CS 522 - Advanced Methods in Scientific Computing

Winter Quarter 1998

Instructor: Chris Johnson Office: 3440 MEB Phone: 581-7705 Email: crj@cs.utah.edu Office Hours: M–Th 10:00–11:00 a.m., or by appointment. TA: Peter Jensen TA Office: 3375 MEB TA Phone: 581-7977 TA Email: pajensen@cs.utah.edu Class Email: cs522@cs.utah.edu and teach-cs522@cs.utah.edu Class Website: http://www.cs.utah.edu/ ¸cs522 Class Notes: These will consist of LaTex versions of my notes (which will be available in postscript form from the class web page), excerpts from the list of recommended references, plus several handouts.

Objectives: This course concentrates on the computational solution of 2D and 3D partial differential equations (boundary value problems) that arise in science and engineering applications.

Homework: I subscribe to the philosophy that one learns by doing, and the more doing, the better. Working through problems is an ideal way to really understand theory. Thus, we will spend a portion of time discussing practical implementation issues. Assignments will be handed out periodically throughout the quarter, collected and graded. Many problems will consist of computational implementation of the ideas discussed in lecture.

Exams: There will be no regularly scheduled exams. Final Exam: There will not be a final exam.

Grades: A final course grade will be computed from the homework assisgnments. Class Website: The class web page is organized into a series of directories that contain related class materials, as well as, a set of links to potentially useful computational engineering and science web sites.

Syllabus for CS 522

1. Overview and introduction [1, 2, 3, 4] 2. Introduction to field problems in science and engineering [5, 6, 1, 7, 8, 9] 3. Methods for approximating boundary value problems

ffl Finite difference methods [5, 10, 1, 11, 12, 13] ffl Finite element methods

[14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33]

ffl Boundary integral methods [14, 34, 35, 36, 37] ffl Multigrid and multilevel methods

[38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52] 4. Solution methods (solving systems of equation) [53, 54, 1, 55, 56, 57, 58, 59] 5. Mesh generation [60, 61, 62, 63, 64, 65, 66, 67, 68] 6. Adaptive methods [69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80]

References

[1] G. Johnson, E. Oliver, and V. Umar, editors. Computational Science Education Project. Department of Energy, Washington, D.C., 1993. URL: http://csep1.phy.ornl.gov/csep.html.

[2] W.J. Kaufmann and L.L. Smarr. Supercomputing and the Transformation of Science.

Scientific American Library, New York, 1993.

[3] S.G. Nash. A History of Scientific Computing. ACM Press, New York, 1990. [4] R. Slater. Portaits in Silicon. MIT Press, Boston, 1987.

[5] M.B. Allen, I. Herrera, and G.F. Pinder. Numerical Modeling in Science and Engineering. Wiley, New York, 1988.

[6] S.R.H. Hoole. Computer-Aided Analysis and Design of Electromagnetic Devices. Elsevier, New York, 1989.

[7] C.E. Miller and C.S. Henriquez. Finite element analysis of bioelectric phenomena. Crit.

Rev. in Biomed. Eng., 18:181–205, 1990.

[8] L. Setian. Engineering Field Theory with Applications. Cambridge Universtiy, Cambridge, 1992.

[9] W.J. Thompson. Computing for Scientists and Engineers. Wiley, New York, 1992. [10] G.H. Golub and J.M. Ortega. Scientific Computing and Differential Equations. Academic Press, Boston, 1992.

[11] U. Schendel. Introduction to Numerical Methods for Parallel Computers. Ellis Harwood, Chichester, 1984.

[12] J.C. Strikwerda. Finite difference schemes and partial differential equations. Wadsworth & Brooks/Cole Advanced Books & Software, Pacific Grove, 1989.

[13] G.D. Smith. Numerical solution of partial differential equations : finite difference methods, 2d ed. Oxford : Clarendon Press, New York, 1978.

[14] G. Beer and J.O. Watson. Introduction to Finite and Boundary Element Methods for Engineers. Wiley, New York, 1992.

[15] J.E. Akin. Finite Element Analysis for Undergraduates. Academic Press, New York, 1986.

[16] P.G. Ciarlet and J.L Lions. Handbook of Numerical Analysis: Finite Element Methods, volume 1. North-Holland, Amsterdam, 1991.

[17] C. Johnson. Numerical solution of Partial Differential Equations by the Finite Element Method. Cambridge University Press, Cambridge, 1990.

[18] P. Leinen. Data structures and concepts for adaptive finite element methods. Computing, 55:325–354, 1995.

[19] J. T. Oden and J. N. Reddy. An Introduction to the Mathematical Theory of Finite Elements. John Wiley & Sons, New York, 1982.

[20] D.S. Burnett. Finite Element Method. Addison Wesley, Reading, Mass., 1988.

[21] K.H. Huebner, E.A. Thornton, and T.G. Byrom. The Finite Element Method for Engineers. Wiley, New York, 3rd edition, 1995.

[22] P. Silvester and R.L. Ferrari. Finite Elements for Electrical Engineers. Cambridge University Press, Cambridge, England, 1983.

[23] P. Tong and J.N. Rossettos. Finite-Element Method. MIT Press, Boston, 1977.

[24] O.C. Zienkiewicz and R.L. Taylor. The Finite Element Method, Vols. I and II. McGraw- Hill, New York, 4th edition, 1988.

[25] O. A. Axelsson and V. A. Barker. Finite Element Solution of Boundary Value Problems.

Academic Press, New York, 1984.

[26] I. Babuška. The p and h–p versions of the finite element method: The state of the art.

In D. L. Dwoyer, M. Y. Hussaini, and R. G. Voigt, editors, Finite Elements, Theory and Applications. Springer–Verlag, New York, 1988.

[27] I. Babuška and A. K. Aziz. Survey lectures on the mathematical foundation of the finite element method. In A. K. Aziz, editor, The Mathematical Foundation of the Finite Element Method with Applications to Partial Differential Equations, pages 3– 359. Academic Press, New York, 1972.

[28] R. E. Bank. Hierarchical bases and the finite element method, volume 5 of Acta Numerica, pages 1–43. Cambridge University Press, Cambridge, 1996.

[29] A. W. Craig and O. C. Zienkiewicz. A multigrid algorithm using a hierarchical finite element basis. In D. J. Paddon and H. Holstein, editors, Multigrid Methods for Integral and Differential Equations, The Institute of Mathematics and its Applications Conference Series 3, pages 301–312. Clarendon Press, Oxford, 1985.

[30] D. A. Field and Y. Pressburger. h–p – multigrid method for finite element analysis. J.

Numer. Meth. Engrg., 36:893–908, 1993.

[31] K. Miller. Moving finite elements. I. SIAM J. Numer. Anal., 18:1019–1032, 1981.

[32] G. Strang and G. Fix. An Analysis of the Finite Element Method. Prentice–Hall, Englewood Cliffs, NJ, 1973.

[33] B. Szabó and I. Babuška. Finite Element Analysis. John Wiley & Sons, New York, 1991.

[34] C.A. Brebbia and J. Dominguez. Boundary Elements: An Introductory Course.

McGraw-Hill, Boston, 1989.

[35] N. Kamiya, H. Iwase, and E. Kita. Parallel adaptive boundary element analysis. Comput. Meth. Appl. Mech. Eng., 134:341–350, 1996.

[36] G. C. Hsiao. The coupling of boundary element and finite element methods. Z. Angew.

Math. Mech., 70, no. 6:T493–T503, 1990.

[37] W. L. Wendland. Boundary element methods for elliptic problems. In A. H. Schatz, V. Thomée, and W. L. Wendland, editors, Mathematical Theory of Finite and Boundary Element Methods, DMV Seminar Band 15, pages 219–276. Birkhäuser Verlag, Basel, Boston, Berlin, 1990.

[38] W.L. Briggs. A Multigrid Tutorial. SIAM, Philadelphia, 1987.

[39] S.F. McCormick. Multilevel adaptive methods for partial differential equations. SIAM, Philadelphia, 1989.

[40] W. Hackbusch. Introduction to multi–grid methods for the numerical solution of boundary value problems. In J. A. Essers, editor, Computational Methods for Turbulent, Transonic and Viscous Flows. Hemisphere, Washington, D.C., 1983.

[41] R. L. Haupt and S. E. Haupt. Introduction to multigrid using MATLAB. Comput.

Appl. Eng. Educ., 5:421–431, 1993.

[42] P. Wesseling. An Introduction to Multigrid Methods. John Wiley & Sons, Chichester, 1992.

[43] A. Brandt. Multi–level adaptive techniques (MLAT) for partial differential equations:

ideas and software. In J. R. Rice, editor, Mathematical Software III, pages 277–318. Academic Press, New York, 1977.

[44] S. F. McCormick. Multilevel Adaptive Methods for Partial Differential Equations, volume 6 of Frontiers in Applied Mathematics. SIAM Books, Philadelphia, 1989.

[45] W. F. Mitchell. MGGHAT: elliptic PDE software with adaptive refinement, multigrid and high order finite elements. In N. D. Melson, T. A. Manteuffel, and S. F. McCormick, editors, Sixth Copper Mountain Conference on Multigrid Methods, volume CP 3224, pages 439–448, Hampton, VA, 1993. NASA.

[46] V. Parthasarathy and Y. Kallinderis. New multigrid approach for three dimensional unstructured, adaptive grids. AIAA J., 32:956–963, 1994.

[47] J. R. van Rosendale. Algorithms and data structures for adaptive multigrid elliptic solvers. Appl. Math. Comput., 13:453–470, 1983.

[48] U. Rüde. Fully adaptive multigrid methods. SIAM J. Numer. Anal., 30:230–248, 1993.

[49] U. Rüde. Mathematical and Computational Techniques for Multilevel Adaptive Methods, volume 13 of Frontiers in Applied Mathematics. SIAM, Philadelphia, 1993.

[50] J. W. Ruge and K. Stüben. Efficient solution of finite difference and finite element equations by algebraic multigrid (AMG). In D. J. Paddon and H. Holstein, editors, Multigrid Methods for Integral and Differential Equations, The Institute of Mathematics and its Applications Conference Series, pages 169–212. Clarendon Press, Oxford, 1985.

[51] J. W. Ruge and K. Stüben. Algebraic multigrid (AMG). In S. F. McCormick, editor, Multigrid Methods, volume 3 of Frontiers in Applied Mathematics, pages 73–130. SIAM, Philadelphia, PA, 1987.

[52] H. Yserentant. On the multi–level splitting of finite element spaces. Numer. Math., 49:379–412, 1986.

[53] K.E. Atkinson. An Introduction to Numercial Analysis. Wiley, New York, 1989.

[54] A. Jennings and J.J. McKeown. Matrix Computation. Wiley, New York, 1992.

[55] G.H. Golub and C.F. Van Loan. Matrix Computations. Johns Hopkins, Baltimore, 1989.

[56] D.P. Bertsekas and J.N. Tsitsiklis. Parallel and Distributed Computation: Numerical Methods. Prentice-Hall, Englewood Cliffs, 1989.

[57] G.H. Golub and J.M. Ortega. Scientific Computing: An Introduction with Parallel Computing. Academic Press, Boston, 1993.

[58] J.J. Dongarra, I.S. Duff, D.C. sorensen, and H.A. van der Vorst. Solving Linear Systems on Vector and Shared Memory Computers. SIAM, Philadelphia, 1991.

[59] K.A. Gallivan and et al. Parallel Algorithms for Matrix Computations. SIAM, Philadelphia, 1990.

[60] P.L. George. Automatic Mesh Generation. Wiley, New York, 1991.

[61] P. Mehrotra, J. Saltz, and R. Voigt, editors. Unstructured Scientific Computation on Scalable Multiprocessors. MIT Press, Boston, 1992.

[62] J.F. Thompson, Z.U.A. Warsi, and C.W. Mastin. Numerical Grid Generation. North- Holland, New York, 1985.

[63] J.E. Castillo. Mathematical aspects of numerical grid generation. SIAM, Philadelphia, 1991.

[64] D.F. Watson. Computing the n-dimensional Delaunay tesselation with applications to Voronoi polytopes. Computer Journal, 24(2):167–172, 1981.

[65] M. J. Berger. Data structures for adaptive mesh refinement. In I. Babuška, J. Chandra, and J. E. Flaherty, editors, Adaptive Computational Methods for Partial Differential Equations. SIAM, Philadelphia, 1984.

[66] M. J. Berger. Data structures for adaptive grid generation. SIAM J. Sci. Stat. Comp., 7:904–916, 1986.

[67] R. W. Lewis, Y. Zheng, and A. S. Usmani. Aspects of adaptive mesh generation based on domain decomposition and Delaunay triangulation. Finite Elts. Anal. Design, 20:47–70, 1995.

[68] M. Shephard. Automatic and adaptive mesh generation. IEEE Transactions on Magnetics, MAG–21:2484–2489, 19985.

[69] J.E. Flaherty. Adaptive Methods for Partial Differential Equations. SIAM, Philadelphia, 1989.

[70] P. Bastian and G. Wittum. Adaptive multigrid methods: The UG concept. In Adaptive Methods – Algorithms, Theory and Applications, volume 46 of Notes on Numerical Fluid Mechanics, pages 17–37, Braunschweig, 1994. Vieweg.

[71] P. Bastian and G. Wittum. On robust and adaptive multi–grid methods. In Multigrid Methods IV, Proceedings of the Fourth European Multigrid Conference, Amsterdam, July 6-9, 1993, volume 116 of ISNM, pages 1–17, Basel, 1994. Birkhäuser.

[72] R. Becker, C. Johnson, and R. Rannacher. Adaptive error control for multigrid finite element methods. Computing, 55:271–288, 1995.

[73] F. Bornemann, B. Erdmann, and R. Kornhuber. Adaptive multilevel–methods in three space dimensions. Int. J. Numer. Methods Engng., 36:3187–3203, 1993.

[74] L. Demkowicz, J. T. Oden, W. Rachowicz, and O. Hardy. Toward a univeral hp adaptive finite element strategy, part 1. Constrained approximation and data structure. Comput. Meth. Appl. Mech. Engrg., 77:79–112, 1989.

[75] D. K. Ghosh and P. K. Basu. Parallel adaptive finite element analysis of large scale structures. Comput. Sys. Eng., 5:325–335, 1994.

[76] G. W. Hedstrom and G. H. Rodrique. Adaptive–grid methods for time–dependent partial differential equations. In W. Hackbusch and U. Trottenberg, editors, Multigrid Methods, volume 960 of Lecture Notes in Mathematics, pages 474–484, Berlin, 1982. Springer–Verlag.

[77] J. T. Oden, A. Patra, and Y. S. Feng. An hp adaptive strategy. In Adaptive, Multilevel and Hierarchical Computationa Strategies, AMD–Vol. 157, pages 23–46. 1992.

[78] O.C. Zienkiewicz and J.Z. Zhu. A simple error estimate and adaptive procedure for practical engineering analysis. Int. J. Num. Meth. Eng., 24:337–357, 1987.

[79] O.C. Zienkiewicz and J.Z. Zhu. Adaptivity and mesh generation. Int. J. Num. Meth.

Eng., 32:783–810, 1991.

[80] I. Babuška. Error bounds for the finite element method. Numer. Math., 16:322–333, 1971.