Multi-site Scheduling with Fuzzy Concepts

Jurgen Sauer, Gerd Suelmann, and Hans-Jurgen Appelrath
University of Oldenburg, Dept. of Computer Science
Escherweg 2, D-26121 Oldenburg
Germany
e-mail: sauer@informatik.uni-oldenburg.de

Abstract

The objective of multi-site scheduling is to support the scheduling activities of a global
scheduler and schedulers in distributed production plants in a cooperative way. A global
schedule generated on a global level must be translated into detailed schedules as part of the
local scheduling process. In case of disturbance, feedback between the local and global levels
is essential. Global level data are normally aggregated, imprecise, or estimated. Previous
methods focused on local production sites, in most cases without coordination. In this work
we present an approach that considers the adequate modeling and processing of imprecise
data for global level scheduling within a multi-site scheduling system based on fuzzy
concepts. One of the goalsis to create a robust prescription for the local scheduling systems

which helps to reduce the effort of coordination and rescheduling.
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1 Introduction

Scheduling integrates different tasks of production planning and control (PPC) systems to
plan and carry out the manufacturing of products on the available resources respecting time
and cost restrictions. It can be assigned to the phases resource/material management, time
management, job release, and production control of PPC.

In most cases scheduling problems are addressed for single production centers or specific
areas of responsibility [1]. To schedule the production, predictive techniques are employed
which create schedules in advance for a given time period [2]. Reactive techniques [3] are
used to adjust the schedule to actual conditions caused by disturbances in the scheduling

environment. If we look at enterprises that produce at different production sites and must



transport intermediate products between two locations, we have to consider new aspects that

are to be solved by an adequate approach.
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Figure 1. Global and local scheduling

Figure 1 illustrates the hierarchical two-level structure of multi-site scheduling reflecting the
organizational structure to be found in business. On the global level requirements are
generated for intermediate products (IPx) manufactured in individual locations. Local
scheduling (at individual locations) deals with the transformation into concrete production
schedules which represent the assignment of operations to machines. On both levels
predictive as well as reactive problems are addressed, not only to generate schedules but also
to adapt them to the actual situation in the production process.
Due to the distribution of production processes to different plants some specific problems
arise which are
» complex interdependences between production processes that are performed in different

plants, e.g.

- temporal relations between intermediate and final products, e.g. if an intermediate

product that is manufactured in plant A isneeded in plant B,
- the sameitem can be manufactured in different plants (possibly at different costs),
- the transport of parts between different plants needs transportation capacities and is

time- and cost- intensive.



» thetype of information used for global scheduling, because generalized data are normally

used instead of precise data, these are e.g.

- capacity information referring to machine groups instead of single machines,

- information on the duration of manufacturing processes for intermediate or final
products that are often estimated values.

 integration of existing (local) scheduling systems for individual plants that accomplish the
local redlization of global requirements.

* the necessity of coordination of decentralized scheduling activities for al plants within one
enterprise since several levels of scheduling with their specific scheduling systems have to
work cooperatively in a dynamic distributed manufacturing environment.

* the uncertainty about the actual "state" in individual plants.

In this paper an architecture for a multi-site scheduling system is presented that integrates

fuzzy techniques to deal with the imprecise data especially found on the global scheduling

level.

2 MUST: amulti-site scheduling system

In the project MUST (M ulti-Site Scheduling System) [4], to which this work belongs, an
approach is implemented that integrates predictive and reactive components for both global
and local scheduling. The objective of this approach is the reduction of complexity of
distributed scheduling and improving the quality of the solution at the same time. Figure 2
shows the architecture of the MUST-system. On the global level both generating the
requirements for the local plants (global/master schedule) and reactive correction of this plan
can be accomplished. New components to deal with these tasks were developed within the
project. They include a global leitstand [5] which, according to figure 1, shows the
distribution of jobs to local production sites on the global scheduling level and solves
conflicts during the scheduling process with a heuristic reactive component, whereby the
system triesto solve conflicts aslocally as possible.

On the local scheduling level previously existing techniques of local/reactive scheduling can

be integrated, e.g. from [6].
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Figure2: The MUST system ar chitecture

The communication between the individual levels has a specific importance, since it enables
the coordination of the different scheduling levels. In this sense, at least the following items
of information are sent

» from the global to thelocal level:

- the global schedule consisting of information on internal orders, affiliated intermediate
products, machine groups to use, time windows that should (possibly) be met, and
required quantities of intermediate products,

- unexpected events that effect the local level (e.g. the cancellation of an order).

» fromthelocal to the global level:

- the local realization of the global requirements with information on internal orders,
affiliated intermediate products, start and end time of all locally scheduled activities and
used machine groups,

- appearance of failure events,

- suggestions for possible local rescheduling.



A typica multi-site scheduling procedure then looks like:

1. A global-level schedule with aninitial distribution of internal ordersto local production
sitesis generated (global predictive scheduling).

2. Based on the global schedule, the local plants draw up their detailed local production
schedules (local predictive scheduling).

3. In case of local disturbances, the local reactive scheduler first tries to remedy them
locally by interactive repair (local reactive scheduling).

4. If problems cannot be solved on the local level or the modified local schedule
influences other local schedules (inter-plant dependencies), the global level has to be
called again. Global scheduling can then cause aredistribution of internal ordersto local
plants and adapt the global schedule (global reactive scheduling).

5. Theloca plants adjust to the changes in the global schedule.

In order to achieve congruence of the global schedule and its local transpositions, steps 3 to 5

might be done more than once to maintain consistency.

3 Theglobal scheduling problem

The scheduling problem on the global level consists of the transformation of incoming
external orders for final products to internal orders for intermediate products and the
assignment of the intermediates to machine groups of individual production sites respecting
given due dates and additional objectives, for example minimization of transportation costs.
The second task is the adjustment of the global schedule due to disturbances in the global
scheduling environment which may be caused by events from the local level, e.g. machine
groups are not available, as well as from the external environment, e.g. order cancellations.

A scheduling problem can be modeled by afive-tuple (R, P, O, HC, SC) [7], where R denotes
the set of required resources, P the set of produceable products, O the set of actual orders, and
HC and SC stand for the sets of hard and soft constraints, respectively. Applied to global
scheduling, this describes

* resources e.g. the groups of apparatuses, transportation times and costs between production

sites, and the amount of all materialsin a production plant.



a set of final products, where each can be produced in form of different variants. Every
variant consists of severa intermediate products that can be manufactured using different
resources with varying durations and capacity loads. Each produced item requires a
specific amount of materials and tools. Additionally, the intermediate products are limited
in their order of production by a precedence relation.

external orders for the manufacturing of an individual product out of the set of final
products coupled with quantity, start time, due date, and priority.

global hard constraints that must be met, e.g.

al externa orders must be planned,

- exactly one variant with all its intermediate products must be selected for every external
order,

- intermediate products cannot be processed before the start time of the corresponding
external order,

- the order of intermediate products according to the precedence relation must be
mai ntai ned.

Depending on the specific problem, additional hard constraints are possible.

global soft constraints (reflecting the scheduling objectives) that can be partially violated,

eg.

- the given due date of a product should not be exceeded by any of its intermediate
products,

- transportation times and costs should be minimized,

- al production sites should be used equally,

- the solution of the global scheduling problem should be as robust as possible, i.e. it

should give enough flexibility for alocal scheduler to react to local disturbances without

affecting the other sites. This can be achieved amongst others by using buffer timesin

the time windows for local production and by trying to optimize the load balancing on

the machine groups.

- therequirement for material should be minimal.



The solution of the global scheduling problem is a global schedule, which determines the
requirements for the local scheduling level in terms of temporal assignments of intermediate
products to machine groups (production plants) as shown in figure 1.

Many of the data used on the global scheduling level are aggregated, e.g. machine groups
instead of individual machines, or only imprecisely known at the time of schedule generation,
e.g. estimated durations and capacities, in order to keep the scheduling problem
comprehensible and manageable. Events on the local scheduling level are not predictable, but
they should have as low impact on future rescheduling as possible. Transportation times are
very difficult to determine, since they largely depend on the actual situation. Despite the large
amount of imprecise data, the schedule should be as ,,good” as possible. The heuristics that
are used so far are not capable of reaching very good results because of the imprecision of
data. In most cases, the uncertainty is detoured by using a discrete value instead or reducing
the model, e.g. by neglecting transportation times.

To support this functionality, we need concepts for specification and processing of the fuzzy
knowledge of the global scheduling level. In the following, we therefore present an approach
that employs concepts of fuzzy logic [8, 9] to handle global predictive scheduling. After an
overview of previous approaches we describe the modeling of fuzzy data in the global
scheduling domain, their application with the help of rules and inference strategies, and the

implementation as afuzzy controller.

4 Previous approachesto fuzzy scheduling

Fuzzy logic allows the modeling of imprecise scheduling knowledge with linguistic variables
defined by membership functions showing the degree of preciseness of the data and the
reasoning about the imprecise data by using fuzzy rules. Thisis a means of representation and
processing that is transparent and comprehensible for the user.

While the presented fuzzy-based approach is innovative within the field of multi-site
scheduling, there already exist several approaches to solve general or local scheduling
problems by techniques founded on fuzzy set theory and fuzzy logic [10, 11, 12, 13]. Most of
the approaches to solve scheduling problems use conventional (from operations research) or

knowledge-based methods [1, 2]. The latter are often based on simple heuristics (SPT, EDD,



FIFO etc.) that provide sufficient solutions with respect to their evaluation functions. Widely
used are the concepts of constraints and heuristics (in the form of rules) for both
representation and solution of scheduling problems [1, 2]. On the level of global scheduling,
there exist only few approaches to date. Traditional PPC-systems solve the distribution
problem implicitly because materials or orders (jobs) are allocated to specific machine groups
and therefore production sites. Mainly, there are only simple methods in this area that use
rough estimates and have no feedback mechanism. More recent approaches, which could also
be applied to global scheduling deploy multi-level concepts [2, 4], e.g. with communicating
agents[14].

5 Fuzzy global scheduling

To solve the global scheduling problem with a fuzzy-based system (controller) the following

sub-problems need to be addressed [10, 15]:

» modeling and transformation of scheduling data into a knowledge representation that can
be handled by afuzzy controller (fuzzification),

» processing of the fuzzy scheduling knowledge towards a decision by means of given rules
and integration of fuzzy arithmetic to deal with imprecise or vague data and

e transformation of the fuzzy scheduling decision into crisp scheduling data

(defuzzification).
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Figure 3: Structure of the fuzzy controller
Figure 3 visualizes the schematic architecture of the fuzzy controller we use to solve the

global predictive scheduling tasks. The data for the controller is made available in an



appropriate format by fuzzification. The rule bases together with the inference strategy
determine the method for generating a predictive global schedule. The controller is designed
so generally that it can be also used for the solution of other scheduling problems, e.g. job
shop scheduling problems or local scheduling problems, just by changing the data, the rules
and the control strategy. Therefore we provide functionality for an easy change or extension

of the fuzzy knowledge base.

5.1 Modeling of fuzzy data in the global scheduling domain

In afirst step the scheduling knowledge has to be classified and reduced to its main features to

transform the scheduling data into a format that can be understood by a fuzzy controller. The

notion of linguistic variables is used to describe the relevant features of the scheduling data

gualitatively. In principle, all data that are used in the model can be transformed into

linguistic variables, but in many cases a discrete representation is sufficient. In the global

scheduling domain, we describe the scheduling objects by the following features:

* resources. by capacity of machine groups, machine utilization, fuzzy transportation
costs and times, consumption of materialsand wear and tear of tools

» products: product capacity and time consumption for a product

» external orders: time demand and priority

To alow for further modeling of distinctions between individual orders, datesand priority of

an external order are represented by linguistic variables as well as hard and soft

constraints. All other features are characterized by crisp values.

The following overview shows some of the modeled scheduling features and denotes the
possible values of the linguistic variables. In most cases, triangular or trapezoidal membership
functions are used, because they can be implemented efficiently and the linear growth or
decline of gradual membership regarding a value of maximum membership can be matched
simply. For reasons of clearness we decided to have a maximum of six values for each

linguistic variable.



capacity of machine groups: { very low, low, normal, high, very high}

low high
very low normal very high

Since the machines of a group are differently loaded depending on a processed order, a
free capacity in percent is given for every time unit that denotes possible additional load.
machine utilization: { very low, low, medium, high, very high}

Depending on the set of orders a rough estimation of the expected load within a time

period can be done.

very low normal
low i very high

transportation times and costs: approximate values

These values describe the effort that is necessary for the transport from one production
site to another. The uncertainty about times and costs are caused by factors that are not
known a priori, e.g. uploading time, downloading time, transportation time, traffic
situation, failure of the transportation system, energy costs, wages, service costs.
Normally, the times and costs vary only within a small region and differ seriously only in
exceptional cases. Therefore, an approximate value is used for describing these data.
product capacity: { very low, low, medium, high, very high}

Every product or the affiliated intermediate products require specific amounts of time,
capacity, and materials on each machine group. The capacity demand of products is
described as the capacities of the involved machine groups.

time demand: {very low, low, normal, high, very high}

An external order has parameters for the lot size, priority, start time and due date.

Sometimes the time demand of the production does not match the chosen time interval.



Thus, the time information supports the classification of the importance of an order and
the time consumption is formulated relatively to existing orders.

e priority: { none, low, normal, high, very high}
The (discrete) priority of an external order istransformed into alinguistic value.

* constraints: { met}
The grade of fulfilment of hard and soft constraints is evaluated by linguistic terms. Some
hard constraints are treated exceptionally and can be either true or false. The example
shows the membership function for the soft constraint "minimal transportation costs’

where a 10% exceed is allowable.

met

» date: {already, now, soon, later, not yet relevant}
The feature date evaluates the distance of an order from the recent point of time. Thisisa
"dynamic" feature that needs to be newly determined at the begin of every run.

* importance: { unimportant, less important, normal, important, very important}
The importance of an order depends on several features, e.g. date, product, time demand.

This dependency is described by appropriate rules.

5.2 Processing fuzzy datain global scheduling

To process fuzzy data, a scheduling method must be applied in afuzzy controller. Depending
on specific problem situations and objectives different scheduling strategies may be
applicable. To support the flexible use of several fuzzy scheduling strategies a dynamic
modeling of fuzzy scheduling knowledge should be possible. Therefore we use a general
processing model adopted from the decision making process of human schedulers and
previous systems like ISIS [1, 6]. It combines heuristic scheduling strategies, problem
decomposition and the processing of fuzzy data and rules. The approach uses the following

default strategy which is based on an order-based problem decomposition:



The system (like a human expert) starts with a coarse examination of the orders to be
scheduled. It first looks for "difficult" orders that should be manufactured first so that the
objective, for example meeting the due dates, can be reached. To do this, the orders are
categorized with respect to a specific evaluation scheme, e.g. by using the estimated
duration of processing an order based on its quantity or the due dates to first select orders
that will be acute "soon". This yields a preliminary order of jobs that is used in the next
scheduling step where an appropriate machine group and time window are assigned to each
order for an intermediate product. Here rules are applied that for example optimize load

balancing or avoid bottleneck resources.

The processing model builds on atwo-level hierarchical concept. On the upper level, a control
strategy, e.g. the default strategy described above, determines the order of inference strategies
with their rule bases and with that the stepwise solution of the scheduling problem. It
therefore steers the fuzzy controller.

The individual inference strategies control the processing of their input data by the
appropriate rule bases and create output data that are either discrete (partial) solutions to the
scheduling problem or themselves input data for further processing steps. The rules determine
the order of processing and the selection of proper parameters (times, machine groups,
capacities, variants). The permissible parameters of the rules are features of discrete data that
are characterized by their linguistic values and some discrete data. The inference strategy
combines the knowledge in the rules with the discrete data. It is independent from the actual
knowledge in the rules and therefore any choice of a solution algorithm (in the form of rules)

ispossible.

As an example, we present the control strategy and the rule-bases for a problem scenario with
the objectives of preferring valuable products, optimizing machine utilization, and meeting all

due dates. The description of the default control strategy looks like:
sequence (IN External jobs; OUT External jobs);
/*yields sequence*/
schedule (IN External jobs; OUT Plan) ;
/*yields discrete plan*/

material demand (IN Plan; OUT Disposition) ;



The default control strategy with three steps implies that we have to create three
corresponding rule bases for the three subsequent tasks of the fuzzy scheduling process.

The sequence (sequence) is generated by rules that characterize the orders with regard to
their importance. The more important an order is, the earlier it is scheduled. Within this step
al orders are rated by all rules of the belonging rule base and then sorted by the resulting

importance. The rule based for the first step looks like:
/* rule base to determine the importance of orders*/
IF Time demand(complete) FUZZY OR Date(complete)
THEN Importance (important) ;
/* in the PROLOG implementation this looks like:
fuzzy or([time demand (complete), date(complete)],
[importance (important)]) */
IF Product (EP05) FUZZY OR Product (EP01) FUZZY OR Date (complete)

THEN Importance (very important) ;

In the second step the orders are scheduled (schedule) according to their position in the
sequence by rules reflecting hard and soft constraints as well as other heuristics. For every
order a set of possible temporal assignments to machine groups is calculated and rated by the
rules of this rule base. The position rated maximum denotes the favourable machine group
and is scheduled. Here the rules look like (soft constraint 8 checks the possibility of

scheduling as early as possible and soft constraint 3 tries to optimize load balancing):
/* rules to determine the best scheduling position */
IF Machine Group(MG03) FUZZY OR Soft Constraint 8 (very good)
THEN Importance (very important) ;
IF Machine Group(MG03) FUZZY OR Soft Constraint 8 (good)
THEN Importance (important) ;
IF Soft Constraint 8 (medium)
THEN Importance (normal) ;
IF Soft Constraint 8 (bad)
THEN Importance (unimportant) ;
IF Soft Constraint 8 (very bad)
THEN Importance (very unimportant) ;
IF Soft Constraint 3 (met) FUZZY OR Soft Constraint 8 (met)

THEN Importance (very important) ;



The demand for material (material demand) is computed in the third step by summation of
al products in the form of the given values of the linguistic variables. This yields the

disposition that is posed in the model. Therules are:
IF Load on Date(normal)
THEN Importance (not very important) ;
IF DueDate(just_in time) FUZZY AND Load on Date (normal)

THEN Importance (normal) .

This concept permits a segregation of the knowledge bases for each action and with that a
directed and independent update of (sub-)strategies or rules by the user. The distributed
knowledge management can also be used to enhance the performance of the fuzzy controller,

afeature that isimportant for quick decision making.

5.3 Implementation of the fuzzy controller for global scheduling

The presented approach for global scheduling is implemented by a fuzzy controller that is
applicable to several scheduling problems. Thisis obtained by a largely genera architecture
in which one can model the specific scheduling problem by describing the fuzzy data and
rules using an adequate editor. This supports the representation and use of different
scheduling strategies by only changing the fuzzy rule set. New strategies can be realized by
changing:

 the basic strategy with the belonging inference strategies

 therule bases of the inference strategies

 thevariables and their membership functions.

Therefore severa other scheduling problems, e.g. job shop or flow shop problems may be
tackled as well. The implemented system consists of a graphical user interface including the
editor, the fuzzy controller, and the knowledge base (figure 4 gives a view of the user

interface of the implemented prototype).
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Figure 4: User interface

The Editor window supports the input of the needed rules and parameters similar to the
example mentioned above. It allows the update or creation of rules for the rule bases, the
generation of the control strategy out of given procedures, and the setting and creation of
linguistic values and membership functions. The membership functions and operators are
implemented as they are usually defined [10]. From the set of implemented functions the user
can choose interactively:
* membership functions

triangular, trapezoidal, Pi-, S-, or Z-functions as well as discrete value/grade assignments
o fuzzy operators (in the rules)

- associative operators, e.g. Hamacher product/sum, maximum, minimum, Y ager,

- non-associative operators, e.g. fuzzy-AND, fuzzy-OR, average, geometric mean

- comparison operators, e.g. greater, equal, less.



The results of the scheduling process are shown in the windows Gantt-Chart and summary
of results (Zusammenfassung der Ergebnisse).

The fuzzy controller accesses exclusively the controller data that are generated using the
editor and evaluates its rule bases based on actual scheduling data according to the selected
control strategy. The result isaglobal schedule which is presented as a gantt-chart.

The knowledge base contains additional information to solve scheduling problems, i.e. data
on the scheduling environment, available operators, linguistic variables with corresponding

values and membership functions.

The design was realized in Quintus Prolog on aSUN workstation. Prolog was chosen for the
implementation of all tasks because of the easy integration of fuzzy logic in the programming

language and the simple handling of necessary data for scheduling and the fuzzy controller.

5.4 Comparison to other algorithms

To allow for comparison of the realized concept and conventional algorithms, some other
methods that were chosen considering different criteriawere aso implemented. Among others
we looked at order-based strategies using EDD (earliest due date), SPT (shortest processing
time), LPT (longest processing time), and FIFO (first in first out) rules for selecting orders to
be scheduled. As sample data we generated different sets of twenty orders that represented
different loads in the production, e.g. normal load, large lot sizes per order, and heavy
aternation in the size of order sets. We constructed rule bases for each problem that were
tailored for the specific load characteristics (RB1 - RB3). Table 1 presents a part of the

findings. The number of rules within arule base is denoted in brackets.

Scenario Normal load Large lot sizes Heavy alternation
Rules used | RB1 | FIFO | EDD RB2 |EDD | SPT RB 3 |LIFO |SPT
Evaluation (10) (7) (9)
Delay 474 1262 891 39 51 39 1581 | 2177 | 1780
Lateness 241 886 561 -627 | -649 | -627 539 | 1350 | 963
Runtime (sec) 40 18 15 61 11 16 48 15 22

Table 1: Comparison with other methods



Only the two best results are shown for the simple competing methods. Evaluation criteriaare
delay and lateness of the orders and the solution time for the scheduling problem. For the
design of the conventional algorithms specific attention was paid to the similarity to
mechanisms of the fuzzy controller. Therefore, the functions of the fuzzy controller were
directly transformed for the scheduling algorithms to facilitate the generation of planning
aternatives. Thus, aside from the shortening of fuzzy-logical computations and comparisons,
the algorithms correspond exactly to the functions that the controller is capable of. This
guarantees that improvements of the fuzzy controller compared to other scheduling agorithms
are only caused by the controller data and the application of the strategies.

For our sample problems it was always possible to conceive arule base that was equivalent in
solution performance to the conventional heuristics. Furthermore, an additional improvement
can be achieved by integration of greater number of features and the observation of

production- or plant-specific isolated cases, at the cost of a higher running time.

6 Conclusion

The presented approach to global scheduling combines heuristic scheduling strategies and
fuzzy concepts. The fuzzy controller implementing the concept can also be used for other
scheduling problems by changing the fuzzy knowledge base. It is designed as a component of
the multi-site scheduling system MUST which consists of a global component in which the
tasks of global scheduling are resolved and different local components at the production sites
that take care of the predictive and reactive scheduling actions.

The global level consists of a graphical user interface that offers the user a global leitstand
visualizing the global schedule and important information for carrying out global activities.
The component for global predictive scheduling has been presented in this paper, the global
reactive areais under investigation, e.g. with the use of heuristics or constraint relaxation.

The systems on the lower level basically consist of already known and implemented
components like user interface, database, and knowledge-based techniques for predictive and
reactive scheduling. Existing components can be integrated, e.g. heuristic [6], genetic
algorithms [16], or heuristic reactive methods [17]. Additionally, a component needs to be

introduced that manages communication between global and local level. This can be done in



different ways. At the moment, a blackboard architecture is implemented based on which

further investigations are to follow.
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