UNIVERSIT¸ DEGLI STUDI DI PISADIPARTIMENTO DI INFORMATICADOTTORATO DI RICERCA IN INFORMATICAUniversit� di Pisa-Genova-UdinePh.D. Thesis - TD 5/97Dual-Ascent Methods and Multicommodity Flow ProblemsAntonio FrangioniAbstract. Lagrangean Duality provides an attractive way for exploiting the �easy part� of structuredproblems with �complicating� constraints: however, it calls for the (approximate) solution of large-scale, difficult NonDifferentiable Optimization problems. In the first part of the thesis, we study thetheoretical and practical issues arising in the application of Bundle methods to the solution ofLagrangean Duals, showing how these methods are related with other approaches and giving somenew contributions, such as: a new convergence proof where, rather than proving the correctness ofany single implementation, we give general convergence conditions; a new algorithm for the solutionof the Quadratic Programming (tentative ascent direction finding) subproblem that is solved at eachstep, whose effectiveness is demonstrated by a computational study; a new class of Bundlealgorithms using (LP) subproblems; the extension to this new class of the convergence proof and thetreatment of constrained and/or �separable� maximization; two new �Long Term� rules for on-linemanagement of the trust region parameter, that seem to avoid the �stalling� on difficult problems. Inthe second part of the thesis, these methods are used for the solution of Multicommodity Flowproblems: a (QP)-based Bundle code is tested against several other codes and on many classes ofproblems, proving to be competitive especially on instances with �many� commodities; the code isthen parallelized, obtaining good efficiencies on the classes of instances where it is more effective insequential. However, three other new Dual-Ascent approaches are also proposed for the problem, andpreliminary computational reults are reported for one of them; on the other side, codes based on theBundle technology are shown to be competitive w.r.t. standard Subgradient algorithms for rapidlyobtaining lower bounds for two network-structured, difficult integer problems.March 1997ADDR: Dipartimento di Informatica, Corso Italia 40, 56125 Pisa, Italy ¥ FAX: +39 50 887226TEL: +39 50 887208 ¥ E-MAIL: frangio@di.unipi.it ¥ WEB: http://www.di.unipi.it/~frangio a Mamma

iA c k n o w l e d g e m e n t s Looking back on the last four years, the very first person I feel the need to acknowledge is mysupervisor Giorgio Gallo, for without his encouragement and support this thesis would have simplynever seen the light: among all the rest, I�m especially grateful for his confidence in me, that has beenso important in the rough days. Sadly, the second is the one who would have surely had a profoundimpact on this work, if the fate hadn�t decided otherwise: despite his premature death dating back tothree years ago, Paolo Carraresi found a way to leave his trace by motivating my studies inLagrangean optimization - but much deeper traces of friendship and honesty he left in all of our lives.Along with them, I�m indebted to all the people that I had the priviledge to call �collegues�, that isStefano Pallottino, Maria Grazia Scutell�, Federico Malucelli, Daniele Pretolani, Luisa Equi,Maddalena Nonato, Claudio Gentile, Fernanda Farinaccio, Alberta Schettino and Paola Cappanera:apart from their direct contributions to this thesis, I�m grateful for the friendship that they all showedme during the highs and the lows of my doctorate studies.I wish to acknowledge all the people that, in various forms, have contributed to the research describedin this thesis: first of all, those who have provided me with codes to compare with, i.e. Jordi CastroPerez for PPRN and IPM, Robert J. Vanderbei for LOQO, Bernard Gendron for LBP, ChristelleWynats for the Reserve Problem codes, Irv Lustig for the beta release of Cplex QP solver, KlausSchittkowski and Richard Freling for the FORTRAN and C version of the QL code respectively.Secondly, many people have helped me in obtaining some of the data sets that were so necessary forthe computational experiences, hence my acknowledgement is also for Joel Andrew Shapiro, RobertSarkissian, Pamela Vance and, again, Jordi Castro Perez, Christelle Wynats and Bernard Gendron.Many others have contributed to this work with their comments, by drawing my attention oninteresting applications or by pointing out some important bibliographic reference: among them, Iwish to acknowledge Claude Lemar�chal, Krzystof C. Kiwiel, Irv Lustig, Deepankar Medhi, MikeGrigoriadis, Martine Labb�, Saeb El Hachem, Aubrey Poore and especially Manlio Gaudioso. Lastbut not least, I�m indebted to all those who read this long manuscript and helped me to improve itsquality, i.e. my referees Bob Meier and Jean-Louis Goffin on the scientific side and Anna on thesyntactic side.Some people influenced this thesis by just helping in making these years worth to be lived: amongthem, my gratitude is especially for my dear friends Fabio & Fiammetta for the countless good timeswe had together, my �virtual friendly voice� Tiziana for her encouraging e-mails, all my collegues ofthe V-FM at Liceo Sperimentale F. Cecioni for still being here despite the years and far too many

Acknowledgementsiiothers to be explicitly named here.Finally, if this work can be considered a success, it is for sure my family�s more than mine, forwithout their love and support I would not have been here now: most of all, I heartedly thank mysweet wife Angela for her love, that is the most important thing in my life.

iiiF o r e w o r d Five years ago, before my doctorate began, Paolo Carraresi asked me to join Maddalena Nonato andhimself in the development of an efficient code for the solution of the Lagrangean Dual of a large-scale, real-world scheduling problem: although the aim of the project was essentially practical, it wasPaolo�s style always to try keep practical effectiveness and theoretical significance together, andfollowing the advice of Manlio Gaudioso we began investigating the properties of Bundle methods forNonDifferentiable Optimization. This line of work, where the computational results from practicalapplications lead to new theoretical investigations and vice-versa, was initially considered a �side�research, but nevertheless produced an amount of practical experiences and codes that later formed thebasis of most of the applicative results of this work.Meantime, my supervisor Giorgio Gallo draw my attention to continuous Multicommodity Flowproblems: in this case also, the interest was for the practical applications of the model (especially intransportation and scheduling) as well as for its theoretical properties and possible advances in thealgorithmic approaches. The focus of the research was from the beginning on Dual Ascent methods,for at least two reasons: the first was the expertise already present in our research group about dualmethods for network problems, and the second the clear possibility of applying tools andmethodologies from the developing NDO research to this area.It wasn�t without a certain surprise that we discovered how an almost �direct� application of theBundle technology to Multicommodity Flow problems could result in efficient sequential and parallelalgorithms: on the other hand, our understanding of Bundle methods (and our codes) greatly benefitedof the research about Dual Ascent approaches to Multicommodity problems, that served asmotivations and tests for most of the ideas that finally found their way in the practical Bundle codesand their accompanying theorems.Hence, the structure of this thesis will try to reflect the historical and conceptual development of thematerial: to a more �methodological� Part I, dedicated to Bundle algorithms for NonDifferentiableOptimization with a particular stress on polyhedral functions, will follow a more �applicative� Part II,dedicated to (especially, but not only, Bundle-type) Dual Ascent approaches to Multicommodity Flowproblems. However, neither the first part is only theoretical, nor the second one is exclusivelyapplications-oriented: both will try to cover both the perspectives, in an attempt to keep the balancebetween the theoretical significance of a research and its �validation� through computational resultsthat is one of the main characteristic of Operation Research as a discipline. Furthermore, the two partsare by no means to be considered separately from one another: rather, this work is perhaps anotherproof of the benefits that can be obtained by integrating approaches and methodologies from

Forewordivseemingly far away research areas, in this case NDO and Network Flows, that is typical of thevariegated OR world.I would like to end this introduction with two further remarks: the first is that these lines of researchare not exhausted, on the contrary we now have (for both of them) more ideas and directions forfuture research than at the beginning. The second is that this thesis is not the only - and maybe noteven the most important - outcome of these years of work: a large effort has been devoted to thedevelopment of efficient and flexible codes for the various problems under study. State-of-the-artcodes are necessary if the practical significance of an approach is to be evaluated, as carelessimplementations may easily lead to biased results: even more important, they serve as a basis forfuture developments, since real-world difficult problems almost always call for the efficient solutionof subproblems of some kind. For all of these reasons, some care will be taken in the following todescribe the issues related to the actual implementation of the proposed approaches: the codes and thetest problems described in this work will be made available to the academic community, in the hope ofcontributing to the development of the research in these areas.Throughout the thesis, the following standard notations are adopted: symbols are written in italic,vectors are intended as columns and denoted by lowercase bold letters, matrices are denoted byUPPERCASE BOLD letters. The scalar product between v and w is denoted by v w or v Tw ,where AT is the notation for the transpose of A, according to the convenience; without any furtherspecification, || v || stands for ( v v )1/2, the Euclidean norm of the vector v , but ||.||2 is used whenconfusion may arise with|| v ||1 = Si | vi |and|| v ||¥ = maxi { | vi | }.Given a problem(P)min [max] { f( x ) : x ˛ X }where f() is a real-valued function, z( P ) denotes the optimal value of f(): following the customaryassumption that the min [max] over an empty set is +¥ [-¥], X = ˘ � z( P ) = +¥ [-¥]. If (someof) the variables x of (P) are restricted to a belong to Zm, the continuous relaxation of (P) where suchintegrality consraints are removed will be denoted by (

P ).

vC o n t e n t s Part I: Bundle MethodsI.1A View of Bundle Algorithms................................................................1I.1.1The Dual viewpoint............................................................................1I.1.2The Primal viewpoint........................................................................11I.2Convergence Properties.......................................................................18I.2.1Preliminaries and Convergence Conditions...............................................19I.2.2Null Steps convergence.....................................................................21I.2.3Serious Steps convergence.................................................................23I.3The (QP) Subproblem.........................................................................28I.3.1An overview of the algorithm..............................................................29I.3.2Solving the (KT) system....................................................................31I.3.3Handling general dual constraints..........................................................36I.3.4Changing the dimension of the dual space................................................37I.3.5Handling box constraints on the dual space..............................................39I.3.6Implementation details.......................................................................42I.3.7Computational results and comparisons...................................................46I.4(LP)-based Bundle methods.................................................................51I.4.1Derivation.....................................................................................51I.4.2Convergence Properties.....................................................................54I.4.3Extensions....................................................................................59I.5The t-strategies..................................................................................63I.5.1Heuristic t-strategies.........................................................................63I.5.2The Bundle / Trust-Region algorithm.....................................................64I.5.3Long Term t-strategies......................................................................66

ContentsviPart II: Multicommodity FlowsI I . 1 Formulations, Applications and Approaches........................................71II.1.1Multicommodity Min-Cost Flow formulations.......................................72II.1.2Multicommodity Max-Flow formulations.............................................76II.1.3Applications...............................................................................79II.1.4Algorithmic approaches..................................................................81I I . 2 A Bundle Approach...........................................................................94II.2.1Implementation details...................................................................94II.2.2The other codes...........................................................................98II.2.3The test problems........................................................................103II.2.4Computational results...................................................................106I I . 3 Parallelizing a Bundle code...............................................................121II.3.1Parallel approaches to (MMCF).......................................................121II.3.2Parallelization of a Bundle approach..................................................123II.3.3The parallel environment...............................................................125II.3.4The test problems........................................................................127II.3.5Computational results...................................................................128I I . 4 Other Dual-Ascent Approaches..........................................................136II.4.1An e-Steepest Ascent Cost Decomposition approach...............................136II.4.2An e-Steepest Ascent Potential Decomposition approach...........................141II.4.3Towards a combinatorial approach....................................................144II.5Other Network-Structured Problems..................................................150II.5.1The Reserve Problem...................................................................150II.5.2The Fixed Charge Multicommodity Flow problem..................................156Assessements and Future Work................................................................165Bibliography..........................................................................................167

Such also appeared the problem of humanlife. [...] Aperiod [...] would then be asuccession of random tentative solutions, allinsufficient and, if taken individually, possiblywrong, from which, if Humanity would be ableto resume, could finally follow the completeand exact solution.R. Musil - Der Mann ohne Eigenshaften