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Abstract

Decision-making supported by task-oriented software tools plays more and more role in the production
companies, including metallurgical plants. Decision-making in production planning and scheduling requires the
response in an interactive real-time mode. It is an incentive for developing decision support system (DSS) that
enables a fast prototyping of production flows in multi-project environment. The paper aims at providing a
knowledge base approach allowing one to be independent of context or representation data as well as allowing
for the design of an interactive and task-oriented DSS. The assumed knowledge base mode of specifying a
production system leads to solving a decision problem formulated in terms of constraint satisfaction problem
(CSP). Possible scenarios of the CSP decomposition as well as possibility of different programming languages
application lead to a problem of searching for a distribution strategy that enables a real-time mode. A
declarative form of the description of a multicriteria decision problem allows its implementation in constraint
programming languages and facilitates the development of DSS. lllustrative example concerns optimal
steelmaking process scheduling with constraints such as processing time, limited waiting time between
adjacent tasks, and amount of resources allocated to tasks. Numerical experiments present the use of
constraint programming approach, including various search strategies, to production planning and scheduling
in the context of a metallurgical company.
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1. INTRODUCTION

Modern iron and steel companies are moving towards continuous, high-speed and automated production process
with large devices. The focus is placed on high quality, low cost, just-in-time delivery and small lot with different
varieties. In order to enhance their competitive power, many companies tend to developing computer integrated
manufacturing systems which can improve productivity of large devices, shorten waiting-time between
operations, reduce material, energy consumption, and finally production costs [1]. Effective production scheduling
is a key component of these information systems, especially in today’s highly competitive global steel market.
The steel-making scheduling problem is to decide unit assignment (the starting and ending times of jobs on the
machines) and charge sequence based on established cast plan and steel-making process constraints to achieve
some optimization objectives [2].

Scheduling algorithms can be categorized as exact (mathematical programming), heuristic, and search
(stochastic) methods. Traditional approach to production scheduling consists mainly of mathematical
programming and expert system methods [2]. Because most scheduling problems are NP-hard, it is often difficult
to solve them optimally, and combining heuristic methods to get near optimal solutions is often necessary.
However, heuristic methods occur the problem with their optimality gap hard to estimate. The expert system can
be used to tackle the difficult problems, offering approximate solution to various combinatorial optimization and
industrial application problems, being more generic than heuristic methods [2]. The impact of real-life constraints
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on the decision-making is therefore of great importance, especially for designing interactive and task oriented
decision support systems [3-4].

Constraint Programming (CP) environment seems to be especially well suited for modelling real-life and day-to-
day decision-making processes in a production company [5-8]. CP is qualitatively different from the other
programming paradigms, in terms of declarative, object-oriented and concurrent programming. Compared to
these paradigms, constraint programming is much closer to the ideal of declarative programming: to say what
we want without saying how to achieve it [9]. CP is an emergent software technology for a declarative Constraints
Satisfaction Problem (CSP) description and can be considered as a pertinent framework for the development of
decision support system software.

In the field of constraint-based scheduling two strengths emerge: natural and flexible modelling of scheduling
problems as CSP and powerful propagation of temporal and resource constraints. Thus, the scheduling problem
is modelled as CSP at hand in the required real-life detail and it enables to avoid the classical drawbacks of being
forced to discard degrees of freedom and side constraints [9]. The model formulated in terms of CSP determines
a single knowledge base and it enables effective implementation in constraint programming languages, as well
as the development of a task-oriented decision support system for multi-product scheduling. As a result, the
problem specification is closer to the original problem, obtaining solutions that are unavailable with imperative
programming. This provides motivation to consider production planning and scheduling in connection with the
nature of a company and to develop a reference model that combines both these fields and can be described as
a knowledge base. The proposed approach aims at specifying multi-product scheduling in terms of CSP, and
using constraint programming to seek a solution to the problem.

The remaining sections of this paper are organized as follows: section 2 presents a problem formulation in terms
of CSP for scheduling, section 3 shows an illustrative example of the proposed approach, in turn, some
concluding remarks are contained in section 4.

2, CONSTRAINTS SATISFACTION PROBLEM FOR SCHEDULING

The knowledge base approach includes the constraints concerning company and multi-product environment
that can be considered in the context of single platform - the reference model. This type of approach seems to
be natural in the case of a company that solves standard decision-making problems in the production process.
It is assumed that the reference model has the structure of constraints satisfaction problem, and it may be
described as follows [10-12]:

CSP =((V, D), C) (1)

where: V = {vy, v, ..., vy} - finite set of n variables; D = {Dy, D>, ..., Dy} - finite and discrete domains D of
variables; C = {cy, ¢y, ..., cm} - finite set of m constraints limiting and linking decision variables.

The solution of CSP is a vector such that the entry assignments satisfy all the constraints C. Hence, the task
is to find the values of variables satisfying all the constraints, i.e. a feasible variant of schedule. Generally, the
constraints can be expressed by arbitrary analytical and/or logical formulas as well as bind variables with
different non-numerical events. Thus, a constraint can be treated as a logical relation among several variables,
each one taking a value in a given (usually discrete) domain. To solve such a problem stated by the set of
requirements (constraints) that specify a problem at hand, the concept of constraint programming is employed.
Constraint programming is an emergent software technology for declarative description CSP and can be
considered as a pertinent framework for development of decision support system software. The main idea
behind the CP concept is based on subsequent phases of constraint propagation and variable distribution [9].

In general, the CSP solver performance decreases as the number of variables and constraints increase.
However, performance tends to be better when the planning effort to solve the causal structure of the problem
is not very high. This situation usually happens when the existence of strict constraints limits the number of
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valid alternatives for a solution plan and, as a consequence, the propagation mechanism enables solution of
the planning component of the problem [13].

In the model, some parameters are determined, among which a set of constraints and decision variables may
be distinguished. The constraints combine the variables that describe the capacity of the company (its
resources) and the variables concerning the multi-product scheduling. The company and scheduling model
containing examples of decision variables and constraints is shown in Fig. 1.

Company Scheduling
Decision variables: Decision variables:
- employees, - the starting time of
- tools, tasks,
- logistic resources, - the duration of tasks,
- financial resources, Constraints -
- resulting from the
expert knowledge Constraints:
Constraints: - the sequence of tasks
- initial amount of in the production
resources, process,
- limited amount of - the planned time of the
resources, production completion,

Fig. 1 Company and scheduling model as a common knowledge base

The assumed model enables descriptive approach to the problem statement, encompasses constraint
satisfaction problem structure and then allows implementation of the problem considered in the constraint
programming environment. The idea behind the proposed approach assumes the system considered can be
represented in terms of a knowledge base (KB). KB comprises of facts and rules determining the system'’s
properties and relations linking them respectively. Taking into account the concept of constraints propagation
and variables distribution following from the constraint programming languages it is easy to note that KB can
be represented in a standard form of CSP [5].

KB can be specified in terms of a system. At the input of the system are the variables regarding the fundamental
attributes of the object that are known and given by the user. In the considered KB, there are, for example,
variables concerning the amount of an enterprise’s resources and the multi-product structure. The output of
the system is described by the attributes of the object that are unknown or are only partially known.
Classification of the decision variables in KB as input-output variables is arbitrarily made and allows the
formulation of two classes of standard questions: what results from premises? (e.g. does a given resources
allocation ensure the schedule does not exceed the given deadline?) and what implies conclusion? (e.g. what
activity duration times and resources amount ensure the given schedule does not exceed the deadline?). The
corresponding queries can be stated in the same model that can be treated as composition of variables and
constraints, i.e. assumed sets of variables and constraints limiting their values [14-16].

In that context, the problem statement of scheduling can be specified in terms of CSP. Given amount z of
discrete resources ri (e.g. workers, robots, money) specified by: R = (ry, r», ..., 7). Given a product P;is specified
by the set composed of J activities: P;={0;1, O;», ..., O;J}. The activity O;; is specified as follows:

Oij = (sij, tij, Tpij, Tzij, Dpij) (2)
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where: s;; and {j; are the starting time and the duration of the activity O;;, respectively; Tpi; = (tpij 1, tpij2, ...
pijz) - the sequence of moments the activity O;; requires the k-th resource; Tz;; = (tzj;1, tzij2, ..., tzijz) - the
sequence of moments the activity O;; releases the k-th resource; Dp;; = (dpij 1, dpij 2, ..., dpijz) - the sequence
of the k-th resource amount dp;;« that is allocated to the activity O;;.

The constraints concerning the company include the initial and available amounts of the resources. Moreover,
the product should be completed within the given time horizon H = {0, 1, ... , h}. It is assumed the activities
cannot be suspended during their execution, each activity can request any kind and quantity (not exceeding
the resource’s limited amount) of any resource, each resource can be uniquely used by an activity, the amount
of resource used by an activity cannot be changed or allotted to other activity, and an activity can start its
execution only if required amounts of resources are available at the moments given by Tp;;. An example of the
above-described problem is presented in next section.

3. ILLUSTRATIVE EXAMPLE

Consider the job shop composed of nine workplaces where with the use of two semi products Ki, Kz, two
products P1 and P2 are manufactured. The production route with the required resources for executing each
task is presented in Fig. 2. The problem of production flow prototyping can be seen as an iterative process of
adjustment and evaluation of decision variables. At the workplaces three kinds of manufacturing operations
are considered: decomposition {O1,1, O1,2, O1,4}, processing {O13, O1,5, O1,6, O1,7}, and composition {O1,8, O1,9},.
The workplaces are serviced by three robots (r1, rz, r3) and two workers (rs, rs). At least one robot and/or worker
is allocated to each Oi;. Since production routes specify an order of operation execution, in further
considerations, the operations will be treated as activities and the production route as activity network [10].

Ki O1,1 O13 O15 O19
—_— > > ———— P2
r, ra 1 M2, ra 4
K
2 O12 | O14 | Oz o O1g - P

ra, rs | org,rs |orsrs w| 3,05
O16 e

r4

Fig. 2 Production route

The activity times are as follows: T =(2, 1, 1, 4, 2, 2, 5, 4, 1). Type of decision variables, e.g. operation times
for robots or workers, is specified in the precise form. Since the amount of common shared resources is limited,
their allocation to simultaneously executed activities has to avoid occurrence of closed loop resource requests,
i.e. deadlocks. In that context, the problem of multi-robot task allocation in a multi-product job shop reduces to
a class of dispatcher’s routine questions, such as: does a given resource allocation ensure that production
order completion time does not exceed the deadline h and the amount of resources is positive at any moment
of time horizon H ={0, 1, . . ., 15}? The answer to above-mentioned question is connected with determination
of the starting time of the activity s;. The constraints concerning the order of production process take the
following form: C1: s3 = s1 + t1, C2: s4 = 52 + t2, C3: 552 53 + {3, Ca: S5 2 54 + t4, Cs: 56 = 52 + t2, Ce: S7 =S4 + 14,
C7:ss=s5 + t5, Cs: 58 2 S6 + 16, Co: S8 2 57 + 17, C10: S9 = S5 + t5. The sought schedule (first admissible solution:
S$=(0,0,2,1,5,1,5,10, 7)) is presented in Fig. 3.
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Fig. 3 Schedule for first admissible solution

The reference model encompassing the assumptions of the considered example was implemented in the Oz
Mozart programming environment and tested on an AMD Turion(tm) Il Ultra Dual-Core M600 2.40GHz, RAM
2 GB platform. Table 1 presents the results of solution seeking for the different strategies of variable
distribution.

Table 1 Comparison of strategies for variable distribution

Distribution strategy Depth Time [sec]
Naive 24 19.62
First-fail 26 19.29
Split 17 18.25

The number of solutions equals 5,252 and they are sought for about 20 seconds. The results show that the
Split distribution strategy outperforms the First-fail and Naive distribution strategy, both in the depth of variable
distribution and time.

CONCLUSIONS

The activity of a present enterprise comprises turbulent changes concerning technology, economics, and
society. In the present, changeable business environment, quickness of response to customer needs or
pressure on innovation and effective cost management determine the success or failure in the struggle for
market position [17-18]. This forces more frequent and larger-scale changes in contemporary organizations.
The answer to these new challenges can be the application of the decision support systems. Decision-making
supported by task-oriented software tools seems to be significant in the modern metallurgical companies,
because commercially available ERP systems do not ensure the respond in an interactive online/real-time
mode for multi-products planning and scheduling problem [19-20].

The presented knowledge based approach describes a company and manufactured products in terms of the
CSP and it enables production planning and scheduling. The proposed approach assumes a kind of reference
model encompassing open structure, enabling one to take into account different sorts of variables and
constraints as well as to formulate planning and scheduling problems. Since a constraint can be treated as a
logical relation among several variables, each one taking a value in a given (usually discrete) domain, the idea
of constraint programming is to solve problems by stating the requirements (constraints) that specify a problem
at hand, and then finding a solution satisfying all the constraints. Because of its declarative nature, it is
particularly useful for applications where it is enough to state what has to be solved instead of how to solve it
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[7]. The advantages of the proposed approach include the possibility of the description of company and
manufactured products in terms of a knowledge base.

Further research focuses on the comparison of constraint programming approach with other approaches to
planning and scheduling problem, such as exact techniques (mathematical programming, e.g. with the use of
mixed integer linear or non-linear programming algorithms), heuristic approaches (e.g. heuristic improvement
method), and stochastic approaches (e.g. simulated annealing).
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