[198] W. Dahmen, Approximation by smooth multivariate splines on non-uniform grids, in Quantitative Approximation, R. A. Devore and K. Scherer, eds., Academic Press, New York, 1980, pp. 99–114.

[199] W. Dahmen, Subdivision algorithms converge quadratically, J. of Computational and Applied Mathematics, 16 (1986), pp. 145–158.

[200] , Subdivision algorithms - recent results, some extensions and further developments, in Algorithms for Approximation, J. C. Mason and M. G. Cox, eds., Oxford Univ. Press, 1987, pp. 21–49.

[201] , A basis for certain spaces of multivariate polynomials and exponentials, in Algorithms for Approximation II, J. C. Mason and M. G. Cox, eds., Chapman and Hall, London, 1990, pp. 80–98.

[202] W. Dahmen, Convexity and Bernstein-Bézier polynomials, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 107–134.

[203] W. Dahmen, R. A. DeVore, and C. A. Micchelli, On monotone extensions of boundary data, Numerische Mathematik, 60 (1992), pp. 477–492.

[204] W. Dahmen, T. N. T. Goodman, and C. A. Micchelli, Compactly supported fundamental functions for spline interpolation, Numerische Mathematik, 52 (1988), pp. 639–664.

[205] W. Dahmen and C. Micchelli, Numerical algorithms for least squares approximation by multivariate B-splines, in Numerical Methods of Approximation Theory, L. Collatz, G. Meinardus, and H. Werner, eds., vol. 6, Birkhäuser Verlag, 1981.

[206] W. A. Dahmen and C. A. Micchelli, On the linear independence of multivariate B-splines, 1. triangulations of simploids, SIAM J. on Numerical Analysis, 19 (1982), pp. 993–1012.

[207] A. Daman, Extensions of smoothing spline methods using generalized cross validation, in Approximation Theory V, C. K. Chui, L. L. Schumaker, and J. D. Ward, eds., Academic Press, New York, 1986, pp. 311–314.

[208] H. Dauner and C. H. Reinsch, An analysis of two algorithms for shape-preserving cubic spline interpolation, IMA J. of Numerical Analysis, 9 (1989), pp. 299–314.

[209] C. David and S. W. Zucker, Computing global coverings, in Curves and Surfaces in Computer Vision and Graphics, L. A. Ferrari and R. J. P. de Figueiredo, eds., Proc. 1251, SPIE, 1990, pp. 227–241.

[210] W. C. Davidon, Fast least-squares algorithms, American J. of Physics, 45 (1977), pp. 260–262. [211] J. C. Davis, Contour mapping and SURFACE II, Science, 237 (1987), pp. 669–672. [commercial; see note 10 in article]. [212] M. Davis and J. Dowden, Interpolation by a local taut cubic piecewise polynomial, Computing, 38 (1987), pp. 299–313. [Fortran listing].

[213] P. J. Davis, Interpolation and Approximation, Dover Publications, New York, 1975.

[214] P. J. Davis and P. Rabinowitz, Methods of Numerical Integration: Second Edition, Academic Press, New York, 1984. [215] A. Dax and B. Berkowitz, Column relaxation methods for least norm problems, SIAM J. on Scientific and Statistical Computation, 11 (1990), pp. 975–989.

[216] E. F. D’Azevedo, Optimal triangular mesh generation by coordinate transformation, SIAM J. on Scientific and Statistical Computation, 12 (1991), pp. 755–786.

[217] J. P. Dedieu and C. Favardin, How to draw a curve using geometrical data, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 135–138.

[218] W. L. F. Degen, High accurate rational approximation of parametric curves, Computer Aided Geometric Design, 10 (1993), pp. 293–313.

[219] R. Delbourgo and J. A. Gregory, The determination of derivative parameters for a monotonic rational quadratic interpolant, IMA J. of Numerical Analysis, 5 (1985), pp. 397–406.

[220] F. Delvos, H. Posdorf, and W. Schempp, Serendipity-type bivariate interpolation, in Multivariate Approximation, D. C. Handscomb, ed., Academic Press, New York, 1978, pp. 47–56.

[221] F.-J. Delvos, Bernoulli functions and periodic B-splines, Computing, 83 (1987), pp. 23–31. [222] S. Demko, Approximation by small rank tensor products of splines, in Quantitative Approximation, R. A. Devore and K. Scherer, eds., Academic Press, New York, 1980, pp. 115–120.

[223] A. P. Dempster, N. M. Laird, and D. B. Rubin, Maximum likelihood from incomplete data via the EM algorithm, J. Royal Statistical Society, Series B, 39 (1977), pp. 71–107.

[224] J. E. Dennis, Jr., D. M. Gay, and R. E. Welch, An adaptive nonlinear least squares algorithm, Trans. on Mathematical Software, 7 (1981), pp. 348–368,369–383. [netlib/port/n2f,nsf,...].

[225] J. E. Dennis, Jr. and T. Steihaug, On the successive projections approach to least-squares problems, SIAM J. on Numerical Analysis, 23 (1986), pp. 717–733.

[226] L. N. Deshpande and D. Girard, Fast computation of cross-validated robust splines and other non-linear smoothing splines, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 143–148.

[227] P. Dierckx, An algorithm for least-squares fitting of cubic spline surfaces to functions on a rectilinear mesh over a rectangle, J. of Computational and Applied Mathematics, 3 (1977), pp. 113–129.

[228] P. Dierckx, Algorithm 42: An algorithm for cubic spline fitting with convexity constraints, Computing, 24 (1980), pp. 349–371. [netlib/dierckx/fitpack(cocosp, concon), concon].

[229] P. Dierckx, An algorithm for surface fitting with spline functions, IMA J. of Numerical Analysis, 1 (1981), pp. 267–283. [netlib/dierckx/surfac].

[230] , A fast algorithm for smoothing data on a rectangular grid while using spline functions, SIAM J. on Numerical Analysis, 19 (1982), pp. 1286–1304. [netlib/dierckx/smoopy,fitpack(curfit)].

[231] P. Dierckx, Algorithms for smoothing data on the sphere with tensor product splines, Computing, 32 (1984), pp. 319– 342. [netlib/dierckx/smosph].

[232] , An algorithm for fitting data on a circle using tensor product splines, J. Computational and Applied Mathematics, 15 (1986), pp. 161–173. [netlib/dierckx/smocir].

[233] , The spectral approximation of bicubic splines on the sphere, SIAM J. on Scientific and Statistical Computation, 7 (1986), pp. 611–623.

[234] , Fast algorithms for smoothing data over a disc or a sphere using tensor product splines, in Algorithms for Approximation, J. C. Mason and M. G. Cox, eds., Oxford Univ. Press, 1987, pp. 51–65. [netlib/dierckx/sphery].

[235] , Fitpack user guide, part 1: Curve fitting routines, Report TW89, Katholieke Universiteit Leuven, 1987. [netlib/dierckx/fitpack].

[236] P. Dierckx and P. Suetens, A fast algorithm for surface reconstruction from planar contours using tensor product splines, Report TW64, Katholieke Universiteit Leuven (Belgium), 1983. [netlib/dierckx/smocyl].

[237] P. Dierckx, S. Van Leemput, and T. Vermeire, Algorithms for surface fitting using Powell-Sabin splines, IMA J. of Numerical Analysis, 12 (1992), pp. 271–299.

[238] R. Dietz, J. Hoschek, and B. Jüttler, An algebraic approach to curves and surfaces on the sphere and on other quadrics, Computer Aided Geometric Design, 10 (1993), pp. 211–229.

[239] S. Dietze and J. W. Schmidt, Determination of shape preserving spline interpolants with minimal curvature via dual programs, tech. rep., Technische Universität Dresden, 1985.

[240] Digital Signal Processing Committee, Programs for Digital Signal Processing, IEEE Press, 1979. [241] T. Dokken, Finding intersections of B-spline represented geometries using recursive subdivision techniques, Computer Aided Geometric Design, 2 (1985), pp. 189–195.

[242] J. J. Dongarra, J. Du Croz, S. Hammarling, and I. Duff, A set of level 3 basic linear algebra subprograms, ACM Transactions on Mathematical Software, 16 (1990), pp. 1–17. [toms/679].

[243] J. J. Dongarra and E. Grosse, Distribution of mathematical software via electronic mail, Communications of the ACM, 30 (1987), pp. 403–407. [netlib/misc/netlib, netlib-paper].

[244] J. J. Dongarra, C. B. Moler, J. R. Bunch, and G. W. Stewart, LINPACK Users’ Guide, SIAM, 1979. [245] G. Dudek and J. Tsotsos, The decomposition and representation of planar curves using curvature-tuned smoothing, in Curves and Surfaces in Computer Vision and Graphics, L. A. Ferrari and R. J. P. de Figueiredo, eds., Proc. 1251, SPIE, 1990, pp. 142–150.

[246] I. S. Duff, Direct methods for solving sparse systems of linear equations, SIAM J. on Scientific and Statistical Computation, 5 (1984), pp. 605–619. [netlib/harwell/].

[247] T. Duff, Splines in animation and modeling, in State of the Art in Image Synthesis, ACM SIGGRAPH, 1986. [248] C. B. Dunham, A Fortran program for discrete nonlinear Chebyshev approximation, J. of Computational and Applied Mathematics, 6 (1980), pp. 241–245. [Algorithm 017; Fortran listing].

[249] , Stability of the linear inequality method for rational Chebyshev approximation, J. of Computational and Applied Mathematics, 11 (1984), pp. 139–143.

[250] C. B. Dunham, Rationals with repeated poles, in Algorithms for Approximation, J. C. Mason and M. G. Cox, eds., Oxford Univ. Press, 1987, pp. 285–291.

[251] C. F. Dunkl, Orthogonal polynomials on the hexagon, SIAM J. on Applied Mathematics, 47 (1987), pp. 343–351. [ lists expansions in monomials].

[252] C. S. Duris, Fortran routines for discrete cubic spline interpolation and smoothing, ACM Transactions on Mathematical Software, 6 (1980), pp. 92–103. [toms/547].

[253] A. Dutt and V. Rokhlin, On the rapid evaluation of trigonometric series, YALEU/DCS/RR-893, Yale Univ., Computer Science, 1992. [pseudo-code].

[254] N. Dyn and D. Levin, Bell-shaped basis functions for surface fitting, in Approximation Theory and Applications, Z. Ziegler, ed., Academic Press, New York, 1981, pp. 113–129.

[255] N. Dyn, D. Levin, and J. A. Gregory, A 4-point interpolatory subdivision scheme for curve design, Computer Aided Geometric Design, 4 (1987), pp. 257–268.

[256] N. Dyn, D. Levin, and S. Rippa, Numerical procedures for surface fitting of scattered data by radial functions, SIAM J. on Scientific and Statistical Computation, 7 (1986), pp. 639–659.

[257] , Data dependent triangulations for piecewise linear interpolation, IMA J. of Numerical Analysis, 10 (1990), pp. 137–154.

[258] N. Dyn, D. Levin, and I. Yad-Shalom, Regularity conditions for a class of geometrically continuous curves and surfaces, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 169–176.

[259] M. Eck, Degree reduction of Bézier curves, Computer Aided Geometric Design, 10 (1993), pp. 237–251. [260] H. Edelsbrunner, T. S. Tan, and R. Waupotitsch, An O(n2 log n) time algorithm for the minmax angle triangulation, SIAM J. on Scientific and Statistical Computation, 13 (1992), pp. 994–1008.

[261] J. A. Edwards, Exact equations of the nonlinear spline, ACM Transactions on Mathematical Software 18, (1992), pp. 174–192. [driver for DNSQE from Kahaner Moler Nash].

[262] O. Egecioglu, E. Gallopoulos, and C. K. Koc, Fast and practical parallel polynomial interpolation, report 646, Center for Supercomputing Research and Development, University of Illinois at Urbana-Champaign, 1987.

[263] S. C. Eisenstat, K. R. Jackson, and J. W. Lewis, The order of monotone piecewise cubic interpolation, SIAM J. on Numerical Analysis, 22 (1985), pp. 1220–1237.

[264] A. B. Ekoule, F. C. Peyrin, and O. C. L., A triangulation algorithm from arbitrarily shaped multiple planar contours, ACM Transactions on Graphics, 10 (1991), pp. 182–199.

[265] T. Elfving and L.-E. Andersson, An algorithm for computing constrained smoothing spline functions, Numerische Mathematik, 52 (1988), pp. 583–595.

[266] S. Elhay, G. H. Golub, and J. Kautsky, Updating and downdating of orthogonal polynomials with data fitting applications, NA-89-04, Stanford Computer Science Dept., 1989. [explicit].

[267] R. M. R. Ellis and D. H. McLain, A new method of cubic curve fitting using local data, ACM Transactions on Mathematical Software, 3 (1977), pp. 175–178. [toms/514 algol listing].

[268] M. P. Epstein, On the influence of parametrization in parametric interpolation, SIAM J. on Numerical Analysis, 13 (1976), pp. 261–268.

[269] R. L. Eubank, Optimal grouping, spacing, stratification, and piecewise constant approximation, SIAM Review, 30 (1988), pp. 404–420.

[270] B. M. Ewen-Smith, Algorithm for the production of contour maps from linearized data, Nature, 234 (1971), pp. 33–34. [271] W. G. Fair and Y. L. Luke, Rational approximations to the incomplete elliptic integrals of the first and second kinds, Mathematics of Computation, 21 (1967), pp. 418–422.

[272] K. J. Falconer, A general purpose algorithm for contouring over scattered data points, NAC6, National Physical Laboratory, 1971. [NAG/J06GFF].

[273] J. J. Faraway, Sequential design for the nonparametric regression of curves and surfaces, in Computing Science and Statistics, Interface ’90, 1990, pp. 104–110.

[274] G. Farin, Smooth interpolation to scattered 3d data, in Surfaces in Computer Aided Geometric Design, R. E. Barnhill and W. Boehm, eds., Oberwohlfach, North-Holland, Amsterdam, 1983.

[275] , A modified Clough-Tocher interpolant, Computer Aided Geometric Design, 2 (1985), pp. 19–27. [276] , Curves and Surfaces for Computer Aided Geometric Design: A Practical Guide, Academic Press, New York, 1990.

[277] S. J. Farlow, ed., Self-Organizing Methods in Modeling, Marcel Dekker, New York, 1984. [SAS listing on pp.305–314]. [278] R. T. Farouki and T. Sakkalis, Pythagorean hodographs, IBM J. Research and Development, 34 (1990), pp. 736–. [279] E. J. Farrell, Visual interpretation of complex data, IBM Systems J., 26 (1987), pp. 174–200. [280] R. Farwig, Multivariate interpolation of arbitrarily spaced data by moving least squares methods, J. Computational and Applied Mathematics, 16 (1986), pp. 79–93.

[281] G. Fekete, Rendering and managing spherical data with sphere quadtrees, in Visualization ’90 Proceedings, A. Kaufman, ed., IEEE Computer Society, 1990, pp. 176–186.

[282] D. R. Ferguson, P. D. Frank, and A. K. Jones, Surface shape control using constrained optimization on the B-spline representation, Computer Aided Geometric Design, 5 (1988), pp. 87–103.

[283] D. A. Field, Algorithms for determining invertible two- and three-dimensional quadratic isoparametric finite element transformations, International J. Numerical Methods in Engineering, 19 (1983), pp. 789–802.

[284] C. T. Fike, Computer Evaluation of Mathematical Functions, Prentice-Hall, Englewood Cliffs, New Jersey, 1968. [285] B. Fischer and J. Modersitzki, An algorithm for complex linear approximation based on semi-infinite programming, tech. rep., 1992. [netlib/a/coca.shar].

[286] B. Fischer and L. Reichel, Newton interpolation in Fejér and Chebhyshev points, Mathematics of Computation, in press (1988).

[287] T. A. Foley, Three-stage interpolation to scattered data, Rocky Mountain J. of Mathematics, 14 (1984), pp. 141–149. [288] , A triangular surface patch with optimal error bounds, in Approximation Theory V, C. K. Chui, L. L. Schumaker, and J. D. Ward, eds., Academic Press, New York, 1986, pp. 343–346.

[289] T. A. Foley, Interpolation and approximation of 3-d and 4-d scattered data, Comput. Math. Applic., 13 (1987), pp. 711– 740.

[290] T. A. Foley, Interpolation with interval and point tension controls using cubic weighted ν-splines, ACM Transactions on Mathematical Software, 13 (1987), pp. 68–96.

[291] , A shape preserving interpolant with tension controls, Computer Aided Geometric Design, 5 (1988), pp. 105–118. [292] T. A. Foley, Interpolation of scattered data ona spherical domain, in Algorithms for Approximation II, J. C. Mason and M. G. Cox, eds., Chapman and Hall, London, 1990, pp. 303–310.

[293] P. Fong and H.-P. Seidel, An implementation of triangular B-spline surfaces over arbitrary triangulations, Computer Aided Geometric Design, 10 (1993), pp. 267–275.

[294] B. Fornberg, CPSC: complex power series coefficients, ACM Transactions on Mathematical Software, 7 (1981), pp. 542– 547. [toms/579].

[295] G. E. Forsythe, Generation and use of orthogonal polynomials for fitting data with a digital computer, SIAM J. on Applied Mathematics, 5 (1957), pp. 74–88. [imsl/opoly].

[296] S. Fortune, Voronoi diagrams and delaunay triangulations, in Computing in Euclidean Geometry, World Scientific Publishing Co., 1991.

[297] S. J. Fortune, A sweepline algorithm for voronoi diagrams, Algorithmica, 2 (1987), pp. 153–174. [netlib/voronoi/]. [298] A. Fox, Implementation and relative efficiency of quasirandom sequence generators, ACM Transactions on Mathematical Software, 12 (1986), pp. 362–372. [toms/647].

[299] P. A. Fox, ed., The PORT Mathematical Subroutine Library, AT&T Bell Laboratories, 1984. [netlib/port/]. [300] R. Franke, Locally determined smooth interpolation at irregularly spaced points in several variables, J. of the Institute of Mathematics and Its Applications, 19 (1977), pp. 471–482.

[301] , Scattered data interpolation: Tests of some methods, Mathematics of Computation, 38 (1982), pp. 181–200. [302] R. Franke, Smooth interpolation of scattered data by local thin plate splines, Computers and Mathematics with Applications, 8 (1982), pp. 273–281. [lotps].

[303] , Thin plate splines with tension, Computer Aided Geometric Design, 2 (1985), pp. 87–95. [304] R. Franke and G. Nielson, Smooth interpolation of large sets of scattered data, International J. Numerical Methods in Engineering, 15 (1980), pp. 1691–1704.

[305] R. Franke and G. M. Nielson, Surface approximation with imposed conditions, in Surfaces in Computer Aided Geometric Design, R. E. Barnhill and W. Boehm, eds., North-Holland, Amsterdam, 1983, pp. 135–146.

[306] R. Franke and L. L. Schumaker, A bibliography of multivariate approximation, in Topics in Multivariate Approximation, C. K. Chui, L. L. Schumaker, and F. I. Utreras, eds., Academic Press, New York, 1987, pp. 275–335.

[307] P. O. Frederickson, Quasi-interpolation, extrapolation and approximation on the plane, in Conference on Numerical Mathematics, 1971, pp. 159–167.

[308] A. E. Frey, C. A. Hall, and T. A. Porsching, Some results on the global inversion of bilinear and quadratic isoparametric finite element transformations, Mathematics of Computation, 32 (1978), pp. 725–749.

[309] W. H. Frey, A useful variant of McLaughlin’s interpolant, GMR-5004, General Motors Research Laboratories, 1985. [310] J. H. Friedman, A tree-structured approach to nonparametric multiple regression, in Smoothing Techniques for Curve Estimation, T. Gasser and M. Rosenblatt, eds., Springer-Verlag, New York, 1979, pp. 5–22. [CART].

[311] J. H. Friedman, Multivariate adaptive regression splines, Tech. Rep. 102, Stanford University, Dept. Statistics, 1988. [statlib/general/newmars].

[312] J. H. Friedman, E. H. Grosse, and W. Stuetzle, Multidimensional additive spline approximation, SIAM J. on Scientific and Statistical Computation, 4 (1983), pp. 291–301. [MASA].

[313] F. N. Fritsch, The Wilson-Fowler spline is a ν-spline, Computer Aided Geometric Design, 3 (1986), pp. 155–162. [314] F. N. Fritsch, Energy comparisons of Wilson-Fowler splines with other interpolating splines, in Geometric Modeling: Algorithms and New Trends, G. E. Farin, ed., SIAM, 1987, pp. 185–201.

[315] F. N. Fritsch, Representations for parametric cubic splines, Computer Aided Geometric Design, (1988), p. submitted. [316] F. N. Fritsch, Monotone piecewise cubic data fitting, tech. rep., 1990. [pchip/pchls].

[317] F. N. Fritsch and J. Butland, A method for constructing local monotone piecewise cubic interpolants, SIAM J. on Scientific and Statistical Computation, 5 (1984), pp. 300–304. [netlib/slatec/src/].

[318] F. N. Fritsch and R. E. Carlson, Monotone piecewise cubic interpolation, SIAM J. on Numerical Analysis, 17 (1980), pp. 238–246.

[319] M. Frontini, W. Gautschi, and G. V. Milovanović, Moment-preserving spline approximation on finite intervals, Numerische Mathematik, 50 (1987), pp. 503–518.

[320] M. Frontini, G. Rodriguez, and S. Seatzu, An algorithm for computing minimum norm solutions of finite moment problem, in Algorithms for Approximation II, J. C. Mason and M. G. Cox, eds., Chapman and Hall, London, 1990, pp. 361–386.

[321] H. Fuchs, K. Z. M., and S. P. Uselton, Optimal surface reconstruction from planar contours, Communications of the ACM, 20 (1977), pp. 693–702.

[322] L. W. Fullerton, A bibliography on the evaluation of mathematical functions, Comp. Sci. Tech. Rep. 86, AT&T Bell Laboratories, 1980.

[323] , Fnlib, User Manual, AT&T Bell Laboratories, 1981. [netlib/fn/].

[324] G. M. Furnival and R. W. Wilson, Jr., Regressions by leaps and bounds, Technometrics, 16 (1974), pp. 499–511. [imsl/rbest].

[325] P. W. Gaffney, The calculation of indefinite integrals of B-splines, J. of the Institute of Mathematics and Its Applications, 17 (1976), pp. 37–41. [netlib/dierckx/fitpack.f (splint)].

[326] , The range of possible values of f (x), J. of the Institute of Mathematics and Its Applications, 21 (1978), pp. 211– 226. [toms/592].

[327] S. Gal, Computing elementary functions: a new approach for achieving high accuracy and good performance, in Accurate Scientific Computations, W. L. Miranker and R. A. Toupin, eds., LNCS 235, Springer-Verlag, New York, 1985, pp. 1– 16. [328] S. Gal and B. Bachelis, An accurate elementary mathematical library for the IEEE floating point standard, ACM Transactions on Mathematical Software, 17 (1991), pp. 26–45.

[329] G. Galimberti and V. Pereyra, Solving confluent Vandermonde systems of Hermite type, Numerische Mathematik, 18 (1971), pp. 44–60. [Algol listing].

[330] E. R. Gansner, S. C. North, and K. P. Vo, Dag - a program for drawing directed graphs, in Unix Research System Papers, Tenth Edition, Volume II, Saunders College Publishing, 1990, pp. 147–162.

[331] M. Gasca and V. Ramirez, Interpolation systems in Rk, J. of Approximation Theory, 42 (1984), pp. 36–51. [332] M. G. Gasparo and R. Morandi, Piecewise cubic monotone interpolation with assigned slopes, Computing, 46 (1991), pp. 355–365.

[333] W. Gautschi, Attenuation factors in practical Fourier analysis, Numerische Mathematik, 18 (1972), pp. 373–400. [334] , On generating orthogonal polynomials, SIAM J. on Scientific and Statistical Computation, 3 (1982), pp. 289–317. [335] D. M. Gay, Computing perturbation bounds for nonlinear algebraic equations, SIAM J. on Numerical Analysis, 20 (1983), pp. 638–651.

[336] S. Geman and D. Geman, Stochastic relaxation, Gibbs distributions, and the Bayesian restoration of images, IEEE Trans. on Pattern Analysis and Machine Intelligence, PAMI-6 (1984), pp. 721–741.

[337] A. George and J. W. H. Liu, Computer Solution of Large Sparse Positive Definite Systems, Prentice-Hall, Englewood Cliffs, New Jersey, 1980. [netlib/sparspak/].

[338] D. Girard, A fast ‘Monte Carlo cross-validation’ procedure for large least squares problems with noisy data, Numerische Mathematik, 56 (1989), pp. 1–23.

[339] , From template matching to optimal approximation by piecewise smooth curves, in Curves and Surfaces in Computer Vision and Graphics, L. A. Ferrari and R. J. P. de Figueiredo, eds., Proc. 1251, SPIE, 1990, pp. 174–182.

[340] G. Giunta and A. Murli, A package for computing trigonometric Fourier coefficients based on Lyness’s algorithm, ACM Transactions on Mathematical Software, 13 (1987), pp. 97–107. [toms/649].

[341] K. Glashoff and K. Roleff, A new method for Chebyshev approximation of complex-valued functions, Mathematics of Computation, 36 (1981), pp. 233–239.

[342] R. Gmelig Meyling, Numerical experiments with cubic C1-spline functions, in Approximation Theory V, C. K. Chui, L. L. Schumaker, and J. D. Ward, eds., Academic Press, New York, 1986, pp. 475–478.

[343] R. H. J. Gmelig Meyling, An algorithm for constructing configurations of knots for bivariate B-splines, SIAM J. on Numerical Analysis, 24 (1987), pp. 706–724.

[344] , Approximation by cubic C1-splines on arbitrary triangulations, Numerische Mathematik, 51 (1987), pp. 65–85. [345] , On algorithms and applications for bivariate B-splines, in Algorithms for Approximation, J. C. Mason and M. G. Cox, eds., Oxford Univ. Press, 1987, pp. 83–93.

[346] R. H. J. Gmelig Meyling and P. R. Pfluger, B-spline approximation of a closed surface, IMA J. of Numerical Analysis, 7 (1987), pp. 73–96.

[347] D. Goldfarb and A. Idnani, A numerically stable dual method for solving strictly convex quadratic programs, Mathematical Programming, 27 (1983), pp. 1–33. [imsl/qprog (Powell)].

[348] R. N. Goldman, The method of resolvents: A technique for the implicitization, inversion, and intersection of nonplanar, parametric, rational cubic curves, Computer Aided Geometric Design, 2 (1985), pp. 237–255.

[349] R. N. Goldman and D. J. Filip, Conversion from Bézier rectangles to Bézier triangles, CAD, 19 (1987), pp. 25–27. [350] H. H. Goldstine, A History of Numerical Analysis from the 16th through the 19th Century, Springer-Verlag, New York, 1977. [Gauss].

[351] M. Golomb and J. Jerome, Equilibria of the curvature functional and manifold of nonlinear interpolating spline curves, SIAM J. on Mathematical Analysis, 13 (1982), pp. 421–458.

[352] G. H. Golub and R. J. LeVeque, Extensions and uses of the variable projection algorithm for solving nonlinear least squares problems, in Proceedings of the Army Numerical Analysis and Computers Conference, ARO Rep. 79-3, 1979, pp. 1–12. [netlib/opt/varp2].

[353] G. H. Golub and V. Pereyra, Differentiation of psuedo-inverses and nonlinear least squares problems whose variables separate, SIAM J. on Numerical Analysis, 10 (1973), pp. 413–432. [netlib/opt/varpro].

[354] G. H. Golub and C. F. Van Loan, Matrix Computations, Johns Hopkins University Press, Baltimore Maryland, 1983. [355] G. H. Golub and J. H. Welsch, Calculation of gaussian quadrature rules, Mathematics of Computation, 23 (1969), pp. 221–230. [netlib/go/gaussq].

[356] H. H. Gonska and J. Meier, A bibliography on approximation of functions by Bernstein type operators (1955-1982), in Approximation Theory IV, C. K. Chui, L. L. Schumaker, and J. D. Ward, eds., Academic Press, New York, 1983, pp. 739–785.

[357] T. N. T. Goodman and K. Unsworth, Shape preserving interpolation by curvature continuous parametric curves, Computer Aided Geometric Design, 5 (1988), pp. 323–340.

[358] , Shape-preserving interpolation by parametrically defined curves, SIAM J. on Numerical Analysis, 25 (1988), pp. 1453–1465.

[359] J. H. Goodnight, A tutorial on the sweep operator, American Statistician, 33 (1979), pp. 149–158. [imsl/rstep]. [360] S. Gopalsamy, D. Khandekar, and S. P. Mudur, A new method of evaluating compact geometric bounds for use in subdivision algorithms, Computer Aided Geometric Design, 8 (1991), pp. 337–356.

[361] W. J. Gordon, Distributive lattices and the approximation of multivariate functions, in Proceedings of the Symposium on Approximation with Special Emphasis on Splines, I. J. Schoenberg, ed., Univ. of Wisconsin, Academic Press, New York, 1969, pp. 223–277.

[362] W. J. Gordon and C. A. Hall, Transfinite element methods: Blending-function interpolation over arbitrary curved element domains, Numerische Mathematik, 21 (1973), pp. 109–129.

[363] W. J. Gordon and J. A. Wixom, Shepard’s method of ‘metric interpolation’ to bivariate and multivariate interpolation,

Mathematics of Computation, 32 (1978), pp. 253–264.

[364] D. Gottlieb and S. A. Orszag, Numerical Analysis of Spectral Methods: Theory and Applications, SIAM, 1977. [365] D. Gottlieb and E. Tadmor, Recovering pointwise values of discontinuous data within spectral accuracy, Report No. 85-3, ICASE, 1985.

[366] T. A. Grandine, The computational cost of simplex spline functions, SIAM J. on Numerical Analysis, 24 (1987), pp. 887–890.

[367] T. A. Grandine, An iterative method for computing multivariate C1 piecewise polynomial interpolants, Computer Aided Geometric Design, 4 (1987), pp. 307–319.

[368] , The stable evaluation of multivariate simplex splines, Mathematics of Computation, 50 (1988), pp. 197–205. [369] , Computing zeros of spline functions, Computer Aided Geometric Design, 6 (1989), pp. 129–136. [370] P. R. Graves-Morris, Efficient reliable rational interpolation, in Padé Approximation and its Applications Amsterdam 1980, M. G. de Bruin and H. van Rossum, eds., vol. 888 of Lecture Notes in Mathematics, Springer-Verlag, New York-Verlag, 1981, pp. 28–63.

[371] P. R. Graves-Morris and T. R. Hopkins, Reliable rational interpolation, Numerische Mathematik, 36 (1981), pp. 111– 128. [NAG E01RAF, E01RBF].

[372] W. H. Gray and J. E. Akin, An improved method for contouring on isoparametric surfaces, International J. Numerical Methods in Engineering, 14 (1979), pp. 451–458.

[373] J. A. Gregory, A blending function interpolant for triangles, in Multivariate Approximation, D. C. Handscomb, ed., Academic Press, New York, 1978, pp. 279–287.

[374] , Interpolation to boundary data on the simplex, Computer Aided Geometric Design, 2 (1985), pp. 43–52. [375] P. M. Gresho and R. L. Lee, Don’t suppress the wiggles—they’re telling you something!, Computers and Fluids, 9 (1981), pp. 223–253.

[376] A. Griewank and P. L. Toint, Partitioned variable metric updates for large structured optimization problems, Numerische Mathematik, 39 (1982), pp. 119–137. [harwell/ve08ad, formerly pspmin].

[377] W. D. Gropp, Local uniform mesh refinement with moving grids, SIAM J. on Scientific and Statistical Computation, 8 (1987), pp. 292–304.

[378] E. Grosse, Colors for level plots, Numerical Analysis Manuscript 85-1, AT&T Bell Laboratories, 1985. [netlib/graphics/rainbow.c].

[379] , Spectral spline approximation, in Approximation Theory V, C. K. Chui, L. L. Schumaker, and J. D. Ward, eds., Academic Press, New York, 1986, pp. 363–366. [crysalis, available from author].

[380] , Loess: Multivariate smoothing by moving least squares, in Approximation Theory VI, C. K. Chui, L. L. Schumaker, and J. D. Ward, eds., Academic Press, New York, 1989, pp. 299–302.

[381] E. Grosse and J. Hobby, Improved rounding for spline coefficients and knots, Mathematics of Computation, (1994). [382] E. H. Grosse, Tensor spline approximation, Linear Algebra and Its Applications, 34 (1980), pp. 29–41. [netlib/tensor/, imsl/bsls2].

[383] A. Grossmann and J. Morlet, Decomposition of Hardy functions into square integrable wavelets of constant shape, SIAM J. on Mathematical Analysis, 15 (1984), pp. 723–736.

[384] C. Gu, Diagostics for additive spline models, in Computing Science and Statistics, Interface ’90, 1990, pp. 137–142. [385] V. Guerra and R. A. Tapia, A local procedure for error detectoion and data smoothing, MRC Technical Summary Report 1452, Mathematics Research Center, University of Wisconsin, Madison, 1974. [imsl/cssed].

[386] G. Guralnik, C. Zemach, et al., An algorithm for uniform random sampling of points in and on a hypersphere, Information Processing Letters, 21 (1985), pp. 17–22.

[387] C. Gurwitz, Weighted median algorithms for L1 approximation, BIT, 30 (1990), pp. 301–310. [388] M. H. Gutknecht, Two applications of periodic splines, in Approximation Theory III, Academic Press, New York, 1980, pp. 467–472.

[389] , An iterative method for solving linear equations based on minimun norm Pick-Nevanlinna interpolation, in Approximation Theory V, C. K. Chui, L. L. Schumaker, and J. D. Ward, eds., Academic Press, New York, 1986, pp. 371–374.

[390] , Attenuation factors in multivariate fourier analysis, Numerische Mathematik, 51 (1987), pp. 615–629. [391] H. Hagen, Geometric surface patches without twist constraints, Computer Aided Geometric Design, 3 (1986), pp. 179– 184.

[392] R. W. Hamming, Numerical Methods for Scientists and Engineers, Second Edition, McGraw-Hill, New York, 1973. [393] D. J. Hand, A statistical knowledge enhancement system, J. Royal Statistical Society, Series A, 150 (1987), pp. 334–345. [394] D. C. Handscomb, Recovery of fluid flow fields, in Algorithms for Approximation, J. C. Mason and M. G. Cox, eds., Oxford Univ. Press, 1987, pp. 531–540.

[395] E. R. Hansen, M. L. Patrick, and R. L. C. Wang, Polynomial evaluation with scaling, ACM Transactions on Mathematical Software, 16 (1990), pp. 86–93.

[396] P. C. Hansen, Analysis of discrete ill-posed problems by means of the L-curve, SIAM Review, 34 (1992), pp. 561–580. [397] R. J. Hanson, Linear least squares with bounds and linear constraints, SIAM J. on Scientific and Statistical Computation, 7 (1986), pp. 826–834.

[398] R. H. Hardin and N. J. A. Sloane, Computer-generated minimal (and larger) response surfaces, Technometrics, submitted (1991). [gosset (available from authors)].

[399] R. L. Hardy, Multiquadric equations of topography and other irregular surfaces, J. Geophys. Res., 76 (1971), pp. 1905–

1919.

[400] J. F. Hart, E. W. Cheney, C. L. Lawson, H. J. Maehly, C. K. Mesztenyi, J. R. Rice, H. G. Thacher, Jr., and C. Witzgall, Computer Approximations, John Wiley & Sons, New York, 1968.

[401] A. Harten, Preliminary results on the extension of ENO schemes to two-dimensional problems, in Nonlinear Hyperbolic Problems, C. Carasso, P.-A. Raviart, and D. Serre, eds., LNM 1270, Springer-Verlag, New York, 1986, pp. 23–40.

[402] A. Harten, B. Engquist, S. Osher, and S. R. Chakravarthy, Uniformly high order accurate essentially nonoscillatory schemes, III, J. Computational Physics, 71 (1987), pp. 231–303.

[403] P. J. Hartley, Tensor product approximations to data defined on rectangular meshes in n-space, Computer J., 19 (1975), pp. 348–352.

[404] Harwell Laboratory, Computer Science and Systems Division, Harwell subroutine library, AERE - R 9185, 1987. [405] K. H. Haskell and R. J. Hanson, An algorithm for linear least squares problems with equality and nonnegativity constraints, Mathematical Programming, 21 (1981), pp. 98–118. [toms/587].

[406] T. Hastie and W. Stuetzle, Principal curves, J. of the American Statistical Association, 84 (1989), pp. 502–516. [S version will be available from statlib].

[407] T. Hastie and R. Tibshirani, Comment (on paper by J. Ramsey, Statistical Science, 3 (1988), pp. 450–456. [408] T. J. Hastie and R. J. Tibshirani, Generalized additive models, Statistical Science, 1 (1986), pp. 297–318. [netlib/a/gaim].

[409] J. G. Hayes and J. Halliday, The least squares fitting of cubic spline surfaces to general data sets, J. Institute of Mathematics and Its Applications, 14 (1974), pp. 89–103.

[410] W. J. Hemmerle, A comprehensive, matrix-free algorithm for analysis of variance, ACM Transactions on Mathematical Software, 8 (1982), pp. 383–401. [toms/591].

[411] P. Henrici, Essentials of Numerical Analysis with Pocket Calculator Demonstrations, John Wiley & Sons, New York, 1982.

[412] , Applied and Computational Complex Analysis, vol. 3, John Wiley & Sons, New York, 1986. [413] J. N. Henry, Comparison of algorithms for multivariate rational approximation, Mathematics of Computation, 31 (1977), pp. 485–494.

[414] J. G. Herriot and C. H. Reinsch, Procedures for natural spline interpolation, Communications of the ACM, 16 (1973), pp. 763–768. [toms/472].

[415] , Procedures for quintic natural spline interpolation, ACM Transactions on Mathematical Software, 2 (1976), pp. 281–289. [toms/507].

[416] G. Herron, A characterization of certain C1 discrete triangular interpolants, SIAM J. on Numerical Analysis, 22 (1985), pp. 811–819.

[417] N. J. Higham, Fast solution of Vandermonde-like systems involving orthogonal polynomials, IMA J. of Numerical Analysis, 8 (1988), pp. 473–486.

[418] N. J. Higham, Stability analysis of algorithms for solving confluent Vandermonde-like systems, SIAM J. Matrix Analysis and Applications, 11 (1990), pp. 23–41.

[419] , A collection of test matrices in MATLAB, ACM Transactions on Mathematical Software, (1991), p. to appear. [netlib/matlab/linearalgebra/testmatrices].

[420] N. J. Higham, Iterative refinement enhances the stability of QR factorization methods for solving linear equations, BIT, 31 (1991), pp. 447–468.

[421] J. D. Hobby, Smooth, easy to compute interpolating splines, Discrete and Computational Geometry, 1 (1986), pp. 123– 140.

[422] R. R. Hocking, Selection of the best subset of regression variables, in Statistical Methods for Digital Computers, K. Enslein, A. Ralson, and H. S. Wilf, eds., John Wiley & Sons, New York, 1977, pp. 39–57.

[423] P. Hoffman and K. C. Reddy, Numerical differentiation by high order interpolation, SIAM J. on Scientific and Statistical Computation, 8 (1987), pp. 979–987.

[424] C. Hoffmann and J. Hopcroft, The potential method for blending surfaces and corners, in Geometric Modeling: Algorithms and New Trends, G. E. Farin, ed., SIAM, 1987, pp. 347–365.

[425] K. Höllig, Multivariate splines, SIAM J. on Numerical Analysis, 19 (1982), pp. 1013–1031. [426] , Multivariate splines, in Proceedings of Symposia in Applied Mathematics, American Mathematical Society, Providence, Rhode Island, 1986, pp. 103–127.

[427] F. R. de Hoog and M. F. Hutchinson, An efficient method for calculating smoothing splines using orthogonal transformations, Numerische Mathematik, submitted (1987).

[428] B. K. P. Horn and M. J. Brooks, The variational approach to shape from shading, Computer Vision, Graphics, and Image Processing, 33 (1986), pp. 174–208.

[429] J. Hoschek, Approximate conversion of spline curves, Computer Aided Geometric Design, 4 (1987), pp. 59–66. [430] J. Hoschek, Intrinsic parameterization for approximation, Computer Aided Geometric Design, 5 (1988), pp. 27–31. [431] , Circular splines, CAD, 24 (1992), pp. 611–618.

[432] J. Hoschek, F.-J. Schneider, and P. Wassum, Optimal approximate conversion of spline surfaces, Computer Aided Geometric Design, 6 (1989), pp. 293–306.

[433] E. G. Houghton, R. F. Emnett, J. D. Factor, and C. L. Sabharwal, Implementation of a divide-and-conquer method for intersection of parametric surfaces, Computer Aided Geometric Design, 2 (1985), pp. 173–183.

[434] D. J. Hudson, Fitting segmented curves whose join points have to be estimated, J. of the American Statistical Association,

61 (1966), pp. 1097–1129.

[435] M. F. Hutchinson, Algorithm 642: A fast procedure for calculating minimum cross validation cubic smoothing splines, ACM Transactions on Mathematical Software, 12 (1986), pp. 150–153. [toms/642 (CUBGCV)].

[436] J. M. Hyman, Accurate monotonicity preserving cubic interpolation, SIAM J. on Scientific and Statistical Computation, 4 (1983), pp. 645–654.

[437] K. Ichida, T. Kiyono, and F. Yoshimoto, Curve fitting by a one-pass method with a piecewise cubic polynomial, ACM Transactions on Mathematical Software, 3 (1977), pp. 164–174.

[438] IMSL, MATH/LIBRARY User’s Manual, Version 1.0, 1987.

[439] L. D. Irvine, S. P. Marin, and P. W. Smith, Constrained interpolation and smoothing, Constructive Approximation, 2 (1986), pp. 129–151. [imsl/cscon].

[440] A. Iserles, P. E. Koch, S. P. Nørsett, and J. M. Sanz-Serna, Orthogonality and approximation in a Sobolev space, in Algorithms for Approximation II, J. C. Mason and M. G. Cox, eds., Chapman and Hall, London, 1990, pp. 117–124.

[441] M. A. Jenkins, Algorithm 493: Zeros of a real polynomial, ACM Transactions on Mathematical Software, 1 (1975), pp. 178–189. [toms/493, imsl/zporc,zpocc].

[442] T. Jensen, Assembling triangular and rectangular patches and multivariate splines, in Geometric Modeling: Algorithms and New Trends, G. E. Farin, ed., SIAM, 1987, pp. 203–220.

[443] T. W. Jensen, C. S. Petersen, and M. A. Watkins, Practical curves and surfaces for a geometric modeler, Computer Aided Geometric Design, 8 (1991), pp. 357–369.

[444] J. W. Jerome and L. L. Schumaker, Local support bases for a class of spline fucntions, J. of Approximation Theory, 16 (1976), pp. 16–27.

[445] K. Jetter and J. Stöckler, Algorithms for cardinal interpolation using box splines and radial basis functions, Numerische Mathematik, 60 (1991), pp. 97–114.

[446] Z. Jing and A. T. Fam, An algorithm for computing Chebyshev approximations, Mathematics of Computation, 48 (1987), pp. 691–710.

[447] , An algorithm for computing continuous Chebyshev approximations, Mathematics of Computation, 48 (1987), pp. 691–710.

[448] B. Joe, Delaunay triangular meshes in convex polygons, SIAM J. on Scientific and Statistical Computation, 7 (1986), pp. 514–539.

[449] , Three-dimensional triangulations from local transformations, SIAM J. on Scientific and Statistical Computation, 10 (1989), pp. 718–741. [pseudo-code].

[450] R. H. Jones and P. V. Tryon, Continuous time series models for unequally spaced data applied to modeling atomic clocks, SIAM J. on Scientific and Statistical Computation, 8 (1987), pp. 71–81.

[451] E. Jou and W. Han, Elastica and minimal-energy splines, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 247–250.

[452] J. L. Junkins, G. W. Miller, and J. R. Jancaitis, A weighting function approach to modeling of irregular surfaces, J. of Geophysical Research, 78 (1973), pp. 1794–1803.

[453] D. L. B. Jupp, Approximation to data by splines with free knots, SIAM J. on Numerical Analysis, 15 (1978), pp. 328–343. [454] K. Kalik and W. Wendland, The approximation of closed manifolds by triangulated manifolds and the triangulation of closed manifolds, Computing, 47 (1992), pp. 255–275.

[455] M. Kallay, Plane curves of minimal energy, ACM Transactions on Mathematical Software, 12 (1986), pp. 219–222. [456] D. W. Kammler, L1-approximation of completely monotonic functions by sums of exponentials, SIAM J. on Numerical Analysis, 16 (1979), pp. 30–45.

[457] H. Kardestuncer and D. H. Norrie, eds., Finite Element Handbook, McGraw-Hill, 1987. [chapter 4.5 surveys commercial codes].

[458] E. H. Kaufman, Jr., D. J. Leeming, and G. D. Taylor, A combined Remes–differential correction algorithm for rational approximation, Mathematics of Computation, 32 (1978), pp. 233–242. [diff-corr version in netlib/a/difcor].

[459] E. H. Kaufman, Jr. and G. D. Taylor, Uniform rational approximation of functions of several variables, International J. of Numerical Methods in Engineering, 9 (1975), pp. 297–323.

[460] E. H. Kaufman, Jr. and G. D. Taylor, Infinite-interval nonlinear approximations, Constructive Approximation, 4 (1988), pp. 211–221.

[461] E. H. Kaufman, Jr. and G. D. Taylor, Cdfcor, Theory of Computation and Computational Mathematics, 2 (1990). [netlib/a/cdfcor].

[462] L. Kaufman, A variable projection method for solving separable nonlinear least squares problems, BIT, 15 (1975), pp. 49–57. [netlib/port/nsf,nsg].

[463] L. Kaufman and V. Pereyra, A method for separable nonlinear leasw squares with separable nonlinear equality constraints, SIAM J. on Numerical Analysis, 15 (1978), pp. 12–20.

[464] J. Kautsky and N. K. Nichols, Equidistributing meshes with constraints, SIAM J. on Scientific and Statistical Computation, 1 (1980), pp. 497–511.

[465] R. B. Kearfott, Preconditioners for the interval Gauss-Seidel method, SIAM J. on Numerical Analysis, 27 (1990), pp. 804–822. [toms/intbis].

[466] N. Kehtarnavaz and R. J. P. de Figueiredo, A framework for surface reconstruction from 3D contours, Computer Vision, Graphics, and Image Processing, 42 (1988), pp. 32–47.

[467] D. E. Knuth, The Art of Computer Programming, Second Edition, Volume 2 / Seminumerical Algorithms, Addison-

Wesley Publishing, Reading Massachusetts, 1881.

[468] P. E. Koch and T. Lyche, Construction of exponential tension B-splines of arbitrary order, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 255–258.

[469] R. Kohn and C. F. Ansley, A nerw algorithm for spline smoothing based on smoothing a stochastic process, SIAM J. on Scientific and Statistical Computation, 8 (1987), pp. 33–48.

[470] P. A. Koparkar and S. P. Mudur, A new class of algorithms for the processing of parametric curves, CAD, 15 (1983), pp. 41–45. [Pascal listings].

[471] F. T. Krogh, Efficient algorithms for polynomial interpolation and numerical differentiation, Mathematics of Computation, 24 (1970), pp. 185–190. [NAG E01AEF, E02AKF, E02AHF, E02AJF].

[472] R. Kulkarni and P.-J. Laurent, Q-splines, tech. rep., Grenoble, 1990.

[473] M. A. Lachance, Chebyshev economization for parametric surfaces, Computer Aided Geometric Design, 5 (1988), pp. 195–208.

[474] M.-J. Lai, Fortran subroutines for B-nets of box splines on three- and four-directional meshes, Numerical Algorithms, 2 (1992), pp. 33–38. [netlib/numeralgo, to appear].

[475] P. Lancaster and K. Šalkauskas, Curve and Surface Fitting: An Introduction, Academic Press, New York, 1986. [476] J. M. Lane and R. F. Riesenfeld, A theoretical development for the computer generation and display of piecewise polynomial surfaces, IEEE Trans. on Pattern Analysis and Machine Intelligence, PAMI-2 (1980), pp. 35–46.

[477] D. Lasser, Visually continuous quartics and quintics, Computing, 45 (1990), pp. 119–129. [478] C. L. Lawson, Software for C1 surface interpolation, in Mathematical Software III, J. R. Rice, ed., Academic Press, New York, 1977, pp. 161–194.

[479] C. L. Lawson, C1 surface interpolation for scattered data on a sphere, Rocky Mountain J. of Mathematics, 14 (1984), pp. 177–202.

[480] C. M. Lee and F. D. K. Roberts, A comparison of algorithms for rational l1 approximation, Mathematics of Computation, 27 (1973), pp. 111–121.

[481] D. Lee, Fast multiplication of a recursive block Toeplitz matrix by a vector and its application, J. of Complexity, 2 (1986), pp. 295–305.

[482] , Algorithms for shape from shading and occluding boundaries, in Proc. IEEE Computer Society Conf. on Computer Vision and Pattern Recognition, 1988, pp. 478–485.

[483] , Coping with discontinuities in computer vision: their detection, classification, and measurement, in Proc. 2nd International Conference on Computer Vision, 1988.

[484] D. Lee, T. Pavlidis, and K. Huang, Edge detection through residual analysis, in Proceedings of Computer Vision and Pattern Recognition, IEEE, 1988, pp. 215–222.

[485] E. Lee, Choosing nodes in parametric curve interpolation, CAD, 21 (1989).

[486] E. H. Lee and G. E. Forsythe, Variational study of nonlinear spline curves, SIAM Review, 15 (1973), pp. 120–133. [487] E. T. Y. Lee, Comments on some B-spline algorithms, Computing, 36 (1986), pp. 229–238. [488] E. T. Y. Lee, The rational Bézier representation for conics, in Geometric Modeling: Algorithms and New Trends, G. E. Farin, ed., SIAM, 1987, pp. 3–19.

[489] S. L. Lee and G. M. Phillips, Construction of lattices for Lagrange interpolation in projective space, Constructive Approximation, 7 (1991), pp. 283–297.

[490] D. Levin, Multidimensional reconstruction by set-valued approximations, IMA J. of Numerical Analysis, 6 (1986), pp. 173–184.

[491] F. F. Little, Convex combination surfaces, in Surfaces in Computer Aided Geometric Design, R. E. Barnhill and W. Boehm, eds., North-Holland, Amsterdam, 1983, pp. 99–107.

[492] S. Lodha and J. Warren, Bézier representation for cubic surface patches, CAD, 24 (1992), pp. 643–650. [493] C. Loop and T. DeRose, Generalized B-spline surfaces of arbitrary topology, Computer Graphics (SIGGRAPH), 24 (1990), pp. 347–356.

[494] M. Lounsbery, C. Loop, S. Mann, D. Meyers, J. Painter, T. DeRose, and K. Sloan, A testbed for the comparison of parametric surface methods, in Curves and Surfaces in Computer Vision and Graphics, L. A. Ferrari and R. J. P. de Figueiredo, eds., Proc. 1251, SPIE, 1990, pp. 94–105.

[495] T. R. Lucas, Error bounds for interpolating cubic splines under various end conditions, SIAM J. on Numerical Analysis, 11 (1974), pp. 569–579.

[496] , A posteriori improvements for interpolating periodic splines, Mathematics of Computation, 40 (1983), pp. 243– 251.

[497] B. N. Lundberg and A. B. Poore, Variable order Adams-Bashforth predictors with an error-stepsize control for continuation methods, SIAM J. on Scientific and Statistical Computation, 12 (1991), pp. 695–723.

[498] T. Lyche and K. Mørken, A discrete approach to knot removal and degree reduction algorithms for splines, in Algorithms for Approximation, J. C. Mason and M. G. Cox, eds., Oxford Univ. Press, 1987, pp. 67–82. [netlib/a/datred.uu].

[499] T. Lyche and L. Schumaker, Local spline approximation methods, J. of Approximation Theory, 15 (1975), pp. 294–325. [500] K. Madsen, A root-finding algorithm based on Newton’s method, BIT, 13 (1973), pp. 71–75. [harwell/pa06]. [501] , General algorithms for discrete non-linear parameter estimation, in Algorithms for Approximation, J. C. Mason and M. G. Cox, eds., Oxford Univ. Press, 1987, pp. 309–326.

[502] H. J. Maehly, Method for fitting rational approximations, parts II and III, J. of the A. C. M., 10 (1963), pp. 257–277.

[harwell/pe05].

[503] H. H. Maindonald, Statistical Computation, John Wiley & Sons, New York, 1984. [imsl/rotin]. [504] M. A. Malcolm, On the computation of nonlinear spline functions, SIAM J. on Numerical Analysis, 14 (1977), pp. 254– 282. [code listing for uniformly spaced xi].

[505] C. L. Mallows, Some comments on Cp, Technometrics, 15 (1973), pp. 661–675.

[506] D. Manocha and J. F. Canny, Polynomial parametrizations for rational curves, in Curves and Surfaces in Computer Vision and Graphics, L. A. Ferrari and R. J. P. de Figueiredo, eds., Proc. 1251, SPIE, 1990, pp. 151–162.

[507] , Detecting cusps and inflection points in curves, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 315–319.

[508] L. Mansfield, Interpolation to boundary data in tetrahedra with applications to compatible finite elements, J. Mathematical Analysis and Applications, 56 (1976), pp. 137–164.

[509] L. Mansfield, A Clough-Tocher type element useful for fourth order problems over nonpolygonal domains, Mathematics of Computation, 32:141 (1978), pp. 135–142.

[510] , Interpolation to scattered data in the plane by locally defined C1 functions, in Approximation Theory III, Academic Press, New York, 1980, pp. 623–628.

[511] S. P. Marin, An approach to data parametrization in parametric cubic spline interpolation problems, J. of Approximation Theory, 41 (1983), pp. 64–86.

[512] S. P. Marin and P. W. Smith, Parametric approximation of data using ODR splines, GM Research Labs, 1990. [513] P. W. Markstein, Computation of elementary functions on the IBM RISC System/6000 processor, IBM J. Research and Development, 34 (1990), pp. 111–119.

[514] S. Marlow and M. J. D. Powell, A Fortran subroutine for plotting the part of a conic that is inside a given triangle, AERE R-8336, Atomic Energy Research Establishment, 1976. [harwell/ob14a].

[515] J. Marroquin, S. Mitter, and T. Poggio, Probabilistic solution of ill-posed problems in computational vision, J. of the American Statistical Association, 82 (1987), pp. 76–89.

[516] G. Marsaglia, A current view of random number generators, in Computer Science and Statistics: The Interface, L. Billard, ed., North-Holland, Amsterdam, 1985, pp. 3–10.

[517] J. C. Mason, Some applications and drawbacks of Padé approximants, in Approximation Theory and Applications, Academic Press, New York, 1981.

[518] J. C. Mason and G. Opfer, An algorithm for complex polynomial approximation with nonlinear constraints, in Approximation Theory V, C. K. Chui, L. L. Schumaker, and J. D. Ward, eds., Academic Press, New York, 1986, pp. 471–474.

[519] A. D. Maude, Interpolation–mainly for graph plotters, Computer J., 16 (1972), pp. 64–65. [520] D. F. McAllister and J. A. Roulier, Interpolation by convex quadratic splines, Mathematics of Computation, 32 (1978), pp. 1154–1162. [toms/574].

[521] S. F. McCormick, ed., Multigrid Methods, SIAM, 1987.

[522] J. A. McDonald, Periodic smoothing of time series, SIAM J. on Scientific and Statistical Computation, 7 (1986), pp. 665–688.

[523] D. H. McLain, Drawing contours from arbitrary data points, Computer J., 17 (1974), pp. 318–324. [Algol listings; see also Sutcliffe].

[524] , Two dimensional interpolation from random data, Computer J., 19 (1976), pp. 178–181. [Algol listing]. [525] H. W. McLaughlin, Shape-preserving planar interpolation, IEEE Computer Graphics and Applications, 3 (1983), pp. 58–67.

[526] J. R. McMahon and R. Franke, Knot selection for least squares thin plate splines, SIAM J. on Scientific and Statistical Computation, 13 (1992), pp. 484–498.

[527] D. S. Meek and D. J. Walton, Approximation of discrete data by G1 arc splines, CAD, 24 (1992), pp. 301–306. [528] H. Meier and H. Nowacki, Interpolating curves with gradual changes in curvature, Computer Aided Geometric Design, 4 (1987), pp. 297–305.

[529] G. Meinardus, Approximation of Functions: Theory and Numerical Methods, Springer-Verlag, New York, 1967. [translated by L. L. Schumaker].

[530] F. Melkes, Reduced piecewise bivariate Hermite interpolation, Numerische Mathematik, 19 (1972), pp. 326–340. [531] A. A. Melkman and C. A. Micchelli, Optimal estimation of linear operators in Hilbert spaces from inaccurate data, SIAM J. on Numerical Analysis, 16 (1979), pp. 87–105.

[532] C. A. Micchelli, Using the refinement equation for the construction of pre-wavelets, Numerical Algorithms, 1 (1991), pp. 75–116.

[533] C. A. Micchelli and H. Prautzsch, Computing surfaces invariant under subdivision, Computer Aided Geometric Design, 4 (1987), pp. 321–328.

[534] C. A. Micchelli, C. Rabut, and F. I. Utreras, Using the refinement equation for the construction of pre-wavelets III: Elliptic splines, Numerical Algorithms, 1 (1991), pp. 331–352.

[535] C. A. Micchelli and T. J. Rivlin, A survey of optimal recovery, in Optimal Estimation in Approximation Theory, C. A. Micchelli and T. J. Rivlin, eds., Plenum Press, 1977, pp. 1–53.

[536] C. A. Micchelli and F. I. Utreras, Smoothing and interpolation in a convex subset of a Hilbert space, SIAM J. on Scientific and Statistical Computation, 9 (1988), pp. 728–746.

[537] C. A. Micchelli and G. Wahba, Design problems for optimal surface interpolation, in Approximation Theory and

Applications, Z. Ziegler, ed., Academic Press, New York, 1981, pp. 329–348.

[538] D. P. Mitchell, Generating antialiased images at low sampling densities, Computer Graphics (SIGGRAPH 87), 21 (1987), pp. 65–72.

[539] W. F. Mitchell, A comparison of adaptive refinement techniques for elliptic problems, ACM Transactions on Mathematical Software, 15 (1989), pp. 326–347. [netlib/pltmg].

[540] L. B. Montefusco and G. Casciola, C1 surface interpolation, ACM Transactions on Mathematical Software, 15 (1989), pp. 365–374. [toms/677].

[541] R. E. Moore, Methods and Applications of Interval Analysis, SIAM, Philadelphia, 1979. [542] K. Mørken, Best approximation of circle segments by quadratic bézier curves, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 331–336.

[543] G. Mühlbach, On multivariate interpolation by generalized polynomials on subsets of grids, Computing, 40 (1988), pp. 201–215.

[544] G. Müllenheim, On determining start points for a surface/surface intersection algorithm, Computer Aided Geometric Design, 8 (1991), pp. 401–408.

[545] , A procedure for determining starting points for a surface/surface intersection algorithm, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 337–340.

[546] D. Mumford and J. Shah, Boundary detection by minimizing functionals, I, in Proceedings on Computer Vision and Pattern Recognition, IEEE, 1985.

[547] E. Neuman, Convex interpolating splines of arbitrary degree, in Numerical Methods of Approximation Theory, L. Collatz, G. Meinardus, and H. Werner, eds., vol. 5, Birkhäuser Verlag, 1980, pp. 211–222.

[548] , Moments and Fourier transforms of B-splines, J. of Computational and Applied Mathematics, 7 (1981), pp. 51–. [549] R. Nevatia and T. O. Binford, Description and recognition of curved objects, Artificial Intelligence, 8 (1977), pp. 77–98. [550] G. M. Nielson, Some piecewise polynomial alternatives to splines under tension, in Computer Aided Geometric Design, R. E. Barnhill and R. F. Riesenfeld, eds., Academic Press, New York, 1974, pp. 209–235.

[551] G. M. Nielson, The side-vertex method for interpolation in triangles, J. of Approximation Theory, 25 (1979), pp. 318– 336.

[552] , Minimum norm interpolation in triangles, SIAM J. on Numerical Analysis, 17 (1980), pp. 44–62. [553] , A method for interpolating scattered data based upon a minimum norm network, Mathematics of Computation, 40 (1983), pp. 253–271.

[554] , A transfinite, visually continuous, triangular interpolant, in Geometric Modeling: Algorithms and New Trends, G. E. Farin, ed., SIAM, 1987, pp. 235–246.

[555] G. M. Nielson and R. Franke, A method for construction of surfaces under tension, Rocky Mountain J. of Mathematics, 14 (1984), pp. 203–221.

[556] G. M. Nielson and R. Ramaraj, Interpolation over a sphere based upon a minimum norm network, Computer Aided Geometric Design, 4 (1987), pp. 41–57.

[557] H. Nienhaus, A C1-conforming finite element of the extended Melkes family, in Approximation Theory V, C. K. Chui, L. L. Schumaker, and J. D. Ward, eds., Academic Press, New York, 1986, pp. 503–506.

[558] T. Nishita, T. W. Sederberg, and M. Kakimoto, Ray tracing trimmed rational surface patches, Computer Graphics (SIGGRAPH), 24 (1990), pp. 337–345.

[559] Numerical Algorithms Group, NAG Fortran Library Manual Mark 11, 1984.

[560] G. Nürnberger, Chebyshev approximation by splines with free knots and computation, in Approximation Theory V, C. K. Chui, L. L. Schumaker, and J. D. Ward, eds., Academic Press, New York, 1986, pp. 511–514.

[561] G. Nürnberger and M. Sommer, A Remez type algorithm for spline functions, Numerische Mathematik, 41 (1983), pp. 117–146.

[562] G. Nürnberger, M. Sommer, and H. Strauss, An algorithm for segment approximation, Numerische Mathematik, 48 (1986), pp. 463–477.

[563] A. Okabe, B. Boots, and K. Sugihara, Saptial Tessellations: Concepts and Applications of Voronoi Diagrams, John Wiley & Sons, New York, 1992.

[564] D. P. O’Leary and B. W. Rust, Confidence intervals for inequality-constrained least squares problems, with applications to ill-posed problems, SIAM J. on Scientific and Statistical Computation, 7 (1986), pp. 473–489.

[565] J. Oliver, An algorithm for numerical differentiation of a function of one real variable, J. of Computational and Applied Mathematics, 6 (1980), pp. 145–160. [“Algorithm 017” Algol listing].

[566] G. Opfer and H. J. Oberle, The derivation of cubic splines with obstacles by methods of optimization and optimal control, Numerische Mathematik, 52 (1988), pp. 17–31.

[567] F. O’Sullivan, Comments on Dr. Silverman’s paper, J. Royal Statistical Society B, 47 (1985), pp. 39–40. [netlib/gcv/sbart].

[568] , Fast computation of fully automated log-density and log-hazard estimators, SIAM J. on Scientific and Statistical Computation, 9 (1988), pp. 363–379.

[569] F. O’Sullivan, B. Yandell, and W. Raynor, Automatic smoothing of regression functions in generalized linear models, J. of the American Statistical Association, 81 (1986), pp. 96–103.

[570] M. L. Overton, A quadratically convergent method for minimizing a sum of euclidean norms, Mathematical Programming, 27 (1983), pp. 34–63. [author].

[571] C. C. Paige and M. A. Saunders, LSQR: an algorithm for sparse linear equations and sparse least squares, ACM

Transactions on Mathematical Software, 8 (1982), pp. 43–71. [netlib/linalg/lsqr].

[572] R. R. Patterson, Parametric cubics as algebraic curves, Computer Aided Geometric Design, 5 (1988), pp. 139–159. [573] T. Pavlidis, Polygonal approximations by Newton’s method, IEEE Transactions on Computers, C-26 (1977), pp. 800–807. [574] T. Pavlidis, Curve fitting with conic splines, ACM Transactions on Graphics, 2 (1983), pp. 1–31. [575] T. Pavlidis and S. L. Horowitz, Segmentation of plane curves, IEEE Transactions on Computers, C23 (1974), pp. 860– 870.

[576] V. Pereyra and G. Scherer, Efficient computer manipulation of tensor products with applications to multidimensional approximation, Mathematics of Computation, 27 (1973), pp. 595–605.

[577] V. Pereyra and G. Sewell, Mesh selection for discrete solution of boundary value problems in ode’s, Numerische Mathematik, 23 (1975), pp. 261–268. [pasva3, imsl/bvpfd, nag/d02gaf].

[578] G. Peters and J. H. Wilkinson, Practical problems arising in the solution of polynomial equations, J. of the Institute of Mathematics and Its Applications, 8 (1971), pp. 16–35. [harwell/pa06].

[579] J. Peters, Smooth free-form surfaces over irregular meshes generalizing quadratic splines, Computer Aided Geometric Design, 10 (1993), pp. 347–361.

[580] C. S. Petersen, B. R. Piper, and A. J. Worsey, Adaptive contouring of a trivariate interpolant, in Geometric Modeling: Algorithms and New Trends, G. E. Farin, ed., SIAM, 1987, pp. 385–395.

[581] W. P. Petersen, Lagged fibonacci series random number generators for the NEC SX-3, J. of High Speed Computing, (1993). [random/zufall.f].

[582] B. Pham, Conic B-splines for curve fitting: A unifying approach, Computer Vision, Graphics, and Image Processing, 45 (1989), pp. 117–125.

[583] L. Piegl and W. Tiller, Curve and surface constructions using rational B-splines, Computer Aided Design, 19 (1987), pp. 485–498.

[584] C. Potier, M. B. Guermah, and C. Vercken, Curve fitting using NURBS, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 367–370.

[585] M. J. D. Powell, Curve fitting by splines in one variable, in Numerical Approximation to Functions and Data, J. G. Hayes, ed., Institute of Mathematics and Its Applications, The Athlone Press, University of London, 1970, pp. 65–83. [harwell/ts01].

[586] , Piecewise quadratic surface fitting for contour plotting, in Software for Numerical Mathematics, D. J. Evans, ed., Academic Press, New York, 1974. [harwell].

[587] , Univariate multiquadric interpolation: Some recent results, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 371–382.

[588] M. J. D. Powell and M. A. Sabin, Piecewise quadratic approximations on triangles, ACM Transactions on Mathematical Software, 3 (1977), pp. 316–325.

[589] M. J. Pratt, Solid modelling—survey and current research issues, in Computer Graphics Techniques: Theory and Practice, D. F. Rogers and R. A. Earnshaw, eds., Springer-Verlag, New York, 1990, pp. 363–405.

[590] M. J. Pratt, R. J. Goult, and L. Ye, On rational parametric curve approximation, Computer Aided Geometric Design, 10 (1993), pp. 363–377.

[591] V. Pratt, Techniques for conic splines, in SIGGRAPH Proceedings, ACM, 1985.

[592] V. Pratt, Direct least-squares fitting of algebraic surfaces, Computer Graphics (SIGGRAPH 87), 21 (1987), pp. 145–152. [593] H. Prautzsch, Degree elevation of B-spline curves, Computer Aided Geometric Design, 1 (1984), pp. 193–198. [594] F. P. Preparata and R. Tamassia, Fully dynamic techniques for point location and transitive closure in planar sturctures, in 29th Annual Symposium on Foundations of Computer Science, IEEE, 1988, pp. 558–567.

[595] A. Preusser, TRICP: A contour plot program for triangular meshes, ACM Transactions on Mathematical Software, 10 (1984), pp. 473–475. [toms/626].

[596] , C1- and C2-interpolation on triangles with quintic and nonic bivariate polynomials, ACM Transactions on Mathematical Software, 16 (1990), pp. 253–257. [toms/684].

[597] J. D. Pryce, A new measure of relative error for vectors, SIAM J. on Numerical Analysis, 21 (1984), pp. 202–215. [598] , On the convergence of iterated remeshing, IMA J. of Numerical Analysis, 9 (1989), pp. 315–335. [599] E. Quak and L. L. Schumaker, Calculation of the energy of a piecewise polynomial surface, in Algorithms for Approximation II, J. C. Mason and M. G. Cox, eds., Chapman and Hall, London, 1990, pp. 134–143.

[600] E. Quak and L. L. Schumaker, Least squares fitting by linear splines on data dependent triangulations, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 387–390.

[601] C. Rabut, How to build quasi-interpolants: Application to polyharmonic B-splines, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 391–402.

[602] , Elementary m-harmonic cardinal B-splines, Numerical Algorithms, 2 (1992), pp. 39–62. [603] , High level m-harmonic cardinal B-splines, Numerical Algorithms, 2 (1992), pp. 63–84. [604] K. v. Radziewski, On periodic Hermite spline interpolation, in Approximation Theory V, C. K. Chui, L. L. Schumaker, and J. D. Ward, eds., Academic Press, New York, 1986, pp. 531–534.

[605] D. L. Ragozin, The discrete k-functional and spline smoothing of noisy data, SIAM J. on Numerical Analysis, 22 (1985), pp. 1241–1254.

[606] J. Ramsey, Monotone splines in action, Statistical Science, (1988), p. to appear. [607] L. Reichel, An asymptotically orthonormal polynomial family, BIT, 24 (1984), pp. 647–655. [608] , On polynomial approximation in the uniform norm by the discrete least squares method, BIT, 26 (1986), pp. 349–

368.

[609] , Some computational aspects of a method for rational approximation, SIAM J. on Scientific and Statistical Computation, 7 (1986), pp. 1041–1057.

[610] C. Reinsch, A synopsis of interval arithmetic for the designer of programming languages, in The Relationship Between Numerical Computaton and Programming Langugaes, J. K. Reid, ed., IFIP, North-Holland, 1982.

[611] K.-D. Reinsch, Numerische Berechnung von Biegelinien in der Ebene, PhD thesis, Institut für Mathematik, Technishen Universität München, 1981.

[612] R. J. Renka, Interpolation of data on the surface of a sphere, ACM Transactions on Mathematical Software, 10 (1984), pp. 417–436. [toms/623].

[613] R. J. Renka, Interpolatory tension splines with automatic selection of tension factors, SIAM J. on Scientific and Statistical Computation, 8 (1987), pp. 393–415.

[614] R. J. Renka, Multivariate interpolation of large sets of scattered data, ACM Transactions on Mathematical Software, 14 (1988), pp. 139–148. [toms/660,661].

[615] R. J. Renka, TSPACK: tension spline curve-fitting package, ACM Transactions on Mathematical Software, 19 (1993), pp. 81–94. [toms/716].

[616] G. Renner, Polynomial n-sided patches, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 407–410.

[617] P. Rentrop, An algorithm for the computation of the exponential spline, Numerische Mathematik, 35 (1980), pp. 81–93. [618] W. C. Rheinboldt and J. V. Burkardt, A locally parameterized continuation process, ACM Transactions on Mathematical Software, 9 (1983), pp. 103–113. [contin/dpcon61.f].

[619] J. Rice, Methods for bandwidth choice in nonparametric kernel regression, in Computer Science and Statistics: 15th Interface, J. E. Gentle, ed., North-Holland, Amsterdam, 1983, pp. 186–190.

[620] J. R. Rice, Adapt, adaptive smooth curve fitting, ACM Transactions on Mathematical Software, 4 (1978), pp. 82–94. [toms/525].

[621] T. J. Rivlin, An Introduction to the Approximation of Functions, Dover Publications, New York, 1969. [622] K. S. Roberts, G. Bishop, and S. K. Ganapathy, Smooth interpolation of rotational motions, Technical Report, AT&T Bell Laboratories, 1987.

[623] A. Rockwood, Accurate display of tensor product isosurfaces, in Visualization ’90 Proceedings, A. Kaufman, ed., IEEE Computer Society, 1990, pp. 353–360. [author].

[624] A. P. Rockwood and J. C. Owen, Blending surfaces in solid modeling, in Geometric Modeling: Algorithms and New Trends, G. E. Farin, ed., SIAM, 1987, pp. 367–383.

[625] J. G. Rokne, Low complexity k-dimensional centered forms, Computing, 37 (1986), pp. 247–253. [626] J. B. Rosenberg, Geographical data structures compared: A study of data structures supporting region queries, IEEE Transactions on Computer Aided Design, CAD-4 (1985), pp. 53–67. [C listing].

[627] J. A. Roulier, Constrained interpolation, SIAM J. on Scientific and Statistical Computation, 1 (1980), pp. 333–344. [628] U. Roy and X. Zhang, Establishment of a pair of concentric circles with the minimum radial separation for assessing roundness error, CAD, 24 (1992), pp. 161–168.

[629] V. Ruas, A quadratic finite element method for solving biharmonic problems in IRn, Numerische Mathematik, 52 (1988), pp. 33–43.

[630] A. Ruhe, Fitting empirical data by positive sums of exponentials, SIAM J. on Scientific and Statistical Computation, 1 (1980), pp. 481–498.

[631] J. Ruppert, Results on Triangulation and High Quality Mesh Generation, PhD thesis, 1992. [pseudocode on p.60; see also p.81].

[632] M. Sabin, Interrogation techniques for parametric surfaces, in Computer Graphics Techniques: Theory and Practice, D. F. Rogers and R. A. Earnshaw, eds., Springer-Verlag, New York, 1990, pp. 339–361.

[633] , Sculptured surface definitions—a historical survey, in Computer Graphics Techniques: Theory and Practice, D. F. Rogers and R. A. Earnshaw, eds., Springer-Verlag, New York, 1990, pp. 285–337.

[634] M. A. Sabin, Contouring: A review of methods for scattered data, in Mathematical Methods in Computer Graphics and Design, K. W. Brodlie, ed., Academic Press, New York, 1980.

[635] , Non-rectangular surface patches suitable for inclusion in a b-spline surface, in Eurographics ’83, P. J. W. ten Hagen, ed., Eurographics Association, , North-Holland, Amsterdam, 1983, pp. 57–69.

[636] , Contouring - the state of the art, in Fundamental Algorithms for Computer Graphics, R. A. Earnshaw, ed., NATO ASI Series F17, Springer-Verlag, New York, 1985, pp. 411–482.

[637] , Cubic recursive division with bounded curvature, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 411–414.

[638] , ω-convergence, a criterion for linear approximation, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 415–420.

[639] P. Sablonnière, Bernstein-Bézier methods for the construction of bivariate spline approximants, Computer Aided Geometric Design, 2 (1985), pp. 29–36.

[640] P. Sablonnière, Bernstein-type quasi-interpolants, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 421–426.

[641] E. B. Saff and V. Totik, Behavior of polynomials of best uniform approximation, Transactions of the American Mathematical Society, 316 (1989), p. 567.

[642] M. Sakai and M. C. L. d. Silanes, A simple rational spline and its application to monotonic interpolation to monotonic data, Numerische Mathematik, 50 (1986), pp. 171–182.

[643] M. Sakai and R. A. Usmani, A shape preserving area true approximation of histogram by rational splines, BIT, 28 (1988), pp. 329–339.

[644] K. Salkauskas, C1 splines for interpolation of rapidly varying data, Rocky Mountain J. of Mathematics, 14 (1984), pp. 239–250.

[645] N. Sapidis and R. Perucchio, Solid/solid classification operations for recursive spatial decomposition and domain triangulation of solid models, CAD, 24 (1992), pp. 517–529.

[646] N. S. Sapidis and P. D. Kaklis, An algorithm for constructing convexity and monotonicity-preserving splines in tension, Computer Aided Geometric Design, 5 (1988), pp. 87–103.

[647] R. F. Sarraga, G1 interpolation of generally unrestricted cubic Bézier curves, Computer Aided Geometric Design, 4 (1987), pp. 23–39. [corrected in Computer Aided Geometric Design 6,167].

[648] L. Scarlatos and T. Pavlidis, Hierarchical triangulation using terrain features, in Visualization ’90 Proceedings, A. Kaufman, ed., IEEE Computer Society, 1990, pp. 168–175.

[649] R. Schaback, Convergence of planar curve interpolation schemes, in Approximation Theory VI, C. K. Chui, L. L. Schumaker, and J. D. Ward, eds., Academic Press, New York, 1989.

[650] I. P. Schagen, Automatic contouring from scattered data points, Computer J, 25 (1982), pp. 7–11. [651] , Sequential exploration of unknown multi-dimensional functions as an aid to optimization, IMA J. of Numerical Analysis, 4 (1984), pp. 337–347.

[652] , Internal modelling of objective functions for global optimization, J. of Optimization Theory and Applications, 11 (1986), pp. 345–353. [interpolation by sum of equal-width gaussians; derivatives of penalized surface].

[653] J. W. Schmidt, An unconstrained dual program for computing convex C1-spline approximants, Computing, 39 (1987), pp. 133–140. [explicit formulas for Newton’s method].

[654] J. W. Schmidt, Convex interval interpolation with cubic splines, ii, BIT, 31 (1991), pp. 328–340. [655] J. W. Schmidt, Constrained smoothing of histograms by quadratic splines, Computing, 48 (1992), pp. 97–107. [656] J. W. Schmidt and W. Heß, Positive interpolation with rational quadratic splines, Computing, 38 (1987), pp. 261–267. [657] J. W. Schmidt and W. Heß, Positivity of cubic polynomials on intervals and positive spline interpolation, BIT, 28 (1988), pp. 340–352.

[658] J. W. Schmidt and W. Heß, S-convex, monotone, and positive interpolation with rational bicubic splines of C2- continuity, BIT, 33 (1993), pp. 496–511.

[659] F. Schmitt, X. Chen, W.-H. Du, and F. Sair, Adaptive G1 approximation of range data using triangular patches, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 433–436.

[660] J. L. Schonfelder and M. Razaz, Error control with polynomial approximations, IMA J. of Numerical Analysis, 1 (1980), pp. 105–114.

[661] N. L. Schryer, SSAF – smooth spline approximations to functions, Numerical Analysis Memorandum 86-8, AT&T Bell Laboratories, 1986. [SSAF].

[662] H. Schultheis and R. Schultheis, Algorithm 35: An algorithm for non-smoothing contour representations of twodimensional arrays, Computing, 19 (1978), pp. 381–387. [Fortran listing].

[663] L. L. Schumaker, Fitting surfaces to scattered data, in Approximation Theory II, G. G. Lorentz, C. K. Chui, and L. L. Schumaker, eds., Academic Press, New York, 1976, pp. 203–268.

[664] L. L. Schumaker, On hyperbolic splines, J. of Approximation Theory, 38 (1983), pp. 144–166. [665] L. L. Schumaker, On shape preserving quadratic spline interpolation, SIAM J. on Numerical Analysis, 20 (1983), pp. 854–864.

[666] , Numerical aspects of spaces of piecewise polynomials on triangulations, in Algorithms for Approximation, J. C. Mason and M. G. Cox, eds., Oxford Univ. Press, 1987, pp. 373–406.

[667] L. L. Schumaker, On super splines and finite elements, SIAM J. on Numerical Analysis, 26 (1989), pp. 997–1005. [668] , Reconstruction of 3D objects using splines, in Curves and Surfaces in Computer Vision and Graphics, L. A. Ferrari and R. J. P. de Figueiredo, eds., Proc. 1251, SPIE, 1990, pp. 130–140.

[669] , Computing optimal triangulations using simulated annealing, Computer Aided Geometric Design, 10 (1993), pp. 329–345.

[670] L. L. Schumaker and C. Traas, Fitting scattered data on spherelike surfaces using tensor products of trigonometric and polynomial splines, Numerische Mathematik, 60 (1991), pp. 133–144.

[671] L. L. Schumaker and F. Utreras, Asymptotic properties of complete smoothing splines and applications, SIAM J. on Scientific and Statistical Computation, 9 (1988), pp. 24–38.

[672] L. L. Schumaker and W. Volk, Efficient algorithms for evaluating multivariate polynomials, Computer Aided Geometric Design, 3 (1986), pp. 149–154.

[673] D. S. Scott, The complexity of interpolating given data in three space with a convex function of two variables, J. of Approximation Theory, 42 (1984), pp. 52–36.

[674] G. A. F. Seber, Linear Regression Analysis, John Wiley & Sons, New York, 1977.

[675] T. W. Sederberg, Algebraic geometry for surface and solid modeling, in Geometric Modeling: Algorithms and New Trends, G. E. Farin, ed., SIAM, 1987, pp. 29–42.

[676] H. Seidel, Symmetric algorithms for curves and surfaces, in Curves and Surfaces in Computer Vision and Graphics,

L. A. Ferrari and R. J. P. d. Figueiredo, eds., Proc. 1251, SPIE, 1990, pp. 18–29.

[677] H.-P. Seidel, Universal splines and geometric continuity, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 437–444.

[678] B. Sendov, Approximation relative to Hausdorff distance, in Approximation Theory, Academic Press, New York, 1970. [679] L. F. Shampine, Discrete least squares polynomial fits, Communications of the ACM, 18 (1975), pp. 179–180. [imsl/rcurv]. [680] M. J. Shelley and G. R. Baker, Order-preserving approximations to successive derivatives of periodic functions by iterated splines, SIAM J. on Numerical Analysis, 25 (1988), pp. 1442–1452.

[681] D. Shepard, A two-dimensional interpolation function for irregularly-spaced data, in Proceedings of ACM National Conference, 1968, pp. 517–524.

[682] J.-J. H. Shiau, Smoothing Spline Estimation of Functions with Discontinuities, PhD thesis, University of Wisconsin, Madison, 1985.

[683] L. A. Shirman and C. H. Séquin, Local surface interpolation with Bezier patches, Computer Aided Geometric Design, 4 (1987), pp. 279–295.

[684] K. Shoemake, Faster fourier transform, in Graphics Gems II, J. Arvo, ed., Academic Press, New York, 1991, pp. 368– 370.

[685] R. Sibson, A brief description of natural neighbor interpolation, in Interpreting Multivariate Data, V. Barnett, ed., John Wiley & Sons, New York, 1981, pp. 21–36.

[686] R. Sibson and G. Stone, Computation of thin-plate splines, SIAM J. on Scientific and Statistical Computation, 12 (1991), pp. 1304–1313.

[687] R. Sibson and G. D. Thomson, A seamed quadratic element for contouring, Computer J, 24 (1981), pp. 378–382. [688] A. Sidi, W. F. Ford, and D. A. Smith, Acceleration of convergence of vector sequences, SIAM J. on Numerical Analysis, 23 (1986), pp. 178–196.

[689] M. J. Silbermann, S. Y. Wang, and L. A. Ferrari, Efficient computation of multiple knots nonuniform spline functions, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 449–452.

[690] B. W. Silverman and J. T. Wood, The nonparametric estimation of branching curves, J. of the American Statistical Association, 82 (1987), pp. 551–558.

[691] J. C. Simpson, Fortran translation of algorithm 409, discrete Chebyshev curve fit, ACM Transactions on Mathematical Software, 2 (1976), pp. 95–97. [toms/501].

[692] R. C. Singleton, An algorithm for computing the mixed radix fast fourier transform, IEEE Transactions on Audio and Electroacoustics, AU-17 (1969), pp. 93–103. [netlib/go/fft,realtr].

[693] N. Sivakumar and J. D. Ward, On the least squares fit by radial functions to multidimensional scatter data, Numerische Mathematik, 65 (1993), pp. 219–243.

[694] R. D. Small, The generating function method of nonlinear approximation, SIAM J. on Numerical Analysis, 25 (1988), pp. 235–244.

[695] D. M. Smith, Algorithm 693: A fortran package for floating-point multiple-precision arithmetic, ACM Transactions on Mathematical Software, 12 (1991), pp. 273–283. [toms/693].

[696] W. V. Snyder, Contour plotting, ACM Transactions on Mathematical Software, 4 (1978), pp. 290–294. [toms/531]. [697] H. Späth, Spline-Algorithmen zur Konstruktion glatter Kurven und Flächen, R. Oldenbourg Verlag, München, 1973. [698] F. Stenger, Numerical methods based on Whittaker cardinal or SINC-functions, SIAM Review, 23 (1981), pp. 165–224. [699] J. Stöckler, Multivariate bernoulli splines and the periodic interpolation problem, Constructive Approximation, 7 (1991), pp. 105–122.

[700] D. J. T. Storry and A. A. Ball, Design of an n-sided surface patch from Hermite boundary data, Computer Aided Geometric Design, 6 (1989), pp. 111–120.

[701] R. L. Streit, An algorithm for the solution of systems of complex linear equations in the L1 norm with constraints on the unknowns, ACM Transactions on Mathematical Software, 11 (1985), pp. 242–249. [toms/635].

[702] R. L. Streit and A. H. Nuttall, A general Chebyshev complex function approximation procedure and an application to beamforming, J. of the Acoustical Society of America, 72 (1982), pp. 181–190.

[703] D. C. Sutcliffe, A remark on a contouring algorithm, Computer J, 19 (1976), pp. 3–333–335. [Algol bug fix to McLain]. [704] , Contouring over rectangular and skewed rectangular grids – an introduction, in Mathematical Methods in Computer Graphics and Design, K. W. Brodlie, ed., Academic Press, New York, 1980, pp. 39–62.

[705] P. N. Swarztrauber, On the spectral approximation of discrete scalar and vector functions on the sphere, SIAM J. on Numerical Analysis, 16 (1979), pp. 934–949.

[706] , The approximation of vector functions and their derivatives on the sphere, SIAM J. on Numerical Analysis, 18 (1981), pp. 191–210.

[707] , Vectorizing the ffts, in Parallel Computations, G. Rodrigue, ed., Academic Press, New York, 1982, pp. 51–83. [netlib/fftpack].

[708] P. T. P. Tang, Table-driven implementation of the exponential function in IEEE floating-point arithmetic, ACM Transactions on Mathematical Software, 15 (1989), pp. 144–157. [pseudo-code with hex constants].

[709] , Accurate and efficient testing of the exponential and logarithm functions, ACM Transactions on Mathematical Software, 16 (1990), pp. 185–200.

[710] P. T. P. Tang, A fast algorithm for linear complex Chebyshev approximation, in Algorithms for Approximation II, J. C. Mason and M. G. Cox, eds., Chapman and Hall, London, 1990, pp. 265–273.

[711] P. T. P. Tang, Table-driven implementation of the expm1 function in IEEE floating-point arithmetic, ACM Transactions on Mathematical Software, 18 (1992), pp. 211–222. [pseudo-code with hex constants].

[712] W. P. Tang and G. H. Golub, The block decomposition of a Vandermonde matrix and its applications, BIT, 21 (1981), pp. 505–517.

[713] R. A. Tapia and J. R. Thompson, Nonparametric Probability Density Estimation, Johns Hopkins University Press, Baltimore Maryland, 1978.

[714] C. Temperton, A generalized prime factor FFT algorithm for any N = 2p3q5r, SIAM J. on Scientific and Statistical Computation, 13 (1992), pp. 676–686.

[715] L. F. Ten Eyck, Crystallographic fast fourier transforms, Acta Crystallographica, A29 (1973), pp. 183–191. [widely distributed in crystallographic community].

[716] L. S. Thakur, A direct algorithm for optimal quadratic splines, Numerishce Mathematik, 57 (1990), pp. 313–332. [717] J. P. Thiran and S. Thiry, Strict Chebyshev approximation for general systems of linear equations, Numerische Mathematik, 51 (1987), pp. 701–725.

[718] R. A. Thisted, Elements of Statistical Computing: Numerical Computation, Chapman and Hall, New York, 1988. [719] D. H. Thomas, A natural tensor product interpolation formula and the pseudoinverse of a matrix, Linear Algebra and Its Applications, 13 (1976), pp. 239–250.

[720] J. F. Thompson, Z. U. A. Warsi, and C. W. Mastin, Numerical Grid Generation, North-Holland, Amsterdam, 1985. [721] R. Tibshirani, Principal curves revisited, tech. rep., 1991.

[722] W. Tiller, Knot-removal algorithms for NURBS curves and surfaces, CAD, 24 (1992), pp. 445–453. [723] B. Y. Ting and Y. L. Luke, Conversion of polynomials between different polynomial bases, IMA J. of Numerical Analysis, 1 (1981), pp. 229–234.

[724] V. Torre and T. A. Poggio, On edge detection, IEEE Trans. on Pattern Analysis and Machine Intelligence, 8 (1986), pp. 147–163.

[725] C. R. Traas, Smooth approximation of data on the sphere with splines, Computing, 38 (1987), pp. 177–184. [726] L. N. Trefethen, Numerical computation of the Schwarz-Christoffel transformation, SIAM J. on Scientific and Statistical Computation, 1 (1980), pp. 82–102. [netlib/conformal/scpack,scdoc,sclib].

[727] , Matlab programs for CF approximation, in Approximation Theory V, C. K. Chui, L. L. Schumaker, and J. D. Ward, eds., Academic Press, New York, 1986, pp. 599–602.

[728] L. N. Trefethen and M. H. Gutknecht, Padé, stable Padé, and Chebyshev-Padé approximation, in Algorithms for Approximation, J. C. Mason and M. G. Cox, eds., Oxford Univ. Press, 1987, pp. 228–264.

[729] J. W. Tukey, Exploratory Data Analysis, Addison-Wesley Publishing, Reading Massachusetts, 1977. [730] P. A. Tukey and J. W. Tukey, Preparation; prechosen sequences of views, in Interpreting Multivariate Data, V. Barnett, ed., John Wiley & Sons, New York, 1981, pp. 196–197.

[731] F. Utreras, Cross-validation techniques for smoothing spline functions in one and two dimensions, in Smoothing Techniques for Curve Estimation, Gasser and Rosenblatt, eds., Heidelberg, 1979, pp. 196–232.

[732] F. Utreras and M. L. Varas, Monotone interpolation of scattered data in Rs, Constructive Approximation, 7 (1991), pp. 49–68.

[733] F. I. Utreras, On computing robust splines and applications, SIAM J. on Scientific and Statistical Computation, 2 (1981), pp. 153–163.

[734] M. Van Barel and A. Bultheel, A new formal approach to the rational interpolation problem, Numerische Mathematik, 62 (1992), pp. 87–122.

[735] S. Van Huffel, Analysis of the Total Least Squares Problem and its Use in Parameter Estimation, PhD thesis, Katholieke Universiteit Leuven, 1987. [netlib/vanhuffel/].

[736] C. Van Loan, On the method of weighting for equality-constrained least-squares problems, SIAM J. on Numerical Analysis, 22 (1985), pp. 851–864.

[737] J. M. Varah, A spline least squares method for numerical parameter estimation in differential equations, SIAM J. on Scientific and Statistical Computation, 3 (1982), pp. 28–46.

[738] M. L. Varas, A modified dual algorithm for the computation of the monotone cubic spline, in Approximation Theory V, C. K. Chui, L. L. Schumaker, and J. D. Ward, eds., Academic Press, New York, 1986, pp. 607–610.

[739] S. A. Vavasis, A note on wavelet bases for two-dimensional surfaces, TR 90-1157, Dept. Computer Science, Cornell Univ., 1990.

[740] A. H. Vermeulen, R. H. Bartels, and G. R. Heppler, Integrating products of B-splines, SIAM J. on Scientific and Statistical Computation, 13 (1992), pp. 1025–1038.

[741] G. Wahba, Smoothing noisy data by spline functions, Numerische Mathematik, 24 (1975), pp. 383–393. [imsl/csscv]. [742] , Surface fitting with scattered noisy data on euclidean d-space and on the sphere, Rocky Mountain J. of Mathematics, 14 (1984), pp. 281–299.

[743] , Multivariate model building wtih additive interaction and tensor product thin plate splines, in Curves and Surfaces, P. J. Laurent, A. Le Méhauté, and L. L. Schumaker, eds., Academic Press, New York, 1991, pp. 491–504.

[744] K. Wall and P. Danielsson, A fast sequential method for polygonal approximation of digitized curves, Computer Vision, Graphics, and Image Processing, 28 (1984), pp. 220–227.

[745] C. Y. Wang, C1 rational interpolation over an arbitrary triangle, CAD, 15 (1983), pp. 33–36. [746] J. Warren and S. Lodha, Free-form quadric surface patches, in Curves and Surfaces in Computer Vision and Graphics, L. A. Ferrari and R. J. P. d. Figueiredo, eds., Proc. 1251, SPIE, 1990, pp. 30–40.

[747] J. D. Warren, On algebraic surfaces meeting with geometric continuity, TR 86-770, Dept. Computer Science, Cornell University, 1986.

[748] D. F. Watson, Computing the n-dimensional Delaunay tesselation with application to Voronoi polytopes, Computer J, 24 (1981), pp. 167–172.

[749] G. A. Watson, Data fitting by positive sums of exponentials, in Algorithms for Approximation, J. C. Mason and M. G. Cox, eds., Oxford Univ. Press, 1987, pp. 337–356.

[750] , A method for the chebyshev solution of an overdetermined system of complex linear equations, IMA J. of Numerical Analysis, 8 (1988), pp. 461–471.

[751] , Chebyshev approximation to data by positive sums of exponentials, IMA J. of Numerical Analysis, 10 (1990), pp. 569–582.

[752] , Numerical methods for chebyshev approximation of complex-valued functions, in Algorithms for Approximation II, J. C. Mason and M. G. Cox, eds., Chapman and Hall, London, 1990, pp. 246–264.

[753] L. T. Watson, S. C. Billups, and A. P. Morgan, HOMPACK: a suite of codes for globally convergent homotopy algorithms, ACM Transactions on Mathematical Software, 13 (1987), pp. 281–310. [toms/652, netlib/hompack/].

[754] R. Waupotitsch, Implementation and performance analysis of the minmax angle algorithm, 1992. [ftp.ncsa.uiuc.edu/SGI/MinMaxer].

[755] K. J. Weiler, Edge-based data structures for solid modeling in curved-surface environments, IEEE Computer Graphics and Applications, 5:1 (1985), pp. 21–40.

[756] A. Weiser and S. E. Zarantonello, A note on piecewise linear and multilinear table interpolation in many dimensions, Mathematics of Computation, 50 (1988), pp. 189–196.

[757] M. Weisfeld, Orthogonal polynomials in several variables, Numerische Mathematik, 1 (1959), pp. 38–40. [758] A. B. White, Jr., On selection of equidistributing meshes for two-point boundary-value problems, SIAM J. on Numerical Analysis, 16 (1979), pp. 472–502.

[759] E. T. Whittaker, On a new method of graduation, Edinburgh Mathematical Society Proceedings, 41 (1923), pp. 63–75. [760] D. G. Wilson, Piecewise linear approximations to tabulated data, ACM Transactions on Mathematical Software, 2 (1976), pp. 388–391. [toms/510].

[761] G. T. Wilson, Problems in time-series analysis, in Numerical Algorithms, J. L. Mohamed and J. E. Wlash, eds., Clarendon Press, Oxford, 1986, pp. 293–313.

[762] P. R. Wilson, Data transfer and solid modeling, (1988), pp. 217–249.

[763] J. A. Wixom, Interpolation to networks of curves in E3, SIAM J. on Numerical Analysis, 15 (1978), pp. 1178–1193. [764] R. Wolke and H. Schwetlick, Iteratively reweighted least squares: Algorithms, convergence analysis, and numerical comparisons, SIAM J. on Scientific and Statistical Computation, 9 (1988), pp. 907–921.

[765] H. Woltring, A FORTRAN package for generalized, cross-validatory spline smoothing and differentiation, Advances in Engineering Software, 8 (1986), pp. 104–113. [netlib/gcv/gcvspl].

[766] T. C. Woo, A combinatorial analysis of boundary data structure schemata, IEEE Computer Graphics and Applications, 5:3 (1985), pp. 19–27.

[767] A. J. Worsey and G. Farin, An n-dimensional Clough-Tocher interpolant, Constructive Approximation, 3 (1987), pp. 99–110.

[768] , Contouring a bivariate quadratic polynomial over a triangle, Computer Aided Geometric Design, 7 (1990), pp. 337–351.

[769] A. J. Worsey and B. Piper, A trivariate Powell-Sabin interpolant, Computer Aided Geometric Design, 5 (1988), pp. 177–186.

[770] Z. Yan, Piecewise cubic curve fitting algorithm, Mathematics of Computation, 49 (1987), pp. 203–213. [771] B. S. Yandell, Block diagonal smoothing splines, TR 812, Dept. Statistics, University of Wisconsin, 1987. [772] M. A. Yerry and M. S. Shephard, A modified quadtree approach to finite element mesh generation, IEEE Computer Graphics and Applications, 3 (1983), pp. 39–46.

[773] J. M. Yohe, Implementing nonstandard arithmetics, SIAM Review, 21 (1979), pp. 34–56. [augment]. [774] F. Yoshimoto, Least squares approximation by one-pass methods with piecewise polynomials, in Algorithms for Approximation, J. C. Mason and M. G. Cox, eds., Oxford Univ. Press, 1987, pp. 213–224.

[775] H. Yserentant, Hierarchical bases of finite-element spaces in the discretization of nonsymmetric elliptic boundary value problems, Computing, 35 (1985), pp. 39–49.

[776] Zhao Ning and Dai Jiazun, Uniformly third-order accurate TVNE interpolations, IMA J. of Numerical Analysis, 13 (1993), pp. 255–261.

[777] A. Ziv, A stable method for the evaluation of a polynomial and of a rational function of one variable, Numerische Mathematik, 41 (1983), pp. 309–319.

[778] , Fast evaluation of elementary mathematical functions with correctly rounded last bit, ACM Transactions on Mathematical Software, 17 (1991), pp. 410–423.

[779] M. J. Zyda, A decomposable algorithm for contour surface display generation, ACM Transactions on Mathematical Software, 7 (1988), pp. 129–148.