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Abstract: This paper describes a not typical scheduling application which was solved by the research team lead by Prof. Koštial as a part of a more complex control system for the push furnaces at the VSŽ a.s. (the biggest Slovak metallurgy company). 


The problem was solved using a heuristic-logistic model for production scheduling of the hot wide-strip rolling mill. 
Recently, there was another attempt to solve the same problem using a quite new programming paradigm - constraint logic programming. 


In this paper the technology in question will be briefly described as well as both above-mentioned approaches to solve the problem. Finally, a discussion will close the paper showing the advantages and disadvantages of  the two presented solutions. 

1.  INTRODUCTION

In this paper a special scheduling application for push furnaces at the VSŽ a.s. is described. Before rolling slabs must be heated on the right temperature inside so-called push furnaces. Slabs come from various sources and have therefore at the beginning different temperatures. By optimal ordering of slabs inside push furnaces the quality of the slab heating can be improved and, in addition, the energy consumption for this process can be significantly reduced. Detailed description of this technology can be found in the following Section 2.


The problem of scheduling slabs was originally solved at the Dept. of Management and Control Engineering of the B.E.R.G. Faculty. It builds a part of a more complex control system one part of which calculates the optimal input ordering of slabs (the problem in question). Second part of the system includes a mathematical heating model of the slabs and its goal is to calculate the optimal heating course for each slab.

The first (scheduling) part of the system makes use of a heuristic-logistic model for production scheduling of the hot wide-strip rolling mill. Some details about this procedural approach (with respect to the final implementation in programming language FORTRAN) to the problem solving are described in Section 3.

The same problem we tried to solve using a quite new programming paradigm - CLP (Constraint Logic Programming) represented by the programming system ECLiPSe (ECRC Common Logic Programming System). By this approach problem is formulated as a set of variables and constraints between these variables. The goal is to find such assignment of values to variables that none of the constraints is violated. In addition, there can be defined a  cost function which will be minimized. Details about this solution can be found in Section 4.

Finally, comparison between the two approaches is made and some conclusions are sketched in Section 5.
2.  TECHNOLOGY AND TASK DESCRIPTION
A scheme of the material flow [2] is depicted in Fig. 1. In the two  continuous casting machines (ZPO 1, ZPO 2) slabs of required dimensions are castled. Castled slabs advance either to the slabs finishing plant and cold storage or direct sequence into one of four existing push furnaces (NP 1 to NP 4). After heating the slabs are pushed out from the push furnaces and  rolled on the wide-strip rolling mill (TSP 1700). A field storage serves to make up the balance of differences in production and regular maintenance repairs of TSP 1700 or at longer down-time of ZPO 1 or ZPO 2.


Fig. 1 Scheme of  material flow at the section ZPO - NP - TSP 

Our task is to schedule slabs from various sources into push furnaces for heating before rolling onto TSP 1700. Order of slabs at the output of the push furnaces, i.e. the actual order for the rolling (so called production schedule) is fixed, based on the rules of technology, experiences of planners, actual orders and state of stores.


The main goals of the control system for the push furnaces for the appropriate organization of slabs pushed into the furnaces and optimal heating inside furnaces are:

· to improve the quality of slab heating,

· to minimize the energy consumption for heating slabs, and

· to reduce the metal overburning.


The input for our task is the above-mentioned production schedule which specifies the required order of slabs with particular size and quality at the output of the push furnaces (i.e. their order for the hot wide-strip rolling mill).

3.  HEURISTIC APPROACH
The existing automation control system for the technological process described in previous section is composed from two main parts.

1) Subsystem for the control of pushing slabs into furnaces (PS)

The main goal of this subsystem, which depends on the given production schedule and the actual situation inside the push furnaces, is to schedule slabs from different sources into the working furnaces.

2) Subsystem for the control of the heating process inside furnaces (HP).

The main goal of this subsystem is to compute the course of the optimal slab heating, taking into account the actual state inside the push  furnace  and  its  future  states  following  the schedule proposed in PS subsystem.


The heart of the PS subsystem is its information part implemented in FORTRAN 77. In order to improve the original naive approach which scheduled slabs in cycle, a special heuristic for this process was found as a result of a detailed study of the technology. The main idea here is to group the slabs with similar temperature at the input into sequences the length of which are approximately equal to the length of zones inside furnaces. Each furnace has six heating zones which are to some extent independent and easy to control with respect to the actual temperature and energy consumption. The task has been complicated by the following circumstances.

1) There are four different sources of slabs to be pushed into the push furnaces with various output temperatures of slabs. There are slabs:

· in direct sequence - short after they are castled at ZPO 1 or ZPO 2;

· from the warm stores of ZPO 1 and ZPO 2;

· from the cold store after finishing, or from the field store, and

· from slabbing.

    For the purposes of optimization in our program we currently distinguish two kind of sources - warm (first two on the list above) and cold (the last two in this list).

2) Special situations may occur, such as:

· the number of working push furnaces changes (e.g. maintenance repair);

· expected sequence of warm slabs comes later (or earlier) than planned;

· other changes in the current production schedule.


The current implementation of the scheduling algorithm solves the special situations (it recognizes 10 of them which are most likely to happen) in the form of specialized subprograms which can be started as a result of an interaction with the responsible dispatcher.

4.  CLP APPROACH
The aim by the use of CLP approach to solve the problem specified in Section 2 was to achieve the same results as by previous approach and to compare both approaches with respect to their performance as well as flexibility. And, in addition, try to find out whether the proposed heuristic is in fact optimal enough or whether some better solution can be proposed.

To store information about slabs we use for each slab the following structure:

slab(Type, FurnaceNr, TimeIN, TimeOUT)

where the arguments are:

· Type is the type of the slab. Each type of slab has a unique number which implies the size, quality and source of the slab (it is a known integer);

· FurnaceNr specifies the number of the push furnace in which the slab will be heated (this is a finite domain variable with the initial domain as interval <1, Nr_of_furnaces>);

· TimeIN  represents order in which the slab will be pushed into the push furnace (finite domain variable, the initialization of its domain is explained in the next subsection);

· TimeOUT  represents  the order in which the slab will be pushed out from the push furnace (known integer, given by the production schedule).


In addition there is another structure which represents the information needed to specify a slab of given type, i.e.

slab_type(Type, Source, Width, Quality)

where:

· Type is the type of the slab as described above in structure slab/4;

· Source is the place where the slab comes from. At this stage we recognize only two types of sources - warm (value is 1) and cold (value is 0);

· Width is the only dimension we need for the purposes of scheduling (it is an integer specifying the width of the slab in centimeters);

· Quality is an integer which specifies the steel type from which is this type of slabs made.

To give a CLP model of the problem, we have to specify (with respect to the description of the constraint solving paradigm given in Section 2):

1. Variables. In our case the number of variables is given by the number of slabs presented in the actual  instance of the problem, i.e. the number of slabs in given production schedule. For each of  them we have two finite domain (FD) variables, namely FurnaceNr and TimeIN  (see above) and the number of slabs already inside push furnaces (for each of them the output time is already specified).

2. Constraints. The core problem is to represent the technological constraints. In our current model the constraints are stated in four steps. These can be seen in the sketch of our CLP program.

main(S) :-

  number_of_furnaces(F),

 


    length(L),




   


    slabs_already_inside(S1),

   prod_schedule(G),

   set_structures(G, F, L, S2), 
% step a)

   set_constraints(S2), 


% step b)

   append(S1, S2, S),

   check_occupation(S2, S),

% step c)







     check_cost(S, Cost),


% step d)

   our_labeling(S2, S),

   cost_function(S, Cost),

   print_results(S).


Constraints stated in particular steps, signed in the program above as commentaries. To specify the problem, various types of constraints are used - numeric, symbolic as well as user-defined (see [1] for detailed specifications of these constraints).

3. Optimization. There is another and crucial aspect of the problem, namely optimization. The current version of  our program we calculate the cost function as follows. For each pair of neighboring slabs (i.e. which will be pushed into the same push furnace one next to another (with subscript i and  j respectively,  j= i+1) in the proposed schedule the cost is calculated with respect to the following simple algorithm:


if   Sourcei  = Sourcej


then   Costij  = TimeINi  - TimeINj  - 1


else if   Sourcei  > Sourcej



then   Costij  = 4 * (TimeINi  - TimeINj   )



else   Costij  = 2 * (Max - TimeINj  - TimeINi  ).

The total cost is given then as a sum of all such neighborhood pairs (for all push furnaces and the whole production schedule). 


Each proposed schedule is evaluated with respect to this cost function and the one with minimal value is proposed as final schedule.

4. Labeling. Defining variables and stating constraints in a CLP program is usually not enough to get solution. From the efficiency reasons the constraint propagation techniques built in a CLP system make a trade-off between efficiency and level of achieved consistency. As a result, the solvers are incomplete and the search in the reduced search space must be done instantiating step by step domain variables with values from their domains (this process is called labeling). This is interleaved with constraint propagation automatically triggered after  each instantiation.


In our program special labeling predicate our_labeling/2 is used. It takes step by step a output order (slab at the end of some push furnace) and looks for some slab, which could be pushed at this time into the same furnace. If no slab can be found to satisfy all the constraints, the program stops search and (if it exist) prints the solution with minimal cost (otherwise there is no solution for this input data).  The program offers the possibility to visualize the best solution and simulate the whole schedule step by step.

5.  CONCLUSIONS
The proposed CLP model works well for homogeneous (arbitrary number of) furnaces of arbitrary length. The program is able to generate all possible orderings of slabs on input to get the requested output ordering (production schedule) and chose the schedule with minimal value of cost function defined in the previous Section 4. 
But the actual program has a decisive disadvantage that it is not efficient enough for realistic data (i.e. production schedule with 60 slabs). There are two main reasons of this behaviour.


Firstly, the constraints by this representation can not propagate the new information which is instantiating domain variables FurnaceNr and TimeIN of some slab very well. As a result, domains are not significantly reduced, constraint propagation is not powerful enough and therefore dominates search.
Secondly, due to the fact that production schedule usually includes consecutive groups of slabs of the same type, the number of solutions is very high. Many of them are generated by the program (except of solutions cut down by the optimization constraint check_cost/2).Analyzing these sources of inefficiency we decided to try another representation which would not distinguish slabs of the same type from the given production schedule.

It seems that the optimal results would bring connection of both approaches, making use of both - efficient heuristic developed by the first approach (which is in fact a result of a detailed and high expert analysis of existing technology) as well as simple prototyping and experimenting with various cost functions and heuristics respectively by the CLP approach.
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