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Abstract

In this paper, we propose a methodology to solve the
Jacility layout design problem by using constraint logic
programming (CLP), which has proved to be a technology
that gives good results when applied to a combinatorial
problem optimisation. Methods to solve facility layout
problems have to deal with a large set of factors, namely
sales and production estimations, manufacturing process
compatibilities,  delivery  dates, quality, spatial
requirements, economics, management, human resources
and environment. These factors make the facility layout
design an extremely complex problem to solve. This
complexity motivated the development of a methodology to
solve the facility layout design problem, which uses CLP.

Facilities Layout Design

One of the most complex problems in the industry is
the Facility Layout Design Problem. In a more general
definition, the facilities layout design is the planning of the
location of machines, employees, workstations, clients
service areas, warehouses and the material and people flow
pattern around, the movement inside, at the input and at the
output of the productive installations.

In a factory, the layout is a fundamental issue. From it,
the good equipment and human resources use has a great
influence on the real output, whatever is the theoretical
installed capacity of facility. In a manufacturing facility it
is necessary to plan what is the operation sequences, the
available equipment for each operation type and the flow
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of the materials and people between them. The warehouses
location, how they are supplied from outside, the areas and
how the distribution transportation are loaded are also task
of the planning process. Aspects derived from layout, like
work conditions (noise levels, temperature and air quality),
have to be considered. The definition and the dynamic
management of the manufacturing layout is a fundamental
task of the operations manager, since the manufacturing
process efficiency depends from it, and also from the
company capacity to use the available material and human
Tesources.

The major objective, when designing the
manufacturing layout is to design a physical arrangement
that most economically achieves the required output
quantity and quality [1]. Achieving the required output
involves the improvement of process and work flow; the
proper allocation of space and resources; the easier access
to supplies and materials; the plant efficiency increase;
maximise the use of space; the safety improvement and
obtaining cost savings. The required output has
quantitative and qualitative factors associated with it,
which can be difficult to model and analyse, and so,
decisions related with the design of the facilities layout
must take into account some of the following aspects:

o Which production units' must exist in the plant?
e How much space is available and which are the
production unit capacity needs?

! Refers to machines, cells or departments.
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e What is the geometric configuration of each
production unit?
e Where will be placed each production unit?

To answer these questions, the layout designer needs,
at least, to have access to data like the facility layout
objective, the product or services demand (frequently
estimated values), processing requirements, space available
and the management requirements. This data can be found
in the manufacturing department, but also at marketing
department, product design department and from the
management policy. In order to select the best or at least a
good facility layout, it is necessary to consider various
performance aspects, such as capital investment, material
handling, flexibility and work environment.

Layout Problem Characterisation

This section describes the model used to solve the
facilities layout design problem using constraint logic
programming (CLP) [2, 3, 4, 5]. In general the model used
follows the multi-row model [1, 6, 7], where the
production units can be located anywhere in the facility
plant, thus, the production units arrangement does not have
to be along straight rows. The model deals only with
single-floor facilities.

To solve layout design problem using CLP it was
chosen the finite domain scheme for the problem variables.
The logic programming language Prolog is used to
describe the data required to generate the facility layout.

Facility Plant

To locate all the production units it is necessary to
know the available space and the facility shape. In the
presented model, the facility plant is modelled by doing an
approximation with rectangle surrounding its shape. All the
production resources are located inside of that rectangle.
As it will be shown later, locations inside the rectangle that
do not belong to the facilities plant can be represented by
forbidden areas, therefore the production units will be
located in the real facility plant. The surrounding rectangle
is represented using the following extension of the
predicate plantSize, where the first argument w is width
and the second / is length:

plantSize(w, ).

Production Units

The production units, located in the facility plant, are
classified according to the performed tasks, named as
production unit types. This feature allows the identification
of the production units by the type. As in the facility plant,
a surrounding rectangular shape is used to approximate the
actual production unit shape. Figure 1 shows the
rectangular model for the production units, where it is
represented the production unit width and length and a
third value, referred as clearance, which represents the
security empty area required around a production unit in
relation to the others production unit neighbours.
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Figure 1:  The production units geometric shape

approximation,

To describe the each production unit type the
following predicate extension is used:
productionUnit (m; q, a; w, W, I, L; c).

where
m; production unit type name;
qi number of production units of type m;;
a; production unit area;
w; W; the smaller and larger width value;

I, L;  the smaller and larger length value;
C; clearance.

This. representation of the production unit imposes
fixed area for the production units, but width and length
values may change inside predefined limits. It is obvious
that, since the area is fixed, if the width increases then the
length has to decrease. This approach is used to deal with
two situations. One situation occurs when a production unit
is a department or a cell containing several machines
requiring a given area, but with flexible shape. The other
occurs when the production unit has fixed area and shape,
and it must be decided what will be the orientation.

Products Demand

The product demand is not constant in time, and most
of time is for off-line planning purposes. In such cases an
estimated demand volume for a period of time should be
used. In the layout problem representation the term part is
used to group a final product or components used later to
manufacture a final product, so the part demand should be
used instead of final product demand. This approach means
that, all the products manufactured in the facility plant
have to be decomposed in their parts, each one with their
demand volume. The demand for each part is represent by
the following predicate extension:

partDemand(p, d; t ).

where
ps part name;
d; demand;
t time period per unit time for demand.

Production Tasks

All parts to be manufactured have to complete several
processing operations in a predefined sequence. Each
processing operation, which is referred as task, is done in
one production unit able to perform it. One task may be
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done in any production unit of the same type, since several
production units of the same type may be available. Also,
different tasks can share the same production unit, but not
simultaneously. The selected instance of the production
unit type to perform the task occurs later in the scheduling
process, normally done during the facility plant life cycle.
Usually, the part being manufactured has to visit one
production unit at time if the decomposition of the
products result in simple non-decomposable parts. In the
presented model it is not necessary to decompose
completely the parts. In this way the tasks sequences of all
the parts are described by diagrams like the one shown in
the Figure 2.

The task diagrams description is done by firstly
identifying all the tasks themselves and then the actual task
sequence. To a task itself it must be identified the part
being processed and production unit type required.
Additionally, the produced part quantity and time required
to complete the task have to be known The task description
uses the extension of the predicate

task(Task, Part, ProductionUnit, Batch, Time).

where
Task task name;
Part part name;
ProductionUnit  the production unit type name;
Batch part quantity processed by the task;

Time time needed to complete the task.

Figure 2: A part task sequence example.
After describing all the tasks it is necessary to describe
the task sequences. To describe those, it is necessary to
know each task immediate predecessors. For example, the
e task shown in Figure 2 has the ¢ and d tasks as
predecessor tasks. The material flow between pairs of
production units is implicitly defined by describing the task
sequences. In most situations, it must be available the
output quantity of all predecessor tasks required to
complete a task. This situation occurs, for example, when a
task is an assembly operation that requires parts produced
at preceding tasks. An associated cost value, representing
the effort of getting the material of the preceding tasks can
be included, like for example, the cost of the material
handling or transportation equipment. To identify the
predecessors of a task is used the extension of the predicate
predecessor(Task,[(Task,Out, Cost,..., (Task,Out,
Cost), ...., (Task,Out,, Cost)]).

CLP Solving of the Layout Problem
This section describes the approach used to solve the
layout problem using CLP(#D) scheme. The problem
variables and constraints are identified and the
optimisation procedure is described.
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Variables

The general principle of generating a layout consists in
a simplified form, in the location of different production
units, represented by rectangles, inside of the facility plant
floor, also represented by a bigger rectangle. Therefore, a
solution to the problem is the co-ordinate assignment for
all production units. So, in order to solve the problem it
must be assigned to each production unit two variables, X;
and Y, representing the production unit co-ordinates. At
the end, those variables will have assigned values
representing the cartesian co-ordinates of the selected
location. In addition, considering the presented model, it is
also necessary to decide what is the width of the
production units (once the width is known, the length is
also known). The finite domain range for those four
variables required for each production unit are initialised as
follows:

W, e WI).AWhi, L;e Il,‘..lhﬁ
X; € 0.. W-mindomain(Wjy-1, Y, € 0.. L-mindomain(L;)-1
where
WiandL; is the domain width and length of production
unit i;
wl;and ll; width and length minimum domain value of

production unit #;
wh;and lh; width and length maximum domain value of
production unit #;

X;and Y; represents the domain location of production
unit 7;
Wand L the facility plant width and length.

The presented domain range of the co-ordinates
variables X; and Y; is not sufficient to prevent part of
production unit area to be located outside of the facility
plant area. This is because W; and L; (width and length) are
domain variables, thus their values are not known initially.
Therefore, to prevent this, the following constraints are
imposed:

X, + W,SW, Y,+L<L

As referred before, it assumed that all the production
units must have a known fixed area. Since the width and
length can have a range of possible values then the
following constraint must be added in order to maintain a
constant area.

"’,- X L,- = A,'

Note that, since the domain of those variables has
discrete values (an interval of integer values), only a few
possible shapes are valid.

In those cases, where the width and length are known
and it must be decided the production unit orientation in
the facility plant, the user set the area equal or less than 0.
The system then sets the domain of width and length as
follows:

Wie [wl,llj], Le [wl;, 1]

If the wi; and JJ; values are not equal then the system
add the following constraint to ensure that the production
unit won’t have a square shape in generated solutions:

W,=L,;
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the adjacency constraint. An acceptable
solution for both constraints is shown in
the Figure 4.

Constraints
In the facility layout problem, the production units

have to be located obeying to some constraints. Some of
them are stated by the system in order to get a correct
layout, others have to be stated by the user in to satisfy
specific problem requirements like technological,
environmental, strategic and others. Additionally,
constraints can be stated in order to get better solutions in
less time. The system supports some geometric constraints
that are supposed to cover a wide range of layout problem
cases.
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No Overlap One constraint that should always be
present is the “no overlap” constraint, = 0 — ————— i
which imposes that all production units, Figure 4: One placement resulted from the adjacency
will be located in the facility plant constraint use.
without invading the area occupied by
the others. The system always imposes Distance There are situations in which some
this constraint to all formed production production units have to be located at
units pairs. some distance from each other. One
Neighbourhood In some situations it is desirable to locate possible situation occurs when some
two production units close to each other, production units have to operate in a
like for example, when there is a large temperature-controlled environment not
volume of material flow between them. compatible with others located in the
Expressing this desire earlier by stating a neighbourhood. To prevent situations
constraint, it is possible to reduce the like this, a distance constraint was made
search  space  significantly.  This available to the user. This distance
constraint is available to the user (layout constraint applies to pairs of production
designer), but have to be used with some units. The parameters are the middle co-
care, having the risk of getting a problem ordinates of the two production units, the
without solution, like for example, a constraint relational operator and an
production unit having to be neighbour integer value for the distance. The
to a large number of other production available relational operators are =, <, >,
units. #, < and 2. The model used to measure
distances was the rectilinear distance
model. This distance constraint can be
used, also, to locate one production unit
at some distance of given point.
Position To force a production unit to be located
. inside or outside of some area of the
facility plant three constraints were
defined, which are collectively named as
position constraints. These constraints
are the following:
Figure 3:  Location of two production units taking Inside  imposes that a production unit
into account their clearance. should be located in one area
from a list of given areas;
Adjacency The adjacency constraint is a specialised Outside a production unit cannot be
version of the neighbourhood constraint. located inside of any area from
Like the neighbourhood, it imposes that a given list.
two production units should be With these constraints it is possible to
neighbours. In addition, this constraint reserve space areas for various different
places the production units in order that purposes like offices or warehouses by
the middle point of them is at the specifying a fixed location or by
minimum distance. Figure 3 shows a selecting/excluding from a list of
placed solution that is acceptable to the possible locations.
neighbourhood constraint, but it is not to
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Layout Cost Evaluation

There is large number of cost function that could be
used to evaluate the generated layout quality. Those cost
functions may use qualitative and quantitative factors. The
selected cost function used, shown below, focus on
quantitative factors and is based in three parameters: the
product demand (which defines the flow volume), the
distance between each production unit pair having material
flow and the cost of moving a unit of material per unit of
distance.

Cost= iif,j *d, *c,

J=1i=1
f;  material flow volume between production unit i
andj;

d; rectilinear distance between production unit i

and j;
c; cost of moving a unit of material per unit of
distance between production unit i and j.

The c; parameter is more flexible than the other two
and not so obvious. It can be used to represent qualitative
factors, each one associated with a weight. Also, it can
represent the time spent in the transportation, or the cost
associated with the operation of the handling equipment.
Others quality and quantitative cost values could be
enumerated and they frequently involve a combination of
various types of cost value types. In practice, it is hard to
determine ¢; and so, often it is estimated [6]. This cost
function shows that the generated layout has best quality
when the cost is minimum, thus the search algorithm has to
minimise the value of the cost function.

Search Algorithm

The search algorithm responsible to find the best
solution is a depth first branch-and-bound algorithm. The
process of searching the solution with the lower cost
satisfying the problem constraints can take a long time
period to complete, and in most cases, for the average size
problems, the time spent is not acceptable. If all the search
space was explored in an acceptable time period then the
selected solution would be the optimal, otherwise the best
solution found in acceptable time period is taken.

The variable selection order has a great impact in a
CLP search algorithm performance. The selection order
used locates all the production units, one by one. The
instantiation order of the variables (co-ordinates, width and
length) of each selected production unit to be located is
based on first-fail principle, i.e., is selected the variable
with small domain. The actual instantiation of each
variable starts with the middle value of the domain and
then goes alternating to the minimum and the maximum
values of the domain.

The actual production unit selection order is done as
follows:

1. Select first all the production units having at least one
distance constraint. If more than one then sort by area
value (bigger first);
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2. Select the adjacency constraint pairs having the bigger
flow between them. Again, the one with bigger area is
located first;

3. If there is no adjacency constraint pair then select the
production units participating in the pair which have
the bigger flow between them. The bigger area criteria
is also used;

4. Of the last two located production units, select one not
yet located, which has the bigger flow. If the selected
production unit participate in an adjacency constraint
pairs then select the other and go to step 3;

5. Go to step 2 until all production units are located.

Some Performance Results

To make some performance tests it was invented some
hypothetical facilities in order to use the implemented
system to generate a layout. One of these hypothetical
facilities has 10 production units, with no special
constraints with the exception of two that have to be
located far from each other. By analysing the best layout
generated it was observed that there is a trend to locate
production units close to each other if they have a large
material flow between them. This observation suggested
that the adjacency constraint should be imposed for some
pairs in order to improve the performance and the solution
quality. Some experiments were done and for most of the
cases it was demonstrated that in fact there was a
performance and a solution quality improvement, but the
adjacency pairs have to be selected with care since
frequently the arbitrary selection leaves to a problem
without solutions.

Since the adjacency pairs were chosen arbitrarily, then
the question was how to compute the best adjacency pairs.
One possible answer to this question is to compute the
maximum weight matching. The concept consists in
creating a graph with the production units as nodes. There
is an arc linking two nodes if there is material flow
between the associated production unit and the weight is
the flow volume between them. This approach was already
followed by [8, 9] to create slicing trees in a cutting stock
problem solved, using genetic algorithms.

Same performance and quality results are reported in
the Table 1. There are two rows, the first one for the layout
generated without the adjacency constraints and the second
with some adjacency constraint computed by following the
maximum weight matching concept. The results are
obtained after a timeout of 60 minutes. Figure 5 shows the
best layout generated with the adjacency constraints.

Adjacency CPU First Best Time to

Constraint time | solution | Solution find the
(cost) Found best

(cost) solution

No 1590 s | 31535.5 | 30501.5 1474 s
Yes 1418 s | 22978.0 22330 87s

Table 1: Results for hypothetical facility with 10
production units.
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The first prototype system was developed using
ECLiPSe system [10] using the finite domain library and
the tests were ran in a DEC AlphaStation.

Conclusions-

The work discussed in this paper presents an approach
taken to solve the facilities layout problem using CLP. The
development of an application following this approach is at
an early stage, so a lot of work has to be done. One first
implemented prototype was tested with some small test
problems. It was showed that, although the performance
was not good enough for real cases yet, there is room to
improvements in terms of performance and problem size.
The work done also showed that, the problem of generating
industrial systems configurations could be solved in an
effective manner using CLP technology.

Figure 5: The best layout generated.

One area that must be treated, in order get better
performance, is the improvement of the constraints
described to achieve a better value propagation. It was
observed that the current implementation of the presented
constraints to. solve the layout problem presents a
performance bottleneck in the value propagation.

Another area to be treated is the reduction of the
problem search space size, where heuristics can do the job.
In fact, applying adjacency constraints as referred in the
previous section, which can be viewed as a heuristic, could
reduce the search space and provide better solutions, as it
was showed. The adjacency constraint, as it was defined,
showed that the location of one production unit forces by
propagation the location of the adjacent production units.
Also the area occupied and the formed shape of the two
adjacent productions units is always the same. Those facts
suggest that adjacent pairs could be treated as single
production units. More, it is possible to apply this method
recursively, which is identical to the work developed in [8,
9] when applying the slicing trees methodology.

Finally, the implemented branch-and-bound algorithm
makes a systematic search on the search space to find
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optimal solution. Since the search space is too large, it may
take a lot of time, which may be not practicable. Also,
stopping after a timeout can give solutions far from the
optimal. A different algorithm that would sample the
search space is an alternative. The use of genetic
algorithms seems to be a good alternative to do the work.
The use of genetic algorithms to search optimal solutions
in CLP application is a combination that will be explored
in our future work.
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