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Abstract

This paper discusses MILP-models for meltshop scheduling optimization that can be flexibly adapted to different plant structures. Moreover, the flexibility allows for modeling individual characteristics of parallel equipment, particular processing and changeover times, scarce resources and maintenance requests. A small example illustrates the size and solution time of a typical model instance.
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1. Introduction
Steel production scheduling is a challenging task that has been actively studied in the recent years. The last processing step, continuous casting, has alone given rise to numerous research results, not the least because of its crucial role in the overall steel production planning. Another research focus has been in how to combine the continuous caster with the next production step: The operations at rolling mills (Tang et al., 2001).

This work limits itself to the melt shop, starting from the Electric Arc Furnaces and ending with the Continuous Caster. This area has not received as much attention and the planning task has mainly been tackled through expert systems and heuristics or evolutionary algorithm-based solutions (Dorn et al., 1996; Pacciarelli and Pranzo, 2004). Here, we actually focus on an MILP-based decomposition approach and follow-up on the basic research work in Harjunkoski and Grossmann (2001), where meltshop scheduling and heat grouping models were presented as a part of an integrated solution algorithm. In that work, a fixed plant structure was assumed.

This paper deals with two aspects of the further development towards a commercial meltshop scheduling tool, namely the flexibility of the models and their configurability. This makes the melt shop scheduling tool generally applicable to different steel plants and enables easier ways to express add-on features. A generalization can be expected to cause some performance losses, and the efficiency of the new model is compared to the original one.

Here, the main mathematical constraints are shown and explained and finally, a numerical example is used to illustrate the size and the typical solution time of the revised model.

2. Model flexibility
The meltshop scheduling problem in Harjunkoski and Grossmann (2001), is solved in four steps to reach close-to-optimal solutions in a limited solution time. The steps are:

1. Grouping of individual heats into casting sequences

2. Scheduling each casting sequence separately

3. Aggregation of the already scheduled sequences

4. Finalization to further tighten the aggregated schedule
The generalization discussed in this paper affects mainly the scheduling model (step 2), and therefore the main focus is on the scheduling part.
2.1. Plant layout

The mathematical model should be fully configurable in terms of the plant layout. Figure 1 shows a “superstructure” of different plant layouts which should be covered by the flexible model. In order to be able to model some relations correctly, it is also necessary to provide the production stages, types of equipment, equipment routing, equipment connectivity and focus on specific properties of these. In this paper, parallel equipment may have individual characteristics.
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Figure 1. Stainless steel plant layout superstructure

2.2. Production Stages
In the following model, we assume that for each heat to be produced a number of stages s=1,…,S is executed in a given sequence. However, the heats only need to go through those defined in their respective production recipes. The equipment m=1,…,M must be mapped to the stages. A stage-equipment matrix looks like
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2.3. Processing and changeover times
In a similar manner, data is needed for the production times and here three processing times are considered: minimum/standard/maximum time for a heat in an equipment. By providing a range, the optimization can flexibly select the best timing for each heat at each equipment and, if wished, penalize for deviations from the targeted standard time.

Changeover times may depend on the equipment or a heat, e.g. after a heat the equipment needs a certain maintenance time, cleaning and other setup-actions that need to be always done. The changeover times may also be dependent on the product sequence, which means that the setup time depends on the optimization result.
Other specific issues that need to be handled by the optimization are for instance restrictions on the number of simultaneously operating parallel equipment (e.g. EAFs due to electricity requirement), heat routing and equipment connections.

2.4. Maintenance
Maintenance requests are a common and very important part of metals processing. The main idea here is to couple the maintenance scheduling with the production scheduling, instead of keeping these two tasks apart. The most important information needed are:  which equipment to maintain, maintenance duration and the earliest and latest start-time of the maintenance (time window)
With these, the maintenance requests can be treated as a job with fixed equipment assignment and strictly limited time-window. 
3. Flexible mathematical model for the scheduling
Major changes in the scheduling model come from the introduction of a stage-index onto which the processing times are coupled. In this way, there is only one active time variable per stage and building the scheduling constraints is more straightforward. This also allows flexibility through easy equipment changes and modifications.

3.1. Sets and indices

Sets are written with capital letters and corresponding indices are noted in lowercase.


[image: image3.wmf]mnt

m

MEQ

SU

m

m

BAD

p

m

HR

p

s

SP

s

m

SM

MNT

U

S

M

P

m

mnt

su

mm

pm

sp

sm

in 

maintain 

 

 to

equipment 

which 

unit

 

restricted

 

of

 

stage

allowed

not 

 

are

 that 

,

equipment 

between 

 

s

connection

heat 

for 

 

allowed

 

are

 

equipment 

 which 

defines

 

routing,

heat 

heat 

on 

 

executed

 

be

 

should

 that 

 

stages

 

stage

 

 the

 to

belong

 that 

equipment 

jobs

 

e

maintenanc

 

of

set 

s)

limitation

 

processing

 

(parallel

 

units

 

restricted

 

of

set 

stages

 

production

 

of

set 

equipment

 

of

set 

heats

 

of

set 

,

'

=

=

¢

=

=

=

=

=

=

=

=

=


These sets allow a flexible re-modeling of a plants. If one of the indices is used more than once in an equation, this will be shown with a ´ and ´´ notation, e.g. m, m´, m´´.

3.2. Parameters and Variables
The necessary parameters here are partly covered by the sets above, where already some connections between two sets are defined, such as stage-equipment relationship. The basic parameters are always numeric data and here some of them are simply listed: Standard, minimum and maximum production times for each heat on each equipment, setup and clean-up times of each equipment, resource-intensive time if there are parallel processing restrictions, sequence-dependent change-over times, for each job-pairs on each equipment, minimum and maximum allowed transfer times between the stages (maximum hold time) and maintenance duration and earliest/latest start-time.

The variables are:
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All variables are positive and the x and y variables are binary variables (0, 1). 

3.3. Problem Constraints
The objective function is defined to minimize total production time (make span) and in-process times of individual heats. The latter is done such that the start time of the first stage of each heat should be as late as possible, thereby reducing the hold and in-process times. Coefficient c1 should be small in order not to affect the make span.
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(1)
The assignment constraint states that only one equipment per valid stage is selected.
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The following equation ensures a correct stage-sequence
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(3)

Here, s’ is one of the following valid stages for the heat. Some hold-times between two processing steps may have to be restricted. Therefore, the same equation is repeated to enforce an upper bound to allow both flexible processing- and transfer times.
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(4)

The start time of a stage must be connected to the corresponding equipment time. This is done by the two following constraints.
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We need two types of sequencing constraints as the casting must be continuous. First the general case.
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The constraint (7) applies to all stages except casting. To enforce continuous operation on the caster, we need a pair of inequalities. These constraints are simpler, as the casting sequence is fixed and all heats within a sequence must be assigned to the same caster.
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Only one sequence is possible per stage.
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The definition of makespan must be valid for all alternative casters, which means that the focus must be on the entire stage. Here, the cardinality of the set of stages refers to the last stage (casting).
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As mentioned above, it must be ensured that all heats of one casting sequence are cast in the same caster. Thus, the assignment variables must be coupled.
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If there are forbidden equipment combinations defined, these can be implemented also through the assignment constraints by hindering a heat to be assigned on both equipment, as follows:
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(13)

The earlier parallel unit restriction from the Electric Arc Furnace (EAF) has been generalized. Here, we map stages to restricted units to hinder more parallel activities than available units. One can either specify a fixed overlapping time or assume that a new parallel equipment should not start the processing before the other one has finished.
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Here, for instance the electricity consumption may restrict parallel operation of EAF-units or only two of three casters operated simultaneously. For the restricted units, also only one assignment should be allowed. This is enforced by:
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Smaller maintenance jobs can be integrated to the scheduling, since this allows the best planning of the equipment-downtimes. This is done by the following two constraints.
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Finally, the times for equipment that are not used should be put to zero, in order to allow the flexible unit sequencing in Eq. (14). Simultanously, this means that the lower limit for the production time must be defined as a constraint. These are shown below.

[image: image23.wmf]{

}

pm

pm

pm

HR

m

p

M

m

P

p

x

Î

Î

Î

"

×

M

£

,

,

,

t


(18)


[image: image24.wmf]{

}

pm

pm

LOW

pm

pm

HR

m

p

M

m

P

p

x

Î

Î

Î

"

×

³

,

,

,

t

t


(19)

The derived generalized model is very flexible but has several binary variables. The performance issue has to be checked with a realistic problem and further reductions/simplifications need to be added accordingly. Naturally, the optimization should be efficient for steel plants with a simpler structure.

4. Example
In this small example we compare a problem instance of 15 heats. The solution times (CPU, wallclock) using the fixed model and new model are shown. As it is difficult to compare the entire models, we will just show the model size for the scheduling part. The example shows that the flexible model requires less binary variables while the number of continuous variables and constraints is higher. However, the solution times are not significantly different. 
Table 1. A comparison (constraints and variables only for the discussed model)
	Method
	CPU-s
	Wallclock time
	Constraints
	Variables (bin/cont)

	Harjunkoski et al. (2001)
	4.27
	14
	173
	103 / 68

	Flexible model
	3.96
	9
	307
	87 / 110


5. Conclusions
The presented flexible model is easily configurable e.g. through an ISA-95 interface (B2MML) or any other approach that contains the necessary information. Even if a minor performance loss can be expected, it is very important for practical cases to have easily configurable models. The model takes a step towards a product, as the example case can fully be formulated outside the model.
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