Berichte des

Forschungsschwerpunktes

Informations- und

Kommunikatio nstechnik

Olaf Kn � upp el

A PROFIL/BIAS Implementation of a

Global Minimization Algorithm

Oktober 1995 Bericht 95.4

Olaf Kn � upp el: Oktob er 1995

A PR

OFIL/BIAS Implemen tation of a Global Minimization Algorithm

Beric h t 95.4

IMPOR T ANT NOTE:

Because the program is licensed free of charge, there is no warranty for the program, to the extent p ermitted by applicable law. The entire risk as to the quality and p erformance of the program is with you. Should the program prove defective, you assume the cost of all necessary servicing, repair or correction.

In no event unless required by applicable law or agreed to in writing will any copyright holder, or any other party who may mo dify and/or redistribute the program as p ermitted ab ove, b e liable to you for damages, including any general, sp ecial, incidental or consequential damages arising out of the use or inability to use the program (including but not limited to loss of data or data b eing rendered inaccurate or losses sustained by you or third parties or a failure of the program to op erate with any other programs), even if such holder or other party has b een advised of the p ossibility of such damages.

Prof. Dr. S. M. Rump

T echnische Universit� at Hamburg-Harburg

T echnische Informatik I I I

D-21071 Hamburg

Germany

This rep ort is av ailable via anonymous ftp from:

ti3sun.ti3.tu-harburg.de in the �le:

/pub/reports/report95.4.ps.Z

A PR

OFIL/BIAS Implemen tation of a

Global Minimization Algorithm

Olaf Kn � upp el

T ec hnisc he Informatik I I I

T ec hnisc he Univ ersit� at Ham burg-Harburg

D{21071 Ham burg email: knuep pe l@t u- har bur g. d40 0.d e

Octob er 6, 1995

Abstract

After several publications ab out our new global optimization metho d, we decided to provide the public with a simple implementation of the new metho d. This implementation has b een written using PROFIL/BIAS together with the PROFIL extensions.

Some example programs which show some simple applications of the metho d are also contained in the pack age. On the one hand, the sample programs give a go o d example of how to use automatic di�erentiation. On the other hand, a little bit more sophisticated solutions where sp eed is of most interest are also presented. In the latter case, the user is free to write sp ecial subroutines for computing the deriv atives.

This is a brief description of the implementation of the global minimization metho d and its usage. It is neither intended to explain the sp eci�c implementation details of the pack age nor to explain the mathematical background.

2 CONTENTS

Con ten ts

1 In tro duction 3

2 Installation 3

2.1 Installing the Library and Include Files : : : : : : : : : : : : : : : : : : : : : 4

3 The Metho d 4

3.1 Description of Mo dules : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 4

3.2 Simple Driver Interface : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 5

3.3 The More Sophisticated Driver : : : : : : : : : : : : : : : : : : : : : : : : : 6

4 Sample Programs 9

4.1 Example 1 | SimpleT estOpt.C : : : : : : : : : : : : : : : : : : : : : : : : : 9

4.2 Example 2 | T estOpt.C : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 11

Bibliograph y 14

3

1 In tro duction

This do cumentation describ es in a compact way the usage of the global minimization algorithm whose mathematical background together with many applications is describ ed in detail in [7, 6, 3, 2, 5, 1, 4, 8 ]. The implementation of the algorithm is based on PRO-

FIL/BIAS [9, 10 ] together with the PROFIL/BIAS Extensions [11 ].

In some cases it is assumed that the reader is familiar with basic C programming techniques and terms as header �les, mo dules, libraries, and so forth.

Unexp erienced readers may take the sample programs and test and mo dify them.

2 Installation

The installation of the global minimization pack age is similar to the installation of the

PROFIL extensions. As a prerequisite it is assumed that PROFIL, BIAS, and the PROFIL extensions are prop erly installed [10 , 11 ]. T o install the global minimization pack age, change to the PROFIL directory and copy the pack age �le into this directory

. The pack age �le is called profopt.tar.Z under Unix systems and profopt.tgz under DOS or OS/2. T o unpack the compressed pack age archive, typ e zcat profopt.tar.Z | tar xf - under Unix or gzip -dc profopt.tgz | tar xf - under DOS or OS/2. After that the compressed pack age (profopt.tar.Z or profopt.tgz) may b e deleted.

Typ e cd GlobOpt to change to the directory containing the global minimization subroutines.

Dep ending on your compiler, typ e the following to build all libraries:

Command Architecture Compiler used dmake xlC IBM RS/6000 IBM xlc dmake ibmgcc IBM RS/6000 gcc dmake hppaCC HP 9000/ 700 HP CC dmake hppagcc HP 9000/ 700 gcc dmake sun4CC Sparc SUN CC dmake sun4gcc Sparc gcc dmake pcgcc 80x86 gcc

4 3 THE METHOD

After the dmake �nishes, the library ProfilOpt has b een built.

2.1 Installing the Library and Include Files

Until now, the library and the include �les of the global minimization pack age are contained in the GlobOpt directory . T o install them in a di�erent place, please refer to [10], where the appropriate steps are describ ed for the PROFIL distribution.

Due to limitations in �le name length on some systems, some of the �le names mentioned b elow may b e di�erent on your system. If any di�erences o ccur, those can b e identi�ed in the �le names where the �rst name in each line corresp onds to the name mentioned in this do cumentation and the second name is the �le name on your system. On such systems for example the library ProfilOpt is called propt instead (i.e. the �le name is libpropt.a).

3 The Metho d

In order to keep this description small, we assume that the reader is familiar with the basics of interv al mathematics as well as with the principles b ehind the new metho d (see, e.g.

[7, 6, 3 , 2, 5, 1, 4, 8 ]). The implementation combines the deriv ative-free metho d together with the version using deriv atives. It is up to the user which version is used.

The global optimization metho d is av ailable in two versions, where the �rst is an easy-to-use simple driver for the second more sophicticated version. The �rst version uses automatic di�erentiation for the computation of the deriv atives. Therefore the function only has to b e written once. The disadv antage of this approach is that it is more slowly

, b ecause with each function ev aluation a gradient is also computed. Additionally

, all real v alued function/deriv ative computation is done using an interv al function or deriv ative call. On the other hand, it is easier to use this simple approach. The second version needs sp ecial subroutines for each function/deriv ative typ e. Therefore, 4 or 2 (if not using deriv atives) di�erent subroutines have to b e written. The adv antage of this approach lies in the exibility when writing the subroutines. F or example, the user is free to use hand-optimized inclusion functions.

3.1 Description of Mo dules

The PROFIL/BIAS implementation of the global minimization metho d is divided into several mo dules which also might b e helpful for other purp oses. The mo dules are:

3.2 Simple Driver Interface 5

AppList: Implemen tation of lists containing approximations of lo cal and/or global minima amlong with additional information. This list is called \A" in the mathematical description of the metho d. The list data typ e is called APPROXIMATIONLIST.

VecList: Implemen tation of lists containing b oxes to b e pro cessed later. This list is called \S" in the mathematical description of the metho d. The list data typ e is called

SOLUTIONLIST.

Expand: The expansion strategy .

SimpleOptDriver: The simple driver for the metho d.

UnconstrainedOpt: The exp ert driver for the metho d. As lo cal descent metho d, the metho d of Brent taken from the PROFIL/BIAS extension pack age is used. The call of the descent metho d is hardco ded into the �le UnconstrainedOpt.C, but can b e changed, if another metho d is desired.

VecUtils: Some necessary utility subroutines.

In the following, we describ e the two versions of the interface to the global minimization metho d in detail, starting with the simple driver.

3.2 Simple Driv er In terface

The �le SimpleOptDriver.h contains all necessary de�nitions for the simple driver interface.

VOID SimpleOptDriver (INT Iterations, INT BranchLevels,

INTERVAL_AUTODIFF (*TheFunction)(INTERVAL_VECTOR &),

INTERVAL_VECTOR TestDomain,

SOLUTIONLIST & SolutionList,

APPROXIMATIONLIST & ApproximationList,

INTERVAL & ValueBounds,

REAL Tolerance,

REAL RaiseFactor,

REAL HeuristicExpandFactor);

Iterations: The maximal numb er of iterations. This parameter is called n it

in the mathematical description of the metho d.

6 3 THE METHOD

BranchLevels: The maximal numb er of bisection p erformed in each co ordinate direction in each iteration. This parameter is called n d

in the mathematical description of the metho d.

TheFunction: a p ointer to the function to b e minimized. This function must return and inclusion for the function v alue, gradient, and Hessian for a given range. All return v alues are enco ded in the typ e INTERVAL AUTODIFF. F or an example of how to write such a function, see example section b elow.

TestDomain: The domain of the function.

SolutionList: Contains all unpro cessed b oxed on output. The list must b e empty on input.

ApproximationList: Contains all computed approximations together with additional information (e.g. enclosures of the minima). The list must b e empty on input.

ValueBounds: Contains b ounds for the function v alue on output.

Tolerance: Relativ e tolerance for the lo cal descent metho d. This parameter has a default v alue of 10

�6

.

RaiseFactor: Parameter of the metho d. Larger v alues will increase the numb er of calls of the lo cal descent metho d. This parameter has a default v alue of 0:2 which is also used for all examples published with the metho d.

HeuristicExpandFactor: Parameter of the metho d. Larger v alues will enlarge the heuristic area around computed lo cal minima. Larger heuristic areas might decrease the numb er of calls of the lo cal descent metho d. This parameter has a default v alue of 0:2 which is also used for all examples published with the metho d.

3.3 The More Sophisticated Driv er

The more sophisticated driver allows sp ecialized subroutines for each function or deriv ative required. Esp ecially it is p ossible to use hand-optimized co de for the inclusion functions.

Even functions, which need sp ecial enclosure ev aluations (e.g. eigenv alue problems) could b e solved with this driver. Additionally

, a more complex interactiv e handling of the metho d is p ossible, i.e. after some iterations, the solutions could we examined and dep ending on the result, more iteration steps could b e p erformed. This makes this version more suitable for more di�cult functions.

The sophisticated driver consists of 3 subroutines:

3.3 The More Sophisticated Driver 7

StartUnconstrainedOptimization This subroutine is called when initiating the minimization metho d. It sets up all internal data structures and calls the next subroutine.

UnconstrainedOptimization This subroutine assumes that all internal data structures have b een set up and p erforms the demanded numb er of iteration steps. After it has �nished, additional iterations can b e achieved by calling this subroutine again

(p erhaps with mo di�ed parameters).

CleanUpLists As a �nishing step, after all requested iterations have b een p erformed, the lists can b e cleaned from unnecessary elements by calling this subroutine.

In the following, we will describ e the parameters of those 3 subroutines in detail:

VOID StartUnconstrainedOptimization(

SOLUTIONLIST & SolutionList,

APPROXIMATIONLIST & ApproximationList,

INT Iterations, INT BranchLevels, REAL Eps,

REAL RaiseFactor, REAL HeuristicExpandFactor,

REAL & LowerBound, REAL & UpperBound,

INTERVAL_VECTOR & TheDomain,

REAL (* TheRealFunction)(VECTOR &),

INTERVAL (* TheIntervalFunction)(INTERVAL_VECTOR &),

INTERVAL_VECTOR (* TheIntervalGradient)(INTERVAL_VECTOR &),

INTERVAL_MATRIX (* TheIntervalHessian)(INTERVAL_VECTOR &));

SolutionList: Contains all unpro cessed b oxed on output. The list must b e empty on input.

ApproximationList: Contains all computed approximations together with additional information (e.g. enclosures of the minima). The list must b e empty on input.

Iterations: The maximal numb er of iterations. This parameter is called n it

in the mathematical description of the metho d.

BranchLevels: The maximal numb er of bisection p erformed in each co ordinate direction in each iteration. This parameter is called n d

in the mathematical description of the metho d.

Eps: Relative tolerance for the lo cal descent metho d.

RaiseFactor: Parameter of the metho d. Larger v alues will increase the numb er of calls of the lo cal descent metho d.

8 3 THE METHOD

HeuristicExpandFactor: Parameter of the metho d. Larger v alues will enlarge the heuristic area around computed lo cal minima. Larger heuristic areas might decrease the numb er of calls of the lo cal descent metho d.

LowerBound: Contains the lower b ound for the function v alue on output.

UpperBound: Contains the upp er b ound for the function v alue on output.

TheDomain: The domain of the function.

TheRealFunction: a p ointer to the real-v alued function to b e minimized.

TheIntervalFunction: a p ointer to the interv al-v alued function to b e minimized.

TheIntervalGradient: a p ointer to an inclusion function of the gradient. If no deriv atives are av ailable, the parameter should b e left empty

. In this case, the deriv ative-free version of the metho d is used.

TheIntervalHessian: a p ointer to an inclusion function of the Hessian (if deriv atives are av ailable).

T o p erform further steps after the initial iterations, the following subroutine is used:

VOID UnconstrainedOptimization (

SOLUTIONLIST & SolutionList,

APPROXIMATIONLIST & ApproximationList,

INT Iterations, INT BranchLevels, REAL Eps,

REAL RaiseFactor, REAL HeuristicExpandFactor,

REAL & LowerBound, REAL & UpperBound,

BOOL UseDerivatives);

Any parameters not describ ed here have the same meaning as in StartUnconstained-

Optimization.

SolutionList: Contains all unpro cessed b oxed on input and returns the new list on output.

ApproximationList: Contains all computed approximations together with additional information (e.g. enclosures of the minima) on input and returns the new list on output.

LowerBound: Contains a lower b ound for the function v alue on input and yields the new computed lower b ound on output.

UpperBound: Contains an upp er b ound for the function v alue on input and yields the new computed lower b ound on output.

9

UseDerivatives: Must b e set to TRUE, if deriv atives should b e used. This parameter has a default v alue of FALSE.

T o clean up the lists, the following subroutine could b e used:

VOID CleanUpLists (

SOLUTIONLIST & SolutionList,

APPROXIMATIONLIST & ApproximationList,

REAL Eps, REAL LowerBound, REAL UpperBound);

SolutionList: Contains all unpro cessed b oxed on input and returns the new list on output.

ApproximationList: Contains all computed approximations together with additional information (e.g. enclosures of the minima) on input and returns the new list on output.

Eps: Relative tolerance for the lo cal descent metho d.

LowerBound: Contains a lower b ound for the function v alue on input.

UpperBound: Contains an upp er b ound for the function v alue on input.

4 Sample Programs

The sub directory Examples contains sample programs for some of the new features discussed in this do cumentation. The examples are kept quite simple to make the main ideas of the new features clear.

All sample programs can simply b e build by app ending _example to the dmake command discussed in the installation section. F or example, dmake xlC_examples builds the library (if not already done) and all sample programs.

4.1 Example 1 | SimpleT estOpt.C

/************************************************************************

* SimpleTestOpt.C (Simple Test Program for Minimization Algorithm)

*

* Version: 1.4

10 4 SAMPLE PROGRAMS

* Date: 11/30/94

* Author: O. Knueppel

*************************************************************************/

//

// This test programs uses automatic differentiation to

// compute the derivatives of the function.

// It is a simple example for the easy-to-use driver "SimpleOptDriver".

//

#include "SimpleOptDriver.h"

#include "Functions.h"

//

// The Branin function is used as test function.

// This function has 5 global minima.

//

INTERVAL_AUTODIFF TestFunction (INTERVAL_VECTOR & v)

{

INTERVAL_AUTODIFF x(v); /* Define independent variables */ return Sqr (1.0 - 2.0 * x(2) + 0.05 * Sin (4.0 * Constant::Pi * x(2)) - x(1))

+ Sqr (x(2) - 0.5 * Sin (2.0 * Constant::Pi*x(1)));

}

VOID SetTestDomain (INTERVAL_VECTOR & x)

// The domain of the test function

{

Resize (x, 2);

x(1) = Hull (-10.0, 10.0);

x(2) = Hull (-10.0, 10.0);

}

INT main()

{

INT Iterations, BranchLevels;

SOLUTIONLIST SolutionList;

APPROXIMATIONLIST ApproximationList;

INTERVAL_VECTOR TestDomain;

4.2 Example 2 | T estOpt.C 11

INTERVAL ValueBounds;

SetTestDomain (TestDomain);

cout << "Computing all global minima of the Branin function" << endl << endl;

cout << "To get all minima, use e.g. nit = 6, nd = 3" << endl << endl;

cout << "nit = "; cin >> Iterations;

cout << "nd = "; cin >> BranchLevels;

SimpleOptDriver (Iterations, BranchLevels, TestFunction, TestDomain,

SolutionList, ApproximationList, ValueBounds);

cout << "f min in " << ValueBounds << endl;

cout << "Solution List:" << endl << SolutionList << endl;

cout << "Approximation List:" << endl << ApproximationList << endl;

return 0;

}

4.2 Example 2 | T estOpt.C

/************************************************************************

* TestOpt.C (Simple Test Program for Minimization Algorithm)

*

* Version: 1.6

* Date: 11/30/94

* Author: O. Knueppel

*************************************************************************/

#include "UnconstrainedOpt.h"

#include "Functions.h"

//

// This simple test program displays how to use different subroutines

// for the computation of the function/derivative values. For a

// more simple, but also slower approach see "SimpleTestOpt.C".

//

//

// The Rastrigin function [Rastrigin 1974] is used as test function.

12 4 SAMPLE PROGRAMS

// This function has one global minimum:

//

// x = (0,0), y = -2

//

VOID SetTestDomain (INTERVAL_VECTOR & x)

// The domain of the test function

{

Resize (x, 2);

x(1) = Hull (-1.0, 1.0);

x(2) = Hull (-1.0, 1.0);

}

REAL RealTestFunction (VECTOR & x)

// real valued test function

{ return Sqr (x(1)) + Sqr (x(2)) - Cos (18.0 * x(1)) - Cos (18.0 * x(2));

}

INTERVAL IntervalTestFunction (INTERVAL_VECTOR & x)

// interval valued test function

{ return Sqr (x(1)) + Sqr (x(2)) - Cos (18.0 * x(1)) - Cos (18.0 * x(2));

}

INTERVAL_VECTOR IntervalTestGradient (INTERVAL_VECTOR & x)

// interval valued gradient of test function

{

INTERVAL_VECTOR t(2);

t(1) = 2.0 * x(1) + 18.0 * Sin (18.0 * x(1));

t(2) = 2.0 * x(2) + 18.0 * Sin (18.0 * x(2));

return t;

}

INTERVAL_MATRIX IntervalTestHessian (INTERVAL_VECTOR & x)

// interval valued Hessian of test function

{

INTERVAL_MATRIX t(2,2);

t(1,1) = 2.0 + 324.0 * Cos (18.0 * x(1)); t(1,2) = 0.0;

estOpt.C 13 t(2,1) = 0.0; t(2,2) = 2.0 + 324.0 * Cos (18.0 * x(2));

return t;

}

INT main()

{

INT Iterations, BranchLevels;

SOLUTIONLIST SolutionList;

APPROXIMATIONLIST ApproximationList;

INTERVAL_VECTOR TestDomain;

REAL LowerBound, UpperBound;

SetTestDomain (TestDomain);

cout << "Computing all global minima of the Rastrigin function" << endl << endl;

cout << "nit = "; cin >> Iterations;

cout << "nd = "; cin >> BranchLevels;

StartUnconstrainedOptimization (SolutionList, ApproximationList,

Iterations, BranchLevels, 1E-6, 0.2, 0.2,

LowerBound, UpperBound, TestDomain,

RealTestFunction, IntervalTestFunction,

IntervalTestGradient, IntervalTestHessian);

CleanUpLists (SolutionList, ApproximationList, 1e-6, LowerBound, UpperBound);

cout << "f min in " << Hull (LowerBound, UpperBound) << endl;

cout << "Solution List:" << endl << SolutionList << endl;

cout << "Approximation List:" << endl << ApproximationList << endl;

return 0;

}

14 REFERENCES

References

[1] C. Jansson. A global minimization metho d: The one-dimensional case. Beric ht 91.2,

TU Hamburg-Harburg, T echnische Informatik I I I, Nov. 1991.

[2] C. Jansson. A global optimization metho d using interv al arithmetic. In Computer

Arithmetic and Enclosur e Metho ds, pages 259{26 8. Elsevier Science Publishers B.V.,

North-Holland, 1992.

[3] C. Jansson. On self-v alidating metho ds for optimization problems. In J. Herzb erger, editor, T opics in V alidate d Computations, Studies in Computational Mathematics, Amsterdam, 1994. North Holland, Zur V er� o�entlic hung eingereicht.

[4] C. Jansson, O. Kn � upp el. A global minimization metho d: The multi-dimensional case.

Berich t 92.1, TU Hamburg-Harburg, T echnische Informatik I I I, Jan. 1992.

[5] C. Jansson, O. Kn � upp el. A minimization metho d for systems with singular v alue constraints. In Op er ations R ese ar ch ’92, pages 190{19 2. Physica-V erlag, Heidelb erg, 1992.

[6] C. Jansson, O. Kn � upp el. A branch and b ound algorithm for b ound constrained optimization problems. Zur V er� o�entl ichung einger eicht, 1993.

[7] C. Jansson, O. Kn � upp el. Eine interv allanalytisc he Metho de f � ur globale Optimierungsprobleme. Zeitschrift f � ur angewandte Mathematik und Me chanik, 73(6):T74 1{T 743 ,

1993.

[8] C. Jansson, O. Kn � upp el. Numerical results for a self-v alidating global optimization metho d. Bericht 94.1, TU Hamburg-Harburg, T echnische Informatik I I I, F eb. 1994.

[9] O. Kn � upp el. BIAS | Basic Interv al Arithmetic Subroutines. Beric ht 93.3 des F orschungsschwerpunktes Informations- und Kommunik ationstechnik der TU Hamburg-

Harburg, TU Hamburg-Harburg, T echnische Informatik I I I, July 1993.

[10] O. Kn � upp el. PROFIL | Programmer’s Runtime Optimized Fast Interv al Library .

Berich t 93.4 des Forschungsschwerpunktes Informations- und Kommunik ationstechnik der TU Hamburg-Harburg, TU Hamburg-Harburg, T echnische Informatik I I I, July 1993.

[11] O. Kn � upp el, T. Simenec. PROFIL/BIAS extensions. Berich t 93.5 des F orschungsschwerpunktes Informations- und Kommunik ationstechnik der TU Hamburg-Harburg,

TU Hamburg-Harburg, T echnische Informatik I I I, Nov. 1993.

In dieser Reihe sind bisher erschienen:

Bericht 90.1 (Juni 1990 )

S. M. Rump: Approximate inverses of almost singula r matrices still contai n useful informatio n

Bericht 90.2 (Septe mber 1990)

C. Jansson: A Posteriori Error Bound s for the Solutio n of Linear Systems with Simplicial T echn iqu es

Bericht 90.3 (Septe mber 1990)

S. M. Rump: A class of arbitrari ly ill-condi tio ne d oating-p oi nt matrices

Bericht 90.4 (Oktober 1990)

C. Jansson: A Fast Direct Method for Computing V eri�ed Inclusion s

Bericht 90.5 (November 1990)

S. M. Rump: On the Solutio n of Interval Linea r Systems

Bericht 91.1 (April 1991)

D. Husung: TPX Precompile r f � ur Turbo Pascal

Bericht 91.2 (November 1991)

C. Jansson: A Global Minimizatio n Method: The One-Dimen sion al Case

Bericht 91.3 (Dezember 1991)

S. M. Rump: Inclusion of the Soluti on for Large Linear Systems with M-Matrix

Bericht 92.1 (Januar 1992)

C. Jansson, O. Kn � uppe l: A Globa l Minimization Method : The Multi-Dimen sion al Case

Bericht 92.2 (Febru ar 1992)

H.-P

. J � ullig : Algorith men mit Ergeb nisveri �kation en mit C++/2.0

Bericht 92.3 (Febru ar 1992)

S. M. Rump: Recent Results in Interval Mathemati cs

Bericht 92.4 (Febru ar 1992)

D. Husung: TPX V ersion 1.1 US Precompiler for Turbo Pascal 5.0

Bericht 92.5 (M � arz 1992 )

D. M. Claud io, S. M. Rump: Inclusion methods for real and complex function s in one variable

Bericht 92.6 (M � arz 1992 )

H.-P

. J � ullig : BIBINS/2.0 C++-Bibl io the ken f � ur V ektoren und Matrizen � uber belie bi ge m skalaren Datentyp unter Ber � ucksichtigu ng spezieller sp � arlicher Strukturen sowie Intervalld at en typen

Bericht 93.1 (Januar 1993)

S. M. Rump: V alidate d Solutio n of Large Linea r Systems

Bericht 93.2 (Januar 1993)

D. Husung: TPX V ersion 1.1 US Precompiler for Turbo Pascal 5.0

Bericht 93.3 (Juli 1993 )

O. Kn � upp el: BIAS | Basic Interval Arithmet ic Subrou tin es

Bericht 93.4 (Juli 1993 )

O. Kn � upp el: PROFIL | Programmer ’s Runtime Optimized Fast Interval Library

Bericht 93.5 (November 1993)

O. Kn � upp el, T

. Simene c: PROFIL/BIAS Extension s

Bericht 93.6 (November 1993)

O. Kn � upp el: A Multiple Precision Arithmeti c for PROFIL

Bericht 93.7 (Dezember 1993)

S. M. Rump: V eri�cation Method s for Dense and Sparse Systems of Equatio ns

Bericht 94.1 (Febru ar 1994)

C. Jansson, O. Kn � uppe l: Numerical Results for a Self-V al ida ti ng Global Optimizati on Method

Bericht 94.2 (Juni 1994 )

C. Jansson: On Self-V ali da tin g Methods for Optimizati on Proble ms

Bericht 94.3 (Dezember 1994)

C. Jansson: Some Prope rtie s of Linea r Interval Systems and Applicati on s

Bericht 95.1 (M � arz 1995 )

S. M. Rump: Improved Iterati on Schemes for V alidat io n Algorith ms for Dense and Sparse Nonlin ea r Systems

Bericht 95.2 (M � arz 1995 )

S. M. Rump: Expansion and Estimation of the Range of Nonlin ea r Functio ns

Bericht 95.3 (Mai 1995)

S. M. Rump: Bounds for the Componen twise Distance to the Nearest Singu la r Matrix