FACHBEREICH 3 MATHEMATIK

ON PROJECT SCHEDULING WITH IRREGULAR STARTING TIME COSTS by ROLF H. MÖHRING ANDREAS S. SCHULZ FREDERIK STORK MARC UETZ

No. 664/2000

On Project Scheduling with Irregular Starting Time Costs

Rolf H. Möhring^∗ Andreas S. Schulz^{∗∗} Frederik Stork^{∗ ‡} Marc Uetz^{∗ §}

February 2000; revised January 2001

Abstract

Maniezzo and Mingozzi (Operations Research Letters 25 (1999), pp. 175–182) study a project scheduling problem with irregular starting time costs. Starting from the assumption that its computational complexity status is open, they develop a branch-and-bound procedure and they identify special cases that are solvable in polynomial time. In this note, we present a collection of previously established results which show that the general problem is solvable in polynomial time. This collection may serve as a useful guide to the literature, since this polynomial-time solvability has been rediscovered in different contexts or using different methods. In addition, we briefly review some related results for specializations and generalizations of the problem.

Keywords: Scheduling; Project scheduling; Integer programming; Network flow; Minimum cut; Minimum weight closure

∗Technische Universität Berlin, Fachbereich Mathematik, Sekr. MA 6-1, Straße des 17. Juni 136, D-10623 Berlin, Germany. Email: {moehring, stork, uetz}@math.tu-berlin.de

∗∗M.I.T., Sloan School of Management and Operations Research Center, E53-361, Cambridge, MA 02142, USA. Email: schulz@mit.edu

‡Supported by the Deutsche Forschungsgemeinschaft (DFG), grant Mo 446/3-3.

§Supported by the Bundesministerium für Bildung und Forschung (bmb+f), grant 03-MO7TU1-3, and the German- Israeli Foundation for Scientific Research and Development (GIF), grant I 246-304.02/97.

1 Introduction

Maniezzo and Mingozzi [21] consider the problem of finding a minimum-cost schedule for a set V = {1,... ,n} of precedence-constrained jobs which have starting time dependent costs. A schedule must respect the given precedence constraints, and each job j ∈ V incurs a cost of w_j(t) if it is started at time t. Here, t ∈ I := {0,1,... ,T }, and T denotes the planning horizon. Since no restrictions are imposed on the cost functions w_j(t), the objective function ∑_{j∈V} ∑_{t∈I} w_j(t) generalizes many popular (regular and irregular) objective functions. One example is the maximization of the net present value (e.g. in [32]), where a cash flow of w_j is associated with every job, α is an interest rate, and w_j(t) = −w_j exp(−αt). Another important special case is given by linear earliness-tardiness costs, or more general, by (piecewise linear) convex cost functions w_j(t). The problem with arbitrary cost functions w_j(t) owes its significance to a good part to its appearance as a subproblem in the computation of bounds on the objective function value for different resource-constrained project scheduling problems, e.g. in [7, 9, 17, 20, 24, 31, 33]. In [21], Maniezzo and Mingozzi suggest that the computational complexity status of this problem is open. On this account, they show that the following two special cases can be solved in polynomial time: cost functions w_j(t) which are monotonous in t, and precedence constraints in the form of an out-tree. The case with monotonous cost functions is obviously solvable through longest path calculations. Maniezzo and Mingozzi propose a dynamic programming algorithm of running time

O(nT ) for the case of out-tree precedence constraints. In addition, following earlier work by Christofides, Alvarez-Valdés and Tamarit [7] on the same problem, they develop a lower bound as well as a branch-and-bound procedure for the general case. Maniezzo and Mingozzi’s lower bound is obtained by extracting an out-tree from the given precedence constraints, and by penalizing the violation of the neglected constraints in a Lagrangian fashion.

In this note, we give a historical synopsis of previously established results which show that the general problem considered in [7] and [21] is solvable in polynomial time, and we point out interrelations between them. We found proofs implying this result (for varying levels of generality) in [3, 4, 5, 8, 14, 17, 22, 24, 31, 33]. Most of them have co-existed in the literature, apparently without anyone making the connection. We hope that this note will help to establish this connection. It is organized according to the different techniques that have been used. First, the integrality of the linear programming relaxations of two popular integer programming formulations implies that a more general problem can be solved in polynomial time, namely with temporal constraints in the form of arbitrary (i.e., positive and negative) time lags. These results will be summarized in Sections 2.1 and 2.2. In Section 2.3, we then report on different reductions to minimum cut problems which result in algorithms with running time O(nmT^2 log(n^2 T /m)), for the generalized problem. Here, m is the number of temporal constraints.

2 Solution Techniques

We first introduce some additional notation. A temporal constraint between two jobs i and j is an inequality of the form S_j ≥ S_i + d_{i j}. Here, S_j and S_i denote the starting times of jobs j and i, respectively, and the integer number d_{i j}, −∞ ≤ d_{i j} < ∞, imposes a time lag between them. Note that ordinary precedence constraints arise as the special case S_j ≥ S_i + p_i, where p_i ≥ 0 denotes the processing time of job i. We assume throughout that the given temporal constraints are consistent, i. e., the digraph G = (V,A) with A = {(i, j)|d_{i j} > −∞} and arc lengths d_{i j} does not contain a directed cycle of positive length. Given the temporal constraints and the time horizon T , it is easy to compute earliest possible and latest possible starting times for each job j ∈ V . For convenience of notation, however, we simply assume throughout the text that variables with time indices outside these boundaries are fixed at values which ensure that no job is started at an infeasible time.

2.1 Integer programming formulation I

The following integer program represents one formulation of the project scheduling problem with irregular starting time costs. We use binary variables z_{jt} , j ∈ V , t ∈ I = {0,1,... ,T }, with the intended meaning that z_{jt} = 1 if job j is started by time t and z_{jt} = 0, otherwise. To the best of the authors’ knowledge, this type of variables for modeling scheduling problems was originally introduced by Pritsker and Watters [28]. Using these variables, the problem reads as follows.

min ∑_j ∑_t^w j^{(t)z} jt^{(1)}

s. t. z_{jT} = 1, j ∈ V, (2) z_{jt} − z_{j,t+1} ≤ 0, j ∈ V, t ∈ I, (3) z_{j,t+di j} − z_{it} ≤ 0, (i, j) ∈ A, t ∈ I, (4) z_{jt} ≥ 0, j ∈ V, t ∈ I, (5) z_{jt} integer, j ∈ V, t ∈ I. (6)

Here, w_j(t) := w_j(t) − w_j(t + 1) for all j ∈ V and t ∈ I, where w_j(T + 1) := 0. Gröflin, Liebling and Prodon observed in the context of their work on pipeline scheduling with out-tree precedence constraints [14] that the constraint matrix of (3) – (4) is the arc-node incidence matrix of a digraph. In particular, it is totally unimodular. This implies that the linear programming relaxation of the above integer program is integral (as was also observed in [3, 8, 17, 22, 31, 33] in various contexts). Hence, the scheduling problem is solvable in polynomial time. Moreover, the dual linear program to (1) – (5) can be solved as a minimum-cost flow problem [14, 17, 31, 33]. In fact, Gröflin, Liebling and Prodon [14] presented a network flow type algorithm that solves the pipeline scheduling problem with out-tree precedence constraints in O(nT ) time. Their pipeline scheduling problem can be interpreted as follows: It is a scheduling problem with irregular starting time costs, zero time lags (d_{i j} = 0) which form an out-tree and (2) is relaxed to z_{jt} ≤ 1 for all j ∈ V and t ∈ I (i.e., jobs may not be scheduled at all). With minor modifications, however, their algorithm also applies to the problem with constraints (2), arbitrary d_{i j}, and out–tree precedence constraints. A different algorithm was proposed by Roundy, Maxwell, Herer, Tayur, and Getzler [31] for the case where the precedence constraints consist of independent chains. This special case arises from a Lagrangian relaxation of the jobshop scheduling problem.

2.2 Integer programming formulation II

Pritsker, Watters and Wolfe [29] were likely the first to use variables x_{jt} ( j ∈ V , t ∈ I), where x_{jt} = 1 if job j is started at time t and x_{jt} = 0, otherwise. The problem now reads as follows.

min ∑_j ∑_t^w j^{(t)x} jt^{(7)}

s. t. ∑_t x_{jt} = 1, j ∈ V, (8) T ∑_{s=t}^xis^+

t+d_{i j}−1

∑_{s=0}^x js^{≤ 1, (i, j) ∈ A, t ∈ I, (9)}

x_{jt} ≥ 0, j ∈ V, t ∈ I, (10) x_{jt} integer, j ∈ V, t ∈ I. (11)

Chaudhuri, Walker and Mitchell [5] showed that the linear programming relaxation of this integer programming formulation is integral as well. For this, they made use of the following graph-theoretic interpretation of the problem: Identify with every job-time pair ( j,t) a node v_{jt} in an undirected graph. There are two different types of edges. First, all pairs of nodes which belong to the same job are connected. Second, for each temporal constraint S_j ≥ S_i + d_{i j} and each time t, there are edges between v_{it} and all nodes v_{js} with s < t + d_{i j} . In the resulting graph, any stable set (a set of pairwise non-adjacent nodes) of cardinality n corresponds to a feasible solution of the original scheduling problem: Job j is started at time t if node v_{jt} belongs to the stable set. Consequently, if we assign the cost coefficients w_j(t) as weights to the nodes v_{jt} , a minimum-weight stable set of cardinality n yields an optimum schedule. If we assume that d_{ik} ≥ d_{i j} + d_{jk}, this graph can easily be transitively oriented. It therefore is a comparability graph and its corresponding fractional stable set polytope is integral (see, e. g., [15, Chapter 9]). Since the inequalities (8) – (10) define a face of the fractional stable set polytope, it follows that LP relaxation (7) – (10) is integral as well.

The integrality of LP relaxation (7) – (10) can alternatively be proved from the integrality of LP relaxation (1) – (5) by a linear transformation between the z- and the x-variables which preserves integrality. This was pointed out in [3, 8, 22, 33].

Maniezzo and Mingozzi also consider an integer programming formulation in x-variables. Instead of using (9), they model temporal constraints in the way originally suggested by Pritsker, Watters and Wolfe [29]:

∑_t^{t (x} jt^{− x}it^{) ≥ d}i j^{, (i, j) ∈ A. (12)}

Note that the LP relaxation (7), (8), (10), and (12) is weaker than (7) – (10); in particular, it is not integral in general. We refer to [33] for a simple counter-example with ordinary precedence constraints.

2.3 Reduction to a minimum cut problem

A direct transformation of the project scheduling problem with irregular starting time costs to a minimum cut problem was given by Chang and Edmonds [4], and also in [24]. Although Chang and

Edmonds restricted themselves to the case of precedence constraints and unit processing times (that is, d_{i j} = 1 for all (i, j) ∈ A), the transformation works for the general case. Their approach relies in fact on a transformation of the scheduling problem to the so-called minimum weight closure problem, which is well-known to be equivalent to the minimum cut problem [2, 4, 27, 30]. Incidentally, Gröflin, Liebling and Prodon also observed that the pipeline scheduling problem they studied in [14] is an instance of the minimum weight closure problem.

The minimum weight closure problem in a nodeweighted digraph is the problem to find a subset C of nodes of minimum weight such that any arc (u,v) with u ∈ C implies v ∈ C. With binary variables z_u, we obtain the following integer programming formulation.

min ∑_u^wu^zu

s.t. z_u − z_v ≤ 0 for all arcs (u,v), z_u ∈ {0,1} for all nodes u.

In this way, the connection to the integer programming formulation discussed in Section 2.1 becomes apparent. It was also noticed in this context that the constraint matrix is totally unimodular (e.g. [30]).

The digraph constructed by Chang and Edmonds [4] is in fact the one induced by the arc-node incidence matrix defined by constraints (3) and (4) of the z-formulation in Section 2.1. In other words, every job-time pair ( j,t) corresponds to a node v_{jt} , and there are two different types of arcs. On the one hand, there is an arc (v_{jt} ,v_{j,t+1}) for every job j and every point t in time. On the other hand, every temporal constraint (i, j) ∈ A gives rise to arcs (v_{j,t+di j} ,v_{it} ), for all t. Finally, every vertex v_{jt} is assigned the weight w_j(t). The scheduling problem is equivalent to finding, in this digraph, a minimum-weight closure that contains the set B := {( j,T ) : j ∈ V }. The latter constraint is easily enforced without changing the nature of the minimum weight closure problem as defined above; see [4] for a discussion.

Therefore, the scheduling problem can be reduced to a minimum cut problem. If M(α,β) is the running time for computing a minimum cut in a digraph with O(α) nodes and O(β) arcs, this transformation results in an algorithm which solves the project scheduling problem with irregular starting time costs and arbitrary time lags in time M(nT,mT ). (Recall that m = |A| is the number of given temporal constraints, and n = |V | is the number of jobs.) Using a push-relabel maximum flow algorithm [13], this yields an actual running time of O(nmT^2 log(n^2 T /m)). If all weights w_j(t) are integer and W is the largest absolute value among them, Goldberg and Rao’s algorithm [12] leads to a running time of O(min{n^{2/3} mT^{5/3}, m^{3/2} T^{3/2} } log(n^2 T /m) logW ).

The transformation in [24] was derived in the context of Lagrangian relaxation for resourceconstrained project scheduling. It leads to a different, sparser minimum-cut digraph than the one obtained via the above described reduction to the minimum weight closure problem. It results in the same asymptotic time complexity, though.

Chang and Edmonds [4] additionally showed that every instance of the minimum cut problem can be reduced to an instance of the project scheduling problem with ordinary precedence constraints, unit processing times, and irregular starting time costs. (The reduction yields a scheduling problem with time horizon T = 2.) Hence, all three problems (project scheduling with irregular starting time costs discussed herein, minimum weight closure and minimum cut) are in fact equivalent.

3 Related Topics

We emphasize that the polynomiality results discussed in Section 2 of this note refer to instances of the scheduling problem which require an encoding length of Ω(nT ). This is clearly the case for problems with general cost functions w_j(t). However, this does not imply polynomial-time algorithms for problems which allow a more succinct encoding. To give an example, consider piecewise linear, convex cost functions w_j(t), an important special case of which are linear earlinesstardiness costs. Instances from the latter class are used by Maniezzo and Mingozzi [21], among others, to evaluate the behavior of their branch-and-bound algorithm. There are algorithms to solve the scheduling problem with piecewise linear, convex cost functions in time polynomial in n and the number of breakpoints. Indeed, because the project scheduling problem with linear cost functions w_j ·t can be solved as a linear program in starting time variables S_j, it follows from linear programming theory that the problem with piecewise linear, convex cost functions can be solved as a linear program as well, see, e.g., [25, Chapter 1] for details. This was, for instance, pointed out by Faaland and Schmitt [10] who also gave a combinatorial algorithm. Similar algorithms have recently been proposed in [6] and in [16]. On the other hand, the problem with piecewise linear, convex cost functions may also be seen as a special case of a convex cost integer dual network flow problem. This was observed by Wennink [34] in the context of job-shop scheduling problems and was exploited in full generality by Karzanov and McCormick [18] and Ahuja, Hochbaum and Orlin [1], among others. In the convex cost integer dual network flow problem, the time lags d_{i j} are considered as variables with associated convex cost functions as well. According to [1], this generalized problem can be solved in time O(nm log(n^2/m) log(nT )) by an adaption of the cost scaling algorithm for minimum cost flows.

It is gratifying to conclude this brief summary by mentioning that in 1961 Fulkerson [11] and Kelley [19] proposed network flow type methods to solve certain problems on project networks. In the time-cost tradeoff problem, (linear) cost functions are associated with the variables d_{i j} only. Fulkerson and Kelley computed the project cost curve through parametric solution of a minimum cost flow problem obtained as a dual of the linear programming formulation of the problem. Phillips and

Dessouky [26] subsequently showed that the problem may be solved as a sequence of minimum cut problems.

Acknowledgments. We are grateful to Andreas Drexl for bringing reference [21] to our attention, which induced us to write this note. We are also grateful to Maurice Queyranne for pointing various references out to us. We finally wish to thank Vittorio Maniezzo and Aristide Mingozzi for their valuable comments on a previous version of this note.

References

[1] R.K. AHUJA, D.S. HOCHBAUM, AND J.B. OR- LIN, Solving the convex cost integer dual network flow problem, Proceedings of the 7th International Conference on Integer Programming and Combinatorial Optimization (Graz, Austria), G. Cornuéjols, R.E. Burkard, and G.J. Woeginger (eds.), vol. 1610 of Lecture Notes in Computer Science, Springer, 1999, pp. 31–44.

[2] M. BALINSKI, On a selection problem, Management Science, 17 (1970), pp. 230–231.

[3] C.C.B. CAVALCANTE, C.C. DE SOUZA, M.W.P.

SAVELSBERGH, Y. WANG, AND L.A. WOLSEY, Scheduling projects with labor constraints, CORE Discussion Paper 9859, Université Catholique de Louvain, Louvain-la-Neuve, Belgium, 1998.

[4] G.J. CHANG AND J. EDMONDS, The poset scheduling problem, Order, 2 (1985), pp. 113–118.

[5] S. CHAUDHURI, R.A. WALKER, AND J.E.

MITCHELL, Analyzing and exploiting the structure of the constraints in the ILP approach to the scheduling problem, IEEE Transactions on Very Large Scale Integration (VLSI) Systems, 2 (1994), pp. 456–471.

[6] P. CHRÉTIENNE AND F. SOURD, PERT scheduling with convex cost functions, Preprint, Laboratoire d’Informatique de Paris 6, Paris, France, 2000.

[7] N. CHRISTOFIDES, R. ALVAREZ-VALDÉS, AND J.M. TAMARIT, Project scheduling with resource constraints: A branch and bound approach, European Journal of Operational Research, 29 (1987), pp. 262–273.

[8] C.C. DE SOUZA AND L.A. WOLSEY, Scheduling projects with labour constraints, Technical Report IC-97-22, Instituto de Computação, UNICAMP, Campinas, Brazil, 1997.

[9] A. DREXL AND A. KIMMS, Optimization guided lower and upper bounds for the Resource Investment Problem, Manuskripte aus den Instituten für Betriebswirtschaftslehre der Universität Kiel 481, Christian-Albrechts-Universität zu Kiel, Germany, 1998.

[10] B. FAALAND AND T. SCHMITT, Scheduling tasks with due dates in a fabrication/assembly process, Operations Research, 35 (1987), pp. 378–388.

[11] D.R. FULKERSON, A network flow computation for project cost curves, Management Science, 7 (1961), pp. 167–178.

[12] A.V. GOLDBERG AND S. RAO, Beyond the Flow Decomposition Barrier, Journal of the Association for Computing Machinery, 45 (1998), pp. 783– 797.

[13] A.V. GOLDBERG AND R.E. TARJAN, A new approach to the maximum-flow problem, Journal of the Association for Computing Machinery, 35 (1988), pp. 921–940.

[14] H. GRÖFLIN, T.M. LIEBLING, AND A. PRODON, Optimal subtrees and extensions, Annals of Discrete Mathematics, 16 (1982), pp. 121–127.

[15] M. GRÖTSCHEL, L. LOVÁSZ, AND A. SCHRI-

JVER, Geometric Algorithms and Combinatorial

Optimization, vol. 2 of Algorithms and Combinatorics, Springer, Berlin, 1988.

[16] T. IBARAKI AND K. NONOBE, The project scheduling problem with a separable convex cost function. Contributed talk given at the 17th International Symposium on Mathematical Programming (Atlanta, Georgia), August 2000.

[17] S.-H. JUANG, Optimal Solution of Job Shop Scheduling Problems — A New Network Flow Approach, PhD thesis, The University of Iowa, Iowa City, USA, 1994.

[18] A.V. KARZANOV AND S.T. MCCORMICK, Polynomial methods for separable convex optimization in unimodular linear spaces with applications, SIAM Journal on Computing, 26 (1997), pp. 1245–1275.

[19] J.R. KELLEY, JR., Critical path planning and scheduling: Mathematical basis, Operations Research, 9 (1961), pp. 296–320.

[20] A. KIMMS, Maximizing the net present value of a project under resource constraints using a Lagrangean relaxation based heuristic with tight upper bounds, Manuskripte aus den Instituten für Betriebswirtschaftslehre der Universität Kiel 504, Christian-Albrechts-Universität zu Kiel, Germany, 1999.

[21] V. MANIEZZO AND A. MINGOZZI, The project scheduling problem with irregular starting time costs, Operations Research Letters, 25 (1999), pp. 175–182.

[22] F. MARGOT, A. PRODON, AND T.M. LIEBLING, The poset scheduling problem, Methods of Operations Research, 62 (1990), pp. 221–230.

[23] R.H. MÖHRING, A.S. SCHULZ, F. STORK, AND M. UETZ, Resource-constrained project scheduling: Computing lower bounds by solving minimum cut problems, Proceedings of the 7th Annual European Symposium on Algorithms (Prague, Czech Republic), J. Nešetřil (ed.), vol. 1643 of Lecture Notes in Computer Science, Springer, 1999, pp. 139–150.

[24] R.H. MÖHRING, A.S. SCHULZ, F. STORK, AND M. UETZ, Solving project scheduling problems by minimum cut computations, Technical Report 680/2000, Fachbereich Mathematik, Technische Universität Berlin, Germany, 2000. Submitted. An extended abstract appeared in [23].

[25] K.G. MURTY, Linear Programming, John Wiley & Sons, New York, 1983.

[26] S. PHILLIPS, JR. AND M.I. DESSOUKY, Solving the project time/cost tradeoff problem using the minimal cut concept, Management Science, 24 (1977), pp. 393–400.

[27] J.C. PICARD, Maximal closure of a graph and applications to combinatorial problems, Management Science, 22 (1976), pp. 1268–1272.

[28] A.A.B. PRITSKER AND L.J. WATTERS, A zeroone programming approach to scheduling with limited resources, The RAND Corporation, RM- 5561-PR, 1968.

[29] A.A.B. PRITSKER, L.J. WATTERS, AND P.M.

WOLFE, Multi project scheduling with limited resources: A zero-one programming approach, Management Science, 16 (1969), pp. 93–108.

[30] J.M.W. RHYS, A Selection Problem of Shared Fixed Costs and Network Flows, Management Science, 17 (1970), pp. 200–207.

[31] R.O. ROUNDY, W.L. MAXWELL, Y.T. HERER, S.R. TAYUR, AND A.W. GETZLER, A pricedirected approach to real-time scheduling of production operations, IIE Transactions, 23 (1991), pp. 149–160.

[32] A.H. RUSSEL, Cash flows in networks, Management Science, 16 (1970), pp. 357–373.

[33] J.K. SANKARAN, D.L. BRICKER, AND S.-H.

JUANG, A strong fractional cutting-plane algorithm for resource-constrained project scheduling, International Journal of Industrial Engineering, 6 (1999), pp. 99–111.

[34] M. WENNINK, Algorithmic Support for Automated Planning Boards, PhD thesis, Technische Universiteit Eindhoven, Eindhoven, The Netherlands, 1995.

Reports from the group

“Combinatorial Optimization and Graph Algorithms”

of the Department of Mathematics, TU Berlin

705/2000 Ekkehard Köhler: Recognizing Graphs without Asteroidal Triples 704/2000 Ekkehard Köhler: AT-free, coAT-free Graphs and AT-free Posets 702/2000 Frederik Stork: Branch-and-Bound Algorithms for Stochastic Resource-Constrained Project Scheduling 700/2000 Rolf H. Möhring: Scheduling under uncertainty: Bounding the makespan distribution 698/2000 Sándor P. Fekete, Ekkehard Köhler, and Jürgen Teich: More-dimensional packing with order constraints 697/2000 Sándor P. Fekete, Ekkehard Köhler, and Jürgen Teich: Extending partial suborders and implication classes 696/2000 Sándor P. Fekete, Ekkehard Köhler, and Jürgen Teich: Optimal FPGA module placement with temporal precedence constraints 695/2000 Sándor P. Fekete, Henk Meijer, André Rohe, and Walter Tietze: Solving a “hard” problem to approximate an “easy” one: heuristics for maximum matchings and maximum Traveling Salesman Problems 694/2000 Esther M. Arkin, Sándor P. Fekete, Ferran Hurtado, Joseph S. B. Mitchell, Marc Noy, Vera Sacristánm and Saurabh Sethia: On the reflexivity of point sets 693/2000 Frederik Stork and Marc Uetz: On the representation of resource constraints in project scheduling 691/2000 Martin Skutella and Marc Uetz: Scheduling precedence constrained jobs with stochastic processing times on parallel machines 689/2000 Rolf H. Möhring, Martin Skutella, and Frederik Stork: Scheduling with AND/OR precedence constraints 685/2000 Martin Skutella: Approximating the single source unsplittable min-cost flow problem 684/2000 Han Hoogeveen, Martin Skutella, and Gerhard J. Woeginger: Preemptive scheduling with rejection 683/2000 Martin Skutella: Convex quadratic and semidefinite programming relaxations in Scheduling 682/2000 Rolf H. Möhring and Marc Uetz: Scheduling scarce resources in chemical engineering 681/2000 Rolf H. Möhring: Scheduling under uncertainty: optimizing against a randomizing adversary 680/2000 Rolf H. Möhring, Andreas S. Schulz, Frederik Stork, and Marc Uetz: Solving project scheduling problems by minimum cut computations (Journal version for the previous Reports 620 and 661) 674/2000 Esther M. Arkin, Michael A. Bender, Erik D. Demaine, Sándor P. Fekete, Joseph S. B. Mitchell, and Saurabh Sethia: Optimal covering tours with turn costs 669/2000 Michael Naatz: A note on a question of C. D. Savage 667/2000 Sándor P. Fekete and Henk Meijer: On geometric maximum weight cliques 666/2000 Sándor P. Fekete, Joseph S. B. Mitchell, and Karin Weinbrecht: On the continuous Weber and k-median problems 664/2000 Rolf H. Möhring, Andreas S. Schulz, Frederik Stork, and Marc Uetz: On project scheduling with irregular starting time costs

661/2000 Frederik Stork and Marc Uetz: Resource-constrained project scheduling: from a Lagrangian relaxation to competitive solutions

658/1999 Olaf Jahn, Rolf H. Möhring, and Andreas S. Schulz: Optimal routing of traffic flows with length restrictions in networks with congestion 655/1999 Michel X. Goemans and Martin Skutella: Cooperative facility location games 654/1999 Michel X. Goemans, Maurice Queyranne, Andreas S. Schulz, Martin Skutella, and Yaoguang Wang:

Single machine scheduling with release dates 653/1999 Andreas S. Schulz and Martin Skutella: Scheduling unrelated machines by randomized rounding 646/1999 Rolf H. Möhring, Martin Skutella, and Frederik Stork: Forcing relations for AND/OR precedence constraints 640/1999 Foto Afrati, Evripidis Bampis, Chandra Chekuri, David Karger, Claire Kenyon, Sanjeev Khanna, Ioannis Milis, Maurice Queyranne, Martin Skutella, Cliff Stein, and Maxim Sviridenko: Approximation schemes for minimizing average weighted Completion time with release dates 639/1999 Andreas S. Schulz and Martin Skutella: The power of α-points in preemptive single machine scheduling 634/1999 Karsten Weihe, Ulrik Brandes, Annegret Liebers, Matthias Müller–Hannemann, Dorothea Wagner and Thomas Willhalm: Empirical design of geometric algorithms 633/1999 Matthias Müller–Hannemann and Karsten Weihe: On the discrete core of quadrilateral mesh refinement 632/1999 Matthias Müller–Hannemann: Shelling hexahedral complexes for mesh generation in CAD 631/1999 Matthias Müller–Hannemann and Alexander Schwartz: Implementing weighted b-matching algorithms: insights from a computational study 629/1999 Martin Skutella: Convex quadratic programming relaxations for network scheduling problems 628/1999 Martin Skutella and Gerhard J. Woeginger: A PTAS for minimizing the total weighted completion time on identical parallel machines 624/1999 Rolf H. Möhring: Verteilte Verbindungssuche im öffentlichen Personenverkehr: Graphentheoretische Modelle und Algorithmen

627/1998 Jens Gustedt: Specifying characteristics of digital filters with FilterPro 620/1998 Rolf H. Möhring, Andreas S. Schulz, Frederik Stork, and Marc Uetz: Resource constrained project scheduling: computing lower bounds by solving minimum cut problems 619/1998 Rolf H. Möhring, Martin Oellrich, and Andreas S. Schulz: Efficient algorithms for the minimum-cost embedding of reliable virtual private networks into telecommunication networks 618/1998 Friedrich Eisenbrand and Andreas S. Schulz: Bounds on the Chvátal rank of polytopes in the 0/1-Cube 617/1998 Andreas S. Schulz and Robert Weismantel: An oracle-polynomial time augmentation algorithm for integer proramming 616/1998 Alexander Bockmayr, Friedrich Eisenbrand, Mark Hartmann, and Andreas S. Schulz: On the Chvátal rank of polytopes in the 0/1 cube 615/1998 Ekkehard Köhler and Matthias Kriesell: Edge-dominating trails in AT-free graphs 613/1998 Frederik Stork: A branch and bound algorithm for minimizing expected makespan in stochastic project networks with resource constraints 612/1998 Rolf H. Möhring and Frederik Stork: Linear preselective policies for stochastic project scheduling 611/1998 Rolf H. Möhring and Markus W. Schäffter: Scheduling series-parallel orders subject to 0/1- communication delays

609/1998 Arfst Ludwig, Rolf H. Möhring, and Frederik Stork: A computational study on bounding the makespan distribution in stochastic project networks 605/1998 Friedrich Eisenbrand: A note on the membership problem for the elementary closure of a polyhedron 596/1998 Andreas Fest, Rolf H. Möhring, Frederik Stork, and Marc Uetz: Resource constrained project scheduling with time windows: A branching scheme based on dynamic release dates 595/1998 Rolf H. Möhring Andreas S. Schulz, and Marc Uetz: Approximation in stochastic scheduling: The power of LP-based priority policies 591/1998 Matthias Müller–Hannemann and Alexander Schwartz: Implementing weighted b-matching algorithms: Towards a flexible software design 590/1998 Stefan Felsner and Jens Gustedt and Michel Morvan: Interval reductions and extensions of orders:

bijections to chains in lattices 584/1998 Alix Munier, Maurice Queyranne, and Andreas S. Schulz: Approximation bounds for a general class of precedence constrained parallel machine scheduling problems 577/1998 Martin Skutella: Semidefinite relaxations for parallel machine scheduling

Reports may be requested from: Hannelore Vogt-Möller Fachbereich Mathematik, MA 6–1 TU Berlin Straße des 17. Juni 136 D-10623 Berlin – Germany e-mail: moeller@math.TU-Berlin.DE

Reports are also available in various formats from

http://www.math.tu-berlin.de/coga/publications/techreports/

and via anonymous ftp as

ftp://ftp.math.tu-berlin.de/pub/Preprints/combi/Report-number-year.ps