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ABSTRACT 

This thesis proposes a methodology for factory layout synthesis that combines the 

symbolic and numerical approaches. The layout model is represented as a loosely packed 

arrangement of rectangles with sides parallel to two orthogonal directions. Solutions 

must satisfy a. set of qualitative and quantitative constraints and must optimize material 

handling costs. Qualitative constraints are specified using a rule based approach. Quan

titative constraints and material handling costs are incorporated into a numerical, non 

linear-optimization problem. 

Optimal solutions are generated by inserting one device at the time in all admissible 

locations on the floorplan. The resulting partial layouts are optimized with respect to 

material handling costs. Then, the best partial solution obtained so far is the starting 

point for the next object insertion. The process stops when all devices have been placed. 

To illustrate the methodology, three case studies are presented. 
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CHAPTER 1 

OBJECTIVES AND MOTIVATION 

In recent years, machining and assembly of products have moved toward a partial or 

complete automation. Manufacturing processes serviced by automated material handling 

devices are becoming more and more important and extensive efForts are made to improve 

their efficiency and cost effectiveness. 

The various operations needed to produce an artifact are organized into a production 

plan that must be carried out by using the equipment available inside a manufacturing 

facility. Once technological operations have been assigned to machines, material flow 

among them must be ensured by appropriate material handling devices. 

The physical layout of machines and material handling devices greatly influences vari

ous aspects of the production system, such as ease of installation and maintenance, safety, 

and dynamic performance. Due to the complexity of production systems, simulation mod

els are needed to verify and optimize the impact of the physical layout on their dynamic 

behavior. 

In such a simulation-based design framework, the aim of this thesis is to propose a lay

out optimization technique able to synthesize device arrangements satisfying installation 
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and maintenance constraints and minimizing material handling costs. Generated layouts 

are the basis for motion planning and synthesis of the system's control strategies. 

The thesis is organized into four major parts. Chapter 2 analyzes contributions of vari

ous authors to the solution of the layout synthesis problem and outlines the most desirable 

characteristics a layout optimization methodology should have. Chapter 3 delineates the 

proposed algorithm, its overall strategy and its major components. Chapter 4 describes 

the application of the optimization technique to three case studies of workcell synthesis 

layout. Finally, Chapter 5 delineates the guidelines for future work. 
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CHAPTER 2 

BACKGROUND INFORMATION 

The machine layout design problem belongs to the more general class of spatial alloca

tion problems. They have been studied in various context, including architectural space 

planning, facility layout, PCB and VLSI design [18], [19], [9]. Although the type of the 

entities to be placed may vary in each context, the problem formulation remains largely 

the same. The following section contains a brief survey on the literature to illustrate 

applications in various design areas, while the next section will outline their common 

traits. 

2.1 Design Layout 

A layout problem is usually treated in a broader design context, in which a complex 

system must satisfy various constraints and must optimize its performance during op

eration. In the industrial world, one such system is the so called facility, a name that 

encompasses factories as well as hospitals, airports, retail stores, and their functional sub-

units. In order to manage the large amount of information needed in the design process 

and the complexity of the problems involved, Fisher [2] proposes FADES, an Al-based 

software tool for factory design. FADES is a knowledge-based environment that integrates 
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in the decision process different knowledge modules, each of them performing a sequence 

of design steps and using different design models, both heuristic and algorithmic. This 

approach allows to structure the design flow and to proceed in successive refinements 

of an abstract solution space, starting from the whole factory and decomposing it into 

departments, workcells, workstations, and workstation components. In this top-down re

finement process, the system needs to access various knowledge bases for: (i)assemblv 

a n d  m a c h i n i n g  t e c h n o l o g y  a s s e s s m e n t ,  ( i f )  m a t e r i a l  h a n d l i n g  e q u i p m e n t  s e l e c t i o n ,  ( H i )  

development of department-workcell-workstation spatial relationships, and (iv) analysis 

of spatial design for maximum functionality. 

The approach taken by Fisher considers the layout problem as a design step that has 

to be taken when sufficient information about technological processes and material flow 

is available. This assumption is the basis for a variety of proposed algorithms, both for 

the facility/department layout and the machine layout problem. 

Considering first the problem at the facility level, one common assumption is that the 

locations where the facilities must be placed are already known. The problem is therefore 

to assign facilities to locations in such a way that material handling costs among facilities 

are minimized. This is called the QAP (Quadratic Assignment Problem) [10]. The name 

is due to the quadratic form used in the objective function. 

Different solution strategies have been suggested for this problem. O'Brien and Barr [3] 

propose an interactive system in which the designer defines an initial layout by manually 

assigning a list of facilities to an array of possible locations. From this initial placement, 

the program tries to improve the layout by swapping three locations at a time in order to 
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minimize material flow costs. In other words, the user proposes a solution using his/her 

common sense and professional experience and lets the computer improve it by using hill 

climbing procedure to find a local minimum. Although they do not guarantee optimality, 

heuristic algorithms are often used because of their simplicity and their relatively limited 

computational complexity. 

A similar approach is taken by Ligget and Mitchell in [1]. They propose a model in 

which the available rectangular space is subdivided into an array of squares. All facilities 

have surfaces that are composed by a set of adjacent cells. Here, the solution strategy 

consists of two steps: an initial placement to generate a layout and a subsequent iterative 

step in which the layout is improved by local optimization. Because the area each facility 

must cover is usually a constraint, the space description in terms of elementary squares 

gives us freedom to shape facilities in the most convenient way in order to maximize ad

jacencies between units. As a drawback, generated shapes very often tend to be awkward 

and difficult to realize in a real situation. 

The use of adjacency as a performance figure and the space description in terms of an 

array of elementary cells is also common in the graph based approach [4], [5], [6], and [7]. 

Desired relationships among different entities are expressed using REL charts [4], [5]. 

A REL chart is a table that summarizes estimates of the desirability of locating facilities 

next to each other. Specifying adjacency instead of material flow or communication costs 

is done when it is difficult to estimate distances or traffic between units or when there 

are important non-quantifiable considerations. The adjacency scores in the REL charts 

are the basis for building an undirected graph in which vertices are facilities and arcs 
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represent possible adjacencies. Each arc has an associated weight equal to the appropri

ate desirability rating. In general, such graph is not planar and a planar subgraph with 

maximum total edge weight must be determined. This graph is called Maximum Planar 

Weighted Graph (MPWG). This problem [5] is NP-complete and therefore a lot of effort 

has been devoted on developing heuristic solution techniques. The MPWG expresses the 

topological relationships that entities must satisfy. To generate an actual block layout 

from a MPWG, adjacency relationships should be preserved as much as possible while 

generating feasible shapes. This is done by a second design step in which heuristic tech

niques generate a block plan by inserting one facility at the time while trying to satisfy the 

required adjacencies. In some proposed solution algorithms [4], transportation costs are 

added as a performance figure. Assigning adjacency requirements before the actual shape 

determination often prevents us from obtaining sufficiently regular shapes. On the other 

hand, specifying shapes and then imposing adjacency can lead to unfeasibility [7]. In ad

dition. facilities with strong adjacency requirements among themselves could completely 

prevent further insertions of facilities with the same adjacency requirements, generating 

the so called "umbrella effect" [7]. 

In trying to overcome the above difficulties, Hassan and Hogg [7] propose an algorithm 

that does not resort to the intermediate MWPG representation and directly builds the 

block layout. The algorithm considers the material flow cost and adjacency information 

to add one facility at the time and immediately shape it in the most convenient form. 

Facilities are subdivided into two groups: facilities that must be adjacent to the external 
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contour and the others. The former are added last. Within these two groups, facilities 

with the strongest relations are placed first. 

The graph-based approach tends to generate irregular shapes. It artificially subdivides 

the space into square units. Tarn and Li [8], recognize these limitations, and propose a 

model in which facilities have rectangular shape, with sides parallel to the coordinate axes. 

According to the geometric characteristics of the non overlapping blocks, constraints can 

be posed on their size, aspect ratio, and orientation. Objective functions are the sum 

of the weighted material flow. As the first step, applying a divide-and-conquer strategy, 

facilities are grouped into functional units, then each resulting cluster is treated as a 

separate layout problem. The next step is the initial placement of facilities inside a 

cluster. The actual shapes are not considered yet. Each facility is defined as a circular 

block. Two blocks are "attracted" by forces proportional to the square of their distances 

and to the material flow between them. Penalty functions prevent overlapping between 

blocks. This leads to an unconstrained optimization problem, which is solved by using a 

quasi-Newton procedure [23]. Initially, all blocks are placed with the center in the same 

location and are allowed to "explode" to reach an equilibrium. This initial placement 

provides only relative location of the center of each block, without considering the actual 

rectangular shape. A refinement process introduces now rectangular shapes defining for 

each block an upper right and lower left corners. This allows us to reformulate the 

problem by introducing constraints on the non-overlapping conditions, aspect ratio, and 

site dimensions. This leads to a non-linearly constrained optimization problem, solved 

with a quasi-Newton procedure. 
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The above models for facility layout show that topological relationships among units 

and their shape must be considered as important constraints. Tam and Li [8] treat these 

constraints from a purely numerical point of view, while the graph-based representation 

uses the MPWG as a source of symbolic information guiding the facility placement process, 

but still in a framework of mathematical optimization. In general, the layout problem 

formulation is a combination of both aspects, numerical and symbolic. 

Symbolic information and topological relationships among objects play an important 

role in architectural design. In this area of research, very often problems are complex and 

ill defined. First approximations are needed to iteratively elaborate constraints and task 

objectives [15]. Generally, problems are more easily understood if they are formulated 

in terms of constraints as opposed to linear or non linear weighting schemes, as it is 

usually done within the traditional framework of mathematical optimization. Eastman 

[12] defines the layout problem in terms of design units to be arranged in a bounded 

or unbounded spatial domain. Any arrangement has to satisfy a set of spatial relations 

defining the constraints. The design process is carried out by a set of operators able to 

manipulate the design space in order to satisfy the set of constraints. 

Formulating the design problem in terms of constraints, instead of optimization, gen

erates a set of feasible solutions. If the problem is unconstrained, this set could be very 

large. Conversely, if the problem is overconstrained, it could be empty. To overcome these 

difficulties, Galle [15] st rongly recommends the use of abstract representations as a means 

of describing classes of solutions. He treats spatial relationships in a symbolic form. In 
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addition, abstract representations facilitate the implementation of domain-independent 

formalisms easily applicable in different design areas. 

To implement a space allocation algorithm within the framework proposed by Eastman 

[12], a means to describe and manipulate the design space must be explicitly provided. 

Flemming [13], [14] treats the design space as a rectangle to be dissected into rect

angular components, each of them representing a functional entity, such as a bedroom, a 

kitchen or an office. These subspaces are "densely packed" within a given area: that is 

no two allocated spaces overlap and no part of the given area which does not belong to 

one of the given spaces remains free. These spaces must satisfy dimensional constraints 

on their dimensions and topological constraints in terms of adjacency and length of the 

common borders. The adopted symbolic representation is called "wall representation". 

Each edge separating one subspace from another is identified by the labels of the two 

corners belonging to it. A wall is a sequence of contiguous edges, all of them pointing in 

the same direction. The solution process generates floorplans by successive dissections of 

the original rectangle. For example, this corresponds to the creation of two new rooms by 

subdividing a preexisting area with a new wall and then by possibly moving and stretching 

the walls in order to satisfy the dimensional and topological constraints. Some of these 

new dissections may not satisfy the imposed conditions and are therefore discarded. The 

others represent a class of solutions with an infinite number of feasible members. From 

them, an objective function can give an optimally dimensioned representative. This ap

proach is therefore able to subdivide the design space into equivalence classes by symbolic 

manipulation and to apply numerical optimization criteria to elements inside that class. 
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The use of a domain independent syntax for space representation allows to transfer 

a design methodology to completely different contexts. For instance, the representa

tion adopted by Flemming is very similar to space descriptions used in VLSI design. 

In Supowith and Slutz [9], rectangular squares represent areas occupied by components, 

while walls become "channels".composing routing regions. This analogy allows the de

velopment of abstract formalisms with solid theoretical bases, as the extensive work of 

Flemming [17] demonstrates. 

Although general, Flemming's wall representation is not applicable when the design 

problem does not involve rooms separated by walls but rather the placement of equipment 

or furniture inside a room. Such configurations are called "loosely packed" arrangements 

of rectangles. In this context, Flemming [16], [17] elaborates a new metric to describe 

the design space. Non overlapping rectangles are related by an "orthogonal structure" 

of above/below and left/right topological relations. Rectangles can be placed one after 

another by manipulating the orthogonal structure. This generation process is followed 

by a verification phase that tests if the new arrangement is dimension ally feasible. This 

tandem process of generation and testing is guided by a branch and bound search strategy 

that leads to the placement of all desired objects. This methodology has been implemented 

in the LOOS generative expert system [18]. 

The separation of generation and validation phases, and the adoption of domain-

independent space representations and search strategies are well suited for the realizations 

of modular implementations, such as LOOS, and their object-oriented extensions, such 

as ABLOOS [19]. 
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The ABLOOS system, developed by Coyne and Flemming [19], is an object-oriented, 

hierarchical extension of LOOS. This framework enables the design task to be hierarchi

cally decomposed and to be solved by a recursive sequence of layout synthesis subtasks. 

Each layout synthesis subtask is separately solved by a local instance of the LOOS al

gorithm, while the upper control layer coordinates the overall process. This approach is 

applicable to systems having an inherent hierarchical structure, such as factories, decom

posable into departments, workcells and devices, or buildings, decomposable into floors, 

service cores and functional units. The generality of the methodology allows also the 

application of ABLOOS to a Printed Circuit Board (PCB) layout problem [19]. 

The machine layout problem has characteristics common both to a facility layout 

problem and to an architectural design problem. While objects have well defined shapes 

and dimensions and often must satisfy a set of qualitative constraints, the performance 

of the layout is given by its ability to ensure an optimal material flow. 

The problem is more often considered in the traditional framework of mathematical 

optimization than from the architectural design point of view. Kusiak [11] proposes a 

collection of mat hematical models for layout optimization in which topological constraints 

arc converted into numerical constraints suitable for integer or mixed integer programming 

models. These diiTerent mathematical models are chosen on the basis of the most common 

workcell topologies, such as single and multirow assignment or circular layout. 
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2.2 Common Traits in Problem Formulation and Solution Strategies 

The preceding survey shows that, although formulated in different contexts, layout 

problems can be categorized with respect to three different aspects: 

• Space Description 

• Type of Representation 

• Solution Strategy 

Considering the space description, several formalisms have been proposed: use of ma

trices of elementary square areas used to compose irregular shapes; use of objects having 

fixed or variable size, fixed or variable and possible combinations; use of wall representa

tion, and loosely packed rectangles. 

Adopted representations can be purely numerical or symbolic. In some cases they are 

combined to describe both qualitative and quantitative aspects of the problem. 

Solution strategies are subdivided into generative and improvement approaches. Often 

I lie combination of both is used. Some solution strategies follow an heuristic approach 

with no possibility of backtracking to obtain suboptimal solutions, others search for an op

timal solution by implementing a guided exhaustive search (branch-and-bound algorithm). 

Sophisticated multilayer strategies are extensions of single layer solution strategies [19]. 

From the above survey, a technique for solving the machine layout problem should be 

able to: 

• incorporate both qualitative and quantitative constraints 
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• incorporate quantitative and qualitative performance indexes 

• use abstraction to group solutions into equivalence classes 

• adopt a generative approach in which partial solutions are incrementally built and 

verified 

• guarantee the solution optimality 

In the next chapter, the above characteristics will be considered as desirable features 

to be incorporated in the design of a combined symbolic and numerical machine layout 

algorithm. 
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CHAPTER 3 

COMBINING QUALITATIVE AND QUANTITATIVE 

TECHNIQUES FOR LAYOUT DESIGN 

3.1 Introduction 

This chapter proposes and describes an algorithm to generate layouts for machines and 

material handling devices inside a manufacturing plant. Accordingly to the guidelines ex

pressed at the end of the previous chapter, a solution to the layout design problem must 

satisfy a given set of qualitative requirements and minimize the material flow cost. The 

complexity and the success of the solution process is greatly influenced by the structure of 

the design space and by the type and number of operators used to manipulate it. In par

ticular, the structure of this space must be able to represent qualitative and quantitative 

design aspects in the same manner a human designer would do. 

In addition, a manufacturing plant is a system that evolves over time. For this rea

son, both the requirements and the performance indexes subdivide into two categories: 

static and dynamic. While static entities (e.g., adjacency between objects, implant cost, 

or length of a path) are evaluated independently of time, dynamic entities (e.g., time to 

move material from location to location, or work in progress) need to be monitored during 

operations. In the case of the layout problem, static and dynamic entities are intrinsically 
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connected: while a production plan requires the most convenient arrangement of equip

ment in order to satisfy static criteria, the equipment layout greatly influences the system 

dynamic behavior by determining timing and trajectories for material handling devices. 

Due to the complex interaction between workscene and dynamic behavior, an ideal ap

proach to the problem would be to optimize the layout while dynamically simulating the 

production plan, in order to synthesize the best overall solution. This would lead to a very 

complex and computationally expensive search process. If, during the search process, dy

namic entities are approximated by static ones, the need for simulation is greatly reduced. 

In fact, a search process limited to static evaluations could considerably narrow the set of 

promising solutions and facilitate a final refinement based on the actual simulation runs. 

3.2 Design Space Definition 

Once time has been temporarily eliminated, the design space must be characterized 

more precisely. A production plan is defined by a sequence of technological operations 

( assembly and/or machining) to be carried out by a set of devices. Material flow among 

machines is assured by material handling devices and, possibly, production buffers. De

vices must be placed in such a way that they satisfy a set of qualitative and quantitative 

criteria. Qualitative (or symbolic) criteria can be interpreted as topological relation

ships. For example, two devices must or must not be adjacent, or a device must be next 

to a given wall. Quantitative criteria are expressed by numeric entities, such as distance 

from a wall or length of a path from one device to another. 
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Layouts satisfying the same set of qualitative criteria constitute a class of solutions. 

In fact, solutions inside an equivalence class have in common the same topological re

lationships among objects, and satisfy the same qualitative criteria. For example, three 

devices placed in a row constitute a class of equivalent solutions, containing an infinite 

set of possible layouts, each of them with different device coordinates, but all satisfying 

the same spatial relationships. 

In other words, topological relationships are an equivalence relation used to subdivide 

the continuous design space into a finite number of partitions. These partitions are 

therefore exhaustively enumerable, and the design process now proceeds at two levels: the 

search for the "best" class of solutions and the search for the best solution inside a class. 

The application of qualitative criteria to an equivalence class generates a performance 

figure valid for all the elements of the class. Quantitative criteria allow the search for 

the best element inside a class and the determination of the related performance figure. 

Therefore, the combined class performance index and best element performance index 

give the global performance index of a solution. 

In order to describe classes of solutions, a layout description must capture both the 

qualitative and quantitative aspects. The adopted model, as shown in Figure 3.1, is based 

on the following assumptions: 

• The layout problem is restricted to a bidimensional space. Machines, material 

handling devices and architectural components appear as bidimensional and non 

overlapping objects on a floorplan. 
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sx = dx + 2 clx 

sy = dy + 2 cly 

Xmin 

Xmax 

Ymax 

Ymin 

Figure 3.1: Geometrical Model for Layout Description 
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• The floorplan is a rectangle with sides parallel to the Cartesian coordinate axes. 

The X axis is horizontal and pointing to the right, while the Y axis is vertical and 

pointing upward. The floorplan is defined by the coordinates of its 

lower left corner and the coordinates (Xmai, Ymax) of its upper right corner. More 

complex floorplans can be obtained by inserting fixed (i.e., preplaced) objects inside 

the above rectangle. Preplaced objects are introduced at the beginning of the next 

section. 

• Each object is a rectangle with sides parallel to the coordinate axes and completely 

contained inside the floorplan. The position of a rectangle is defined by the coordi

nates (x, y) of its center. 

• Each rectangle has sides of size dx and dy and it is surrounded by a service area 

to ensure minimum clearance between objects. The surrounding service area has 

dimensions clx and cly. Therefore the actual dimensions of objects are sx = dx + 

2clx and sy = dy + '2cly. 

• If needed, an object can have two different orientations, corresponding to a 90 

degrees rotation around its center. 

• Topological relationships among objects have orthogonal structure and are subdi

vided into left/right relationships in the X direction and above/below relationships 

in the Y direction. 

With this representation, a layout description with N objects, all of them allowed 

to rotate, generates a design space given by the Cartesian product R2N. Topological 
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relationships subdivide this hyperspace into a finite number of partitions, each of them 

with a subset of dimensionally feasible solutions. 

3.3 Algorithm 

The design algorithm must be able to handle both the symbolic and numeric aspects 

of the design space description. The solution strategy adopted here is the generative 

approach, i.e. solutions are built by placing one object at the time on the floorplan. This 

generates a sequence of partially completed layouts possibly leading to the solution. These 

partially completed layouts are the states on which an AI production system operates. 

A generic state in the search process toward a solution corresponds to a partially 

completed layout and is characterized by: 

• a list of preplaced objects: preplaced objects are objects whose position cannot be 

modified, such as, for example, heavy machinery or architectural components 

• a list of placed objects: these are the objects placed so far on the floorplan 

• a list of free objects: these are the objects that have to be placed in order to complete 

the layout 

• a topology description involving preplaced objects and objects placed so far 

• a layout cost, as a measure of the layout compliance to the imposed qualitative and 

quantitative evaluation criteria. 

The qualitative layout description is based on topological relationships that express 

the arrangement of rectangular objects. These relationships are of two types: to the left 
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of and below. In this way, a two color graph represents the layout topology. Each object 

c o r r e s p o n d s  t o  a  n o d e ,  w h i l e  e d g e s  a r e  t r i p l e t s  o f  t h e  t y p e  ( <  c o l o r  >  <  o b j i  >  <  o b j j  > ) ,  

where < color > can be LEFT or BELOW. For example, (LEFT objecti object) means 

that objecti is to the left of object2• 

In the initial state the workscene is empty or contains only preplaced objects. 

In the goal state all the objects are present in the workscene, and the global layout 

cost is minimized. 

A set of operators is needed in order to move from state to state in the search process. 

From a given state with some objects already placed, an object is extracted from the list 

of free objects and placed into the workscene. The possible positions and orientations of 

the new object generate a set of child states, all with the same placed objects, but with 

different topology. This expansion process generates a tree of states. The level down the 

tree corresponds to the number of objects already placed. A successful search leads to a 

set of leaf nodes, where all the objects have been placed. This is a set of solutions to the 

layout problem. 

The state expansion process has two major characteristics. First, changing the order 

of objccts insertion does not preclude the possibility of generating a feasible leaf node 

(although it modifies the sequence of intermediate states needed to reach it). The search 

process therefore is exhaustive. Second, the branching factor increases dramatically with 

the depth of the node, because the presence of more objects gives more candidate locations 

for insertion. 



29 

The state expansion process is the core of the layout design algorithm. It is composed 

of two major phases: state generation and state validation/optimization. 

In the state generation phase, all possible locations for an object insertion are con

sidered. This is a purely symbolic process that manipulates the syntax of the topology 

description. To place an object, a new node is added to the graph, and its edges are 

modified accordingly. For example, given the edge (LEFT object\ objecti), the insertion 

of a new object3 between the two existing ones generates a new modified graph with two 

edges: (LEFT objectl objects), and (LEFT object3 o&jec^), and without the old edge. 

Syntactically valid layouts must undergo a state validation/optimization process. The 

first step, qualitative state validation and evaluation, gives a first symbolic interpre

tation of the layout. The state is validated against qualitative constraints. In the above 

example, if object3 must be to the left of objecti, the generated layout is not acceptable. 

If tlie state is not acceptable, it is discarded, otherwise it is evaluated in its compliance 

with the above constraints. 

The second step is the quantitative state validation. Some insertions, although 

syntactically correct, may violate geometric constraints and thus must be discarded. Re

ferring to the above example, if the sum of the lengths of all three objects exceeds the 

available space in the horizontal direction, the insertion is not feasible. For this reason, 

once a new class of layouts (i.e., a new topology) has been generated, it must not be empty, 

that is, there must be at least one set of values for all object coordinates that makes it 

feasible. If this solution exists, it represents the starting point of the search for the best 

solution inside this particular class. This is done in the third step, the quantitative 
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state optimization. This optimization process involves the modification of object coor

dinates in order to minimize the layout cost with respect to the quantitative evaluation 

criteria, while satisfying the topological constraints of the given class of solutions. 

The state generation/validation process is pictorially shown in Figure 3.2. At the top, 

Ar - 1 objects have been placed and the design space has dimension Applying 

the validation process to one of the hyperspace partitions, only a subset of it satisfies 

the imposed dimensional constraints. From this set of solutions, the optimization process 

generates the optimal solution. The optimal solution is the candidate for further expan

sion. Placing an object generates a new design space of dimension R2N for which the 

generation/validation process is repeated. 

A search strategy guides the tree expansion process in order to gain the most efficient 

path to the best goal state. In order to implement this search strategy, a cost function is 

associated with each node. While the next subsection introduces the performance indexes 

used to compute layout costs, the following one will explain the details of the adopted 

search strategy. 

3.3 .1  Cost  Fi inct ion Def ini t ion 

The PI tot performance index, or cost, associated with a generic state is the sum of a 

qualitative performance index PIqUai and a quantitative performance index PIqUant-

There is a very important difference between PIqual and PIquant' whereas the PIqual 

value is constant for all solutions inside a class, the PIquant value varies inside a class and 
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Figure 3.2: Generation/Validation Process 
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reaches the minimum for the best solution inside this class. Therefore, when states in the 

search process are ranked by cost, the minimum Piquant value is used. 

To compute the qualitative performance index PIquah criteria (or rules) are applied to 

the current state and a corresponding score is recorded. For each applicable rule, if the 

imposed condition is satisfied, then no penalty is recorded, otherwise a positive penalty 

score applies. The penalty score is proportional to the importance of the rule. The sum 

of all rule scores generates the PIqual• For example, if adjacency between two objects 

is important, and the cost of violating the constraint is 10, the following rule can be 

imposed: 

IF adjacent(obj(i), obj(j)) 

For states in which only a partial set of objects has been placed, rules involving free 

objects are ignored. For example, if obji or objj have not been placed yet, the above rule 

does not apply. 

The quantitative performance index PIquant reflects both dynamic and static measur

able numeric quantities. Dynamic quantities involve an estimate of the cost of moving 

material. Static quantities are distances between devices. For the former, the following 

model is proposed. Given a production plan, the material flow among devices is known. 

For each combination of devices m,-, mj, the corresponding cost W{j per unit distance is 

assigned. If two devices do not exchange material, the corresponding Wij is zero. The 

total cost for material handling results 

THEN 
penalty = 0 

ELSE 
penalty = 10 

(3.1) 
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where d,j is the distance between the generic devices i and j. For example, let's consider 

a very simple production plan. A robot services three machines mj, m<i and 7723, moving 

a part from mi to m2, from m-i to 7713 and then returning to m.\. The corresponding 

nonzero W{j coefficients will be: u>i,2, u>2,3 and 1^3,1. These coefficients could be modified 

to take timing into account. If, for example, the above robot can move faster when empty 

than when holding parts, the W{j coefficients of the summation can be substituted by 

fij = Wijtij, where <,j's are estimates of the needed time to execute moves. 

Considering now static quantities, the PIdist performance index is given by 

where > 0 if devices i and device j must be kept to a desired distance, while wr^j = 0, 

otherwise. 7?,j is the desired (or optimal) distance between devices and d,j is the actual 

distance between them. This criterion is applicable to a robot with a PUMA arm when 

a circular layout is adopted [11]. This criterion can be applied also in simplified versions, 

for example to the distance between an AGV vehicle moving inside a rectangular area 

in the A* direction and the machines adjacent to both sides of this area that have to be 

served. In this case the performance index given by 

'.j 

evaluates the closeness of machines to an ideal horizontal line. The above applications 

will be explored later in two case studies. 

3.3.2 Search Strategy 

The search strategy must ensure solution optimality with respect to the above defined 

cost function. For this reason, the branch and bound algorithm has been chosen [21]. In 

(3.2) 

(3.3) 
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the adopted implementation it allows us to find and rank a wanted number of optimal 

solutions. It is illustrated by the following pseudocode: 

PROCEDURE BranchAndBound 
solutionList = new empty list; 
IF not ValidateLayout(initialLayout) THEN 
return(solutionList) 

END IF 
openLayoutList = new empty list; 
insert(initialLayout.openLayoutList); 
solutionNumber = 0; 
failure = FALSE; 
done = FALSE; 

WHILE not failure AND not done DO 
IF length(openLayoutList) = 0 THEN 
failure = TRUE; 

ELSE 
currentLayout = getFirst(openLayoutList); 
IF goalSatisfied(currentLayout) THEN 

append(currentLayout.solutionList); 
solutionNumber = solutionNumber + 1; 
IF solutionNumber = wantedSolutionNumber THEN 

done = TRUE; 
ENDIF 

ELSE 
validChildLayoutList = GenerateValidChildren(currentLayout); 
openLayoutList = append(openLayoutList.validChildLayoutList); 
SortByCost(openLayoutList); 

ENDIF 
ENDIF 

ENDWHILE 
return(solutionList); 

END PROCEDURE 

This procedure moves from the initialLayout initial state toward the goal of finding 

the best wantedSolutionNumber of solutions. 

The support procedure ValidateLayout applies the constraint rule base to the given 

layout by calling the procedure applyQualitativeConstraints that evaluates the PIquai-

If the qualitative constraints application is successful, then it proceeds to optimize the 

layout. If the layout is not dimensionally feasible the optimization process fails, otherwise 
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the optimal object coordinates are computed and the PIqua.nt is evaluated. This procedure 

is illustrated below: 

PRO CEDURE Vali dat eL ayout(chi1dL ayout) 
IF childLayout is empty THEN 
success = TRUE; 

ELSE 
success = applyQualitativeConstraints(RuleBase,childLayout); 
IF success THEN 

success = optimize(childLayout); 
END IF 

ENDIF 
return(success); 

END PROCEDURE 

The procedure Generate Valid Children, illustrated below, receives a layout and gener

ates a list of children by applying the rewrite rules to manipulate the layout topology 

graph. Each of these children is then validated by the above ValidateLayout procedure. 

PROCEDURE GenerateValidChildren(currentLayout) 
validChildLayoutList = new empty list; 
childLayoutList = applyRewriteRules(currentLayout); 
WHILE childLayoutList is not empty DO 
childLayout = pop(childLayoutList); 
IF ValidateLayout(childLayout) THEN 

insert(childLayout.validChildLayoutList); 
ELSE 

delete childLayout; 
ENDIF 

END WHILE 
return (validChildLayoutList); 

END PROCEDURE 

At this point the main phases of the design algorithm have been delineated. The follow

ing sections of the present chapter will propose detailed solutions to the state generation, 

validation, and optimization phases. 
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3.4 State Generation: Rewrite Rules for Loosely Packed Rectangles 

The distinction between basic qualitative and quantitative properties of layouts allows 

us to subdivide them in classes. Each of these classes is characterized by elements having 

the same structure or topology. Quantitative properties describe objects dimensions and 

their locations in space, while the structure of a layout imposes certain constraints on 

them. Any algorithm adopting a construction strategy must be able to produce layouts 

with different structures and to compute values of quantitative properties within the 

constraints imposed by the structure. The purpose of this section is to explain the basic 

aspects of the adopted formalism proposed by Flemming in [17] and [18]. 

3.4.1 Structure Description 

The adopted structure description is called ([17] page 328) a loosely packed arrangement 

of rectangles, defined as a collection of rectangles that are nonoverlapping pairwise. Sides 

of each rectangle are parallel to the axes of an orthogonal system of Cartesian coordinates, 

with the A' axis horizontal and pointing to the right and the Y axis pointing upward. 

There exists also a unique rectangle, called the enclosing rectangle E that defines the 

space inside which all other rectangles must reside. 

Rectangles must satisfy spatial relations imposed by the non overlapping conditions. 

Therefore the conditions above, below, to the left, and to the right impose inequalities 

between side coordinates of objects. Each of the above spatial relations is antisymmetric, 

irreflexive, and nontransitive. Furthermore, spatial relations cannot be selected indepen

dently of each other, but they must be simultaneously realized in a layout. Such a set of 

mutually compatible relationships among n rectangles can be represented by a simple1 

'A graph is simple iff contains no loops and no parallel arcs or edges. In an arc-colored directed graph, 
two arcs are parallel iff they have the same origin, destination and color. 
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* I(*)  N(*)  PC) 
A B R L 
B A L R 
R R B A 
L L A B 

Table 3.1: Functions I(*), N(*), and P(*) 

directed graph Gn. Its vertex set has n internal vertices and one distinct external vertex 

labeled E. Each arc of Gn is colored in one of two colors horizontal and vertical. This 

allows us to subdivide the arc set into two subsets, respectively Gx and Gy. 

Therefore the above spatial relations can be expressed in terms of edges. Given two 

vertices v and w in a graph Gn, 

•  v A w  ( v  is directly above w )  there is a vertical arc pointing from w  to v ,  

•  v B w  ( v  is directly below w )  there is a vertical arc pointing from v  to w ,  

•  v L w  ( v  is directly to the left of w )  o there is an horizontal arc pointing from v  to 

w, 

•  v R w  ( v  is directly to the right of w )  O there is an horizontal arc pointing from w  

to v. 

In the following, the symbol * denotes one of the above defined relationships. 

In order to generalize the formalism, Flemming introduces the operators I(*) (inverse 

relation of *), N(*) (next relation of *), and P(*) (previous relation of *), that map 

relations on relations, according to Table 3.1. 

A path is a sequence of connected vertices, in which no interior vertex is repeated and 

the exterior vertex E can only appear as first or last vertex. A path can be horizontal or 

vertical. Two paths are parallel if they are different in at least one vertex, but have the 
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same first vertex, last vertex and color. Using the path notion, relationships A,B,L, and 

R can be easily extended to their transitive counterparts and Rt by substituting 

a path to an arc in their definitions. 

A graph Gn represents an orthogonal structure if and only if it satisfies the following 

conditions: 

• Let v and w be two distinct vertices of Gn. If both v and w are internal, only one of 

the conditions vAtw, vBtw, vLtw, vRtw is true; if v or w or both are the external 

vertex, all the conditions vAtw, vBtw, vLtw, vRtw are satisfied at the same time. 

• Each of any two parallel paths contains at least three vertices. 

The first conditions state that any two internal vertices in Gn are connected by a directed, 

uniformly colored path and that the direction and coloring of any such path are fixed for 

these two vertices. 

An orthogonal structure Gn represents a loosely packed arrangement of rectangles if 

each internal vertex of the graph represents a rectangle, while the external vertex E is 

associated with the external rectangle. In pictorial representations, the external vertex is 

usually split into four vertices for the four directions A,B,L and R. This convention makes 

figures easier to read. Figure 3.3 shows an example of a loosely packed arrangement of 

rectangles and the corresponding orthogonal structure. In the orthogonal structure, solid 

and dashed arrows correspond to horizontal and vertical arcs, respectively. 

3.4.2 Rewrite Rules 

To generate new layouts, the most intuitive way of proceeding is to add one rectangle 

at a time, in a way similar to the step-by-step approach of a human designer. This is 

obtained by the use of recursive rewrite rules that, given a structure, generate derived 
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structures by manipulations of its graph representation. These rules must satisfy the 

following requirements: 

• Completeness: For every syntactically correct structure, there is a sequence of 

rule applications that generates it. 

• Closure: This is the converse of the first requirement. It requires that every 

sequence of rule applications generates a syntactically correct structure. 

• Non Redundancy (Uniqueness): Generated structures must have no duplicates. 

This requirement allows us to avoid explicit testing and duplicates removal. 

• Arbitrary order of insertion: This requirement guarantees that objects can be 

allocated in an arbitrary order and that every solution is generated by allocating 

the object in that order. 

• Monotonicity: Transitive spatial relationships that exist between allocated rect

angles do not change when new rectangles are added. 

3.4.3 The Rule Set 

Flemming in [17] uses a rich set of rules, able to generate very sophisticated relations 

among objects, such as "non trivial holes" ([17], page 335) and "hubs" ([17], page 336). In 

addition to regular vertices, Flemming also introduces "special" vertices. Special vertices 

are "placeholders" not corresponding to any actual object but used for further expansions. 

For the scope of the present work, only the most important rewrite rule will be employed. 

This is the rule used in the early versions of the LOOS architectural design generative 

expert system described in [16] and [18]. As Flemming suggests ([17], page 342), this 

basic generation rule is in itself sufficient to solve simple layout problems. 
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Figure 3.4: Rule 1 Application for * = R 
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This rule, referred by Flemming as Rule 1 is shown in Figure 3.4. Although Figure 

3.4 specifies the application in direction *=R, the rule can be applied in any direction 

A,R,B, and L. These applications can be derived by rotating the rule by 90, 180, or 270 

degrees and possibly changing the directions of the arcs. 

The premise of the rule specifies vertices i>i,.. . , v p ,  with 1 < p  so that in a structure 

Gn the following conditions are satisfied: 

V{P(*)vi-1, i = 2,. ..,p, and v\ is internal; (3.4) 

a k P { * ) v p ,  k = l , . . . , q  (3.5) 

b i N ( * ) v  i ,  / = l , . . . , s  ( 3 . 6 )  

C j * V ! & C j * V i ,  j = l , . . . , t ;  p. (3.7) 

where q, 5, and t are the number of vertices satisfying the conditions in equations 3.5, 

3.6, and 3.7, respectively. 

If the premise is satisfied, the rule action specifies how a new structure, Gn, is generated 

from G„-\ by 

• deleting arcs incident with i >,• and Cj, for i  =  1,. .  , , p  and j  =  1,. . .  

• adding a new vertex n and all possible arcs such that the following list of relation

ships is established: 

n l ( * ) v i ,  i  =  l , . . . ,p;  

a k P ( * ) n ,  k = l , . . . , q ;  

b t N ( * ) n ,  /  =  1 ,  — ,  
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Intuitively, the rule "pushes" vertices ci,.. .,ct "away" from vertices vj,...,vp in the 

* direction and inserts the new vertex n in the space created in this way. * is called 

the direction of application, v\ the pivot vertex, and the pivot sequence. All 

vertices in the pivot sequences must be internal. 

It is important to avoid duplicates. This happens when the list of Cj vertices resulting 

from a rule application in * the direction is equal to a pivot sequence used in the I(*) 

direction. For example, having a graph with two vertices 1 and 2, with 1 to the left of 

2, the insertion of vertex 3 in between can be obtained using 1 as the pivot in the R 

direction, or using 2 as the pivot in the L direction. Duplication is avoided by keeping 

track of the already used Cj sequences and by comparing them with each pivot sequence 

in the opposite direction. 

The application of Rule 1 is carried out by the following procedure that receives a 

pivot sequence, the number of the new node to insert, the direction of application and the 

graph to manipulate. It returns the modified child graph and the list of used c'jS. The 

procedure fails if condition 3.7 is not satisfied. 

PROCEDURE ApplyRulel(pivotsequence,n,dir.graph.usedCList) 
vl = first(pivotSequence); 
vp = last(PivotSequence); 
; evaluate preconditions 
aList = findVertexList(graph,vp,Prev(dir)); 
bList = findVertexList(graph,vl,Next(dir)); 
cList = findVertexList(graph,vl,dir); 
; test compliance with the fourth precondition 
FOR each cj in cList DO 

otherCList = findVertexList(cj,dir); 
IF not equal(otherCList,cList) THEN 

return(NULL) 
END IF 

ENDFOR 
; preconditions are satisfied, create a new graph 
childGraph = newcopy(graph); 
FOR each vi in pivotSequence DO 

deleteEdges(childGraph,vi,cList,dir); 
ENDFOR 
; add edges in all four directions 
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addEdges(childGraph,n.pivotSequence,Opposite(dir)); 
addEdges(childGraph,n,aList,Prev(dir)); 
addEdges(childGraph,n.bList,Next(dir)); 
addEdges(childGraph,n,cList,dir); 
usedCList * cList; 
return(childGraph); 

END PROCEDURE 

In the above procedure, the function JindVertexList finds all the vertices incident to 

the given vertex in the given direction. Function deleteEdges deletes all edges originating 

from the given vertex and terminating in any vertex from the given list of vertices. The 

function addEdges adds all the possible edges connecting the given vertex to the vertices 

in the given list. 

If the structure does not contain any vertex, a startup rule generates G\ by inserting 

n o d e  1  a n d  p o s i n g  G x  =  ( <  E ,  1  > <  1  , E  > ) ,  G y  =  ( <  E , \  > <  1  , E  > ) .  

In order to expand a structure Gn-i in all possible ways, Rule 1 must be applied to 

all existing internal nodes 1,.. .,n - 1, for all four directions and for all possible pivot 

sequences, while avoiding generation of duplicates. Generation of the pivot sequences 

in a given direction is achieved by collecting all paths from the pivot v\ to the external 

vertex E. These paths, once the last vertex E has been removed, constitute maximal 

pivot sequences. From maximal pivot sequences, partial pivot sequences are obtained by 

removing one vertex at a time until only the pivot remains. Because the pivot is common 

to all pivot sequences in a given direction, the unary pivot sequence must be used only 

once. The expansion process is illustrated by the following procedure. 

PROCEDURE Expand(graph) 
childGraphList = new empty list; 
FOR pivot = 1 TO N-l DO 
FOR dir - Above TO Left DO 

maxPivotSequenceList = findMaxPivotSequenceList(pivot,Prev(dir)); 
FOR each maxPivotSequence in maxPivotSequenceList DO 
FOR each distinct pivotSequence in maxPivotSequence DO 

IF not alreadyUsed(pivotSequence,Opposite(dir)) THEN 
childGraph s ApplyRulel(pivotSequence,N,dir,graph,usedCList); 
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memorize(usedClist); 
IF childGraph is not NULL THEN 

append(childGraph.childGraphList); 
ENDIF 

ENDIF 
ENDFOR 

ENDFOR 
ENDFOR 

ENDFOR 
return(childGraphList); 

END PROCEDURE 

The already Used function checks that the current pivot sequence has not been used 

before as a cj list, while the memorize procedure keeps track of cj lists successfully em

ployed. 

3.4.4 Example 

To illustrate the use of the presented rewrite rule, suppose that five objects, sequen

tially numbered from 1 to 5, have to be placed in the enclosing rectangle. Suppose also 

that all considered object insertions are dimensionally feasible. The first object insertion 

corresponds to applying the startup rule and generates state G\. 

Table 3.2 illustrates a possible sequence of Rule 1 applications leading to the placement 

of the five objects. In some cases two expansions of the same state are shown as possible 

alternatives. In this table, the state Gs0 is generated from the state G4 in two different 

ways. This shows that precautions must be taken to avoid duplicates. 

Figure 3.5 illustrates the sequence of states leading from an empty layout to the solu

tion. Table 3.3 shows, for the same sequence of states, the corresponding lists of edges. 

As an example of rule application, let us trace the transition from G4 to Gsb- This is 

pictorially shown in Figure 3.6. All the preconditions are satisfied and the deletion step 

e r a s e s  e d g e  <  3 , 1  >  f r o m  t h e  G y  g r a p h .  E d g e s  <  5 , 1  >  a n d  <  3 , 5  >  a r e  a d d e d  t o  G y ,  



G1 

G2b G2a 

G3 G4 

G5a G5b 

Figure 3.5: Sequence of States to Generate a 5 Object Layout 
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Layout G4 
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E 

E 
Layout G5b 
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E 

Figure 3.6: Rule 1 Application for * = B, Pivot = 1, and Pivot Sequence = {1} 



Gn-\  Gn  
* Pivot Pivot Seq. afc's 6,'s Cj's 

G x  Gia R 1 {1} {E} {E} {E} 
Gi <J26 B 1 {1} {E} {E} {E} 
(?2o G3 B 1 {1,2} {E} {E} {E} 
<?3 G\ R 3 {3,2} {E} {E} {E} 
G4 Gsa B 1 {1,2} {4} {E} {3} 
G4 Gsa  A 3 {3} {E} {4} {2,1} 
G4 Gsb B 1 {1} {2} {E} {3} 

Table 3.2: Sequence of Rule 1 Applications 

Gn  Edge Lists 

Gi 

CD
 O

 
<e 

H 
II 

II < E, 1 >< 1 ,E >) 
< E, 1 >< 1,E >) 

Gla G x  = 
Gy = 

< E, 1 >< 1,2  >< 2,E >) 
< E, 1 >< 1 ,E>< E,2 >< 2,E>) 

Gib II 
II 

H 
» 

< E,l >< 1 ,E >< E,2 >< 2,E>) 
< E,2 >< 2,1  >< 1 ,E>) 

G3 G x  = 
Gy = 

< E, 1 >< 1,2  >< 2, E>< E,3 >< 3,22 >)  
< 1 ,  E X  2 ,  E>< 3,1  >< 3,2  >< E,3 >) 

G\ II 
II 

H 
a 

< E, 1 >< 1,2  >< 2,4  >< 3,4  >< 4,2? >< E, 3 >)  
< E, 3 >< 3,2  >< 2,Ex 3,1  >< 1 ,E >< E, 4 >< 4,E>) 

Gsa 

<e 
H 

II 
II < E, 1 >< 1,2  >< 2,4  >< 3,4  >< 4, Ex E, 3 >< 5,4  >< E, 5 >)  

<E, 3 >< 2,  Ex I,  Ex E, 4 X 4,E>< 5,1  >< 5,2  >< 3,5  >)  
Gsb 

CD
 C

i 
e 

H 
II 

II <  £ ,1  >< 1,2  >< 2,4  >< 3,4  >< 4, E>< E,3 X  5,2  >< E, 5 >)  
< E, 3 >< 3,2  >< 2,  Ex 1,E X  E, 4 X  4,E X  5,1  >< 3,5  >)  

Table 3.3: Sequence of Partial Layouts 
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and edges < 5,2 > and < E ,  5 > to G x .  In simple words, this means to "squeeze" object 

5 between 1 and 3 while keeping it to the left of object 2. 

3.5 Qualitative State Validation and Evaluation 

Cnce a new set of "children" layouts have been generated, each of them must be 

validated and evaluated by applying a set of qualitative constraints. Valid layouts will 

then be verified for compliance with the dimensional constraints. 

3.5.1 Qualitative Constraints as a Rule Set 

Qualitative constraints are expressed as a list of rules which the layout must satisfy. 

Rules have the following syntax: 

Rule <n> <objl> <rel_operator> <obj2> Penalty <cost> Soft <flag> 

where 

•  <n> is  the  rule  number in  the  rule  base .  

•  <objl> and <obj2> are dist inct  object  numbers ,  or ,  in  the  case  of  the  external  

vertex, the letter E. 

• <rel_operator> is a relational operator between the two objects. 

• <cost> is a positive quantity expressing the penalty for violating the constraint 

imposed by <rel_operator>. 

• <flag> is a Boolean variable used to control the search process. 

Relational operators express topological relationships among objects. They are sub

divided into two groups. The first group contains is Jeft_of, is.below, is_adjacent_to, 

and their negations is.not Jeft_of, is_not_below, is_not^adjacent_to. They impose 
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the corresponding condition in a non transitive way. The condition is satisfied if there is 

an edge in the topology graph that connects the two objects involved. For example, the 

condition "1 isJeft_of 2" imposes the existence of edge < 1,2 > in the topology graph 

in the X direction. If such edge is found then the constraint is satisfied, otherwise it is 

violated. Similarly, the condition U1 is_adjacent_to 2" requires the existence of edges 

< 1,2 > or < 2,1 > in the A' or Y direction. Negated operators simply impose the 

nonexistence of such edges. 

The second group of relational operators contains isJeft_ofl.tr, is_below_tr, and their 

negations is_not Jeft_of_tr and is_not_below_tr. They impose the corresponding con

dition in a transitive way. The condition is satisfied if there exists a path in the given 

direction that leads form the first object to the second. For example, given the edge 

list (< E, 1 >< 1,2 >< 2,4 >< E,3 >< 3,4 >< 4,E >) in the A' direction and the 

edge list (< 1 ,E >< E,3 >< 3,2 >< 2,E >< E,4 >< 4,E >) in the Y direction, the 

condition "1 isJeft_of_tr 4* is satisfied because the horizontal path {1,2,4} connects the 

two objects. 

The search process can be controlled by the Soft flag. When the relational operator is 

is Jeft.of. is.below, is_adjacent_to and their transitive counterparts, a layout violating 

one of these constraints generates children that also violate it. In fact, because already 

present objects cannot be removed, further object insertions cannot restore the desired 

condition. This is the case, for example, if two objects must be adjacent but a third one 

is in between. If the Soft flag is set to FALSE, the constraint violation causes the the 

layout to be discarded and, with it, all its children. This allows to drastically prune the 

search tree and to contain its combinatorial explosion. 
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3.5.2 Constraints Application and Qualitative Cost Evaluation 

The qualitative performance index PIq Uai is obtained for a layout by evaluating its 

compliance to each constraint in the rule base. If the layout violates a constraint, a 

corresponding penalty is recorded. At the end, the sum of all penalties gives the layout 

raw qualitative cost Crau>. 

It is not possible to use Craw as a performance index because it does not ensure a 

positive cost variation when moving from a parent layout to its children. This condition 

is essential for applying the branch and bound strategy. In this context, the cost function 

associated with any state in the search process must be non decreasing with respect to 

the number of placed objects. This monotonicity condition could be easily violated when 

an additional object is placed. For example, considering Figure 3.7, suppose that two 

adjacent objects have been already placed. Suppose also that a constraint imposes that 

they be not adjacent with penalty of 10. The CTaw cost of the layout is therefore 10. If a 

third object is inserted between the previous ones, the constraint is now satisfied and the 

CTaw cost drops to zero. 

The solution to the above problem is to incorporate in the PIquat the number N of 

already placed objects in the parent state S{. Let us consider the set of its children. All 

states in this set must satisfy the relationship 

PIqual(Si+l) > Plqual(Si) (3.8) 

Posing 

PI9ual(S) = K*N + CT a u )(S) (3.9) 

and supposing that the raw cost has upper and lower bounds: 

CminTaw < Craw(S) < Cmaxraw (3.10) 
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Rule n : 1 is_not_left 2 Penalty 10 

1 
2 

VIOLATED 

EXPANSION 

V 
SATISFIED 

Figure 3.7: Violation of Monotonicity Condition 
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for any possible state in the search space, the worst possible situation is when the parent 

state Si has the maximum raw cost and one of the child states has the minimum raw cost 

in the whole search space: 

Plquai(Si) = K *N + CmaXraw, PI quai(Si+i) = K * (N + 1) + CminTaw (3.11) 

Substituting equations 3.11 into equation 3.8 and solving for K, the resulting condition 

is 

K ^ CwwuTfouj (3.12) 

To evaluate K, the lower bound CminTaxu is set to zero. This corresponds to a state 

where all constraints are satisfied. The upper bound Cmaxraw is taken equal to the sum 

of all penalties in the rule base 

CmaxT aw = Penalty(Rulek) (3.13) 
k 

This corresponds to a state where all constraints are violated. In conclusion, posing 

K = CmaxTaw guarantees the required positive cost variation. 

3.5.3 Example 

This example illustrates how to apply a simple rule base to a layout and to evaluates 

its PIqual value. Suppose that the layout has four objects, numbered from 1 to 4. Suppose 

also that the topology is  described by G x  = (< E, 1 >< 1,2 >< 2,4 >< 3,4 >< 4,  E >< 

E,3 >) in the X direction and by G v  — (< E,Z >< 3,2 >< 2 ,E X 3,1 >< 1 ,E >< 

E, 4 >< 4,E >) in the Y direction. This arrangement corresponds to layout G4 in 

Figure 3.6. Suppose also that a possible rule base is given by Table 3.4. 

The value of N is 4 and K = 10.0 + 5.0 + 2.0 = 17.0 is the sum of all penalty values in 

the rule base. Because the first two constraints are satisfied but not the last, Craw = 2.0. 
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Rule 1 1 isJeft.of 2 Penalty 10.0 Soft FALSE 
Rule 2 1 isJeft_of_tr 4 Penalty 5.0 Soft FALSE 
Rule 3 E is.below 2 Penalty 2.0 Soft FALSE 

Table 3.4: Constraint Rule Base Example 

The qualitative cost results PIqUal = 17.0 *4 + 2.0 = 70. Because Rule 3 has its Soft flag 

set to FALSE, this layout is unsuitable for further expansion and will be discarded in the 

validation process. 
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3.6 Quantitative State Validation: The Simplex Approach 

Once a new layout has been generated and evaluated by applying the constraint rule 

base, the quantitative validation process must take place. A layout satisfying the quali

tative constraints also must be dimensionally feasible, that is, objects must not overlap. 

For example, a layout with two objects, one to the right of the other, could satisfy the 

qualitative constraints but the sum of the objects dimensions in the X direction could be 

greater than the available space between Xmtn and Xmax. 

From a more abstract point of view, an arrangement of objects generates an equiva

lence class of solutions, all with the same topological relationships among objects. This 

equivalence class can be empty, contain a single or an infinite number of elements. 

If the class is empty, it must be discarded. Otherwise the optimization process will 

compute the best solution inside the class. Therefore the quantitative state validation 

process must find a feasible set of solutions to be used as a starting point for the numerical 

optimization process. 

In order to avoid overlapping between objects, their center coordinates cannot assume 

arbitrary values, but must satisfy inequality constraints derived from the topological 

description. For example, if two objects must be one to the right of the other, the 

difference between the X center coordinate of the right object and the X center coordinate 

of the left object must be greater than or equal to half of the sum of their dimensions in 

the same direction. The same reasoning is applied in the Y direction if two objects must 

be one above the other. 

We recall that topological relationships among objects are expressed as edges of a 

two-colored graph. Edges are subdivided into two sets, one consisting of edges in the X 

direction and one consisting of edges in the Y direction. Because of the orthogonality of 
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the layout description, the problem can be split into two independent subproblems in the 

X and Y directions. 

Considering therefore one direction at the time and referring to the X direction, each 

edge in the graph generates an inequality involving center coordinates of objects and 

their dimensions. All of such inequalities must be satisfied at the same time in order to 

guarantee the layout's feasibility. 

Due to the linearity of constraints, the problem can be formulated as a linear pro

gramming problem and solved using the Simplex algorithm [22]. A linear programming 

problem in its canonical form can be described as follows. For N independent variables 

£o, .  i ,  maximize  the  object ive  funct ion:  

N-1 

z = cg(g (3-14) 
9=0 

subject to the primary constraints: 

£ ,>0,  q  =  0 , . . . , N  —  1  (3.15) 

and simultaneously subject to M = mj + ro2 + vri3 additional constraints, mi of them of 

the form: 
N-1 

^ ] 0>kq£q £ k — 0, . . . y T7X\ 1 (3.16) 
g=0 

mj of them in the form: 

N-1 

$3 fc = + m2 - 1 (3-17) 
9=0 

and rri3 of the form: 

N-l  
akiZi = k = mj + m2,...,mi + m2 + m3 - 1 (3.18) 

9=0 

By convention, while the a*,'s can have either sign, or be zero, the &*'s must be nonnega-

tive. The number of constraints M can be less than, equal to, or greater than the number 

of unknowns N. 
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A set of values £o, • • - that satisfies the constraints from 3.16 to 3.18 is called 

a feasible vector. The feasible vector that maximizes the objective function is called the 

optimal feasible vector. 

In order to correctly apply the Simplex algorithm, the range of coordinates used for 

the £,'s must be positive, and this can be easily accomplished by choosing Xmin > 0. 

While the cost functions used in the layout optimization problem are not linear and 

therefore are not suitable for the Simplex algorithm, a well chosen dummy linear cost 

function gives a suitable starting point for the following non linear optimization algorithm. 

Once the inequalities and a dummy linear cost function have been generated, the first 

part of the Simplex algorithm will try to find a feasible vector. If this step fails, the 

problem has no solution and the layout is dimensionally not feasible. On the contrary, 

if a feasible vector exists, the second part of the Simplex algorithm will find the optimal 

solution with respect to the dummy cost function. 

From the above considerations, a description of the proposed algorithm is the following: 

PROCEDURE ValidateLayout 
FOR both directions X and Y DO 
- extract a set of inequalities from the list of graph edges 

in the given direction 
- generate a dummy cost function 
- arrange the set of inequalities in matrix form as 

required by the Simplex method 
- apply the Simplex algorithm to find an optimal 
feasible solution with respect to the dummy cost function 

ENDFOR 
IF solutions are found for both directions X and Y THEN 

- the layout is dimensionally feasible 
- combine the X and Y solutions in a vector [X; Y] as the 

starting point for the nonlinear optimization algorithm. 
ELSE 

- the layout is dimensionally not feasible 
ENDIF 

END PROCEDURE 
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3.6.1 Generation of Constraints and Dummy Cost Function 

The set of inequalities needed in the validation process is derived from the topology 

graph. This graph has two lists of edges, one in the X direction and one in the Y direc

tion. Edges in the X and Y directions express to the left of and below relationships, 

respectively. The procedure is explained for the X direction. For symmetry, the same 

reasoning can be applied to the orthogonal direction Y. 

Each object i has a size given by 

where dx{ is the object's dimension in the X direction and clxi is the clearance that the 

object must have from other objects. 

A generic edge e =< i,j > in the X list of edges imposes the constraint that the object 

i be to the left of object j. 

For any edge in the graph, one of the vertices can be the external vertex, but not both. 

As shown in Figure 3.8, there are therefore three different possibilities: 

If the second vertex j is the external vertex, the object corresponding to the vertex i 

is immediately to the left of the right side of the contour. The non overlapping condition 

will be 

If the first vertex t is the external vertex, the object corresponding to the vertex j is 

immediately to the right of the left side of the contour. In this second case, the condition 

will be 

sxi = dxi + 2 clu (3.19) 

max (3.20) 

(3.21) 



First Case 

e = <i,E> 
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x | + OJS sx j 

Xmax 

Second Case 

e = < E, j > 

Xmln 

x j - 0.5 sx j 

Third Case 

sx sx 

x, - 0.5 sx 

x, + 0.5 sx 

Figure 3.8: Three Possible Non Overlapping Conditions 
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If both vertices are not external, they must satisfy the condition 

xi + — xi ~ ~2~ (3-22) 

In the above inequalities, Xmin and Xmax are given constants, the coordinates a:,-

and Xj are constant if they belong to fixed (preplaced) objects or are variables if they 

belong to regular (placed) objects. If an inequality does not involve any regular object, 

all the quantities involved are constants and the inequality can be directly verified. If 

this inequality is not satisfied overlapping occurs and the layout can be discarded without 

further investigation, otherwise, the next edge can be examined. If one or two regular 

objects are involved, a constraint equation of the type 3.16, 3.17, or 3.18 is generated. 

At the end of the generation process, this set of equations must be solved by the Simplex 

algorithm. 

Let us consider now each of the non overlapping constraints and analyze the various 

possibilities. From constraint 3.20, if i is a regular vertex, then z,- is an unknown, and 

the equation 

S X '  
X i  < Xmax -~^- = bk  (3.23) 

is generated. If i is a fixed vertex, the following Boolean expression is generated 

S X '  
possible = X{+ < Xmax (3.24) 

where possible is a logical variable. In a similar manner, from 3.21, if j is a regular vertex, 

the equation 

Xj > Xmin + ̂  = h (3.25) 

is generated, while, if j is fixed, the following Boolean expression is generated 

S X '  
possible = Xmin + •— < Xj (3.26) 
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Finally, constraint 3.22 generates four possible cases. If both vertices are regular, the 

equation involving both i; and xj 

Xj -  Xi > SX' * SXj  = bk  (3.27) 

is generated. If i is preplaced but j is regular, only Xj is a variable 

x j>x i+S X i +
2

S X j  =bk  (3.28) 

The symmetric case, exchanging i and j gives 

S X i  +  S X i  
X i  >  X j  + -—3-  = b k  (3.29) 

Finally, when both vertices are preplaced, the Boolean expression 

possible = Xi + < Xj — -— (3.30) 
ml & 

is generated. 

The above set of constraints is the basis for the generation of the matrix a&9 and the 

vector bk. Each row of the matrix akq and each component of the vector bk correspond 

to the coefficients generated by the above equations. The matrix a*, will have as many 

columns as the number of regular objects. In fact, only regular objects' coordinates are 

unknown. 

Due to the object numbering scheme adopted, where preplaced object carry numbers 

from 1 up to Nprep (number of preplaced objects), and regular objects carry numbers from 

Nprep + 1 to Nprep + N, a, remapping of indexes is needed. In fact, the variables involved 

in the Simplex algorithm have a numbering scheme from 0 up to N — 1. Therefore, each 

column of the a*, matrix will refer to the q + 1th object among the regular objects. In 

order to formalize the above concept, a one to one correspondence p = map{i) between 

the two sets of indexes is introduced as follows: 

map{i) = i - Nprep  - 1, map~1(p) = p + NpTep  + 1 (3.31) 
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where i € [Nprep  + 1,..., Nprep  + N] and p € [0,..., N - 1]. For example, if there are 

two preplaced objects carrying identification numbers 1 and 2 and three regular objects 

carrying numbers 3,4, and 5, during the Simplex algorithm the indexes associated with 

the regular objects will be 0, 1 and 2. 

During the equations generation process, the mi equations of the type 3.16 must 

be generated first. Then the m2 equations of the type 3.17 will follow. There are no 

equations of type 3.18, therefore will be always zero. 

The first scanning loop through the edges will generate mi equations, while the second 

scan will generate the m2 equations. At the end of the process, the matrix a*p and the 

vector bk will be ready to be used in the Simplex algorithm. This is illustrated by the 

following pseudocode: 

PROCEDURE BuildEquations 
k = 0; 
possible = TRUE; 
FOR all k and all p DO 

a[k][p] = 0.0; 
{consider the <= equations first 
FOR each edge e in edge list DO 

i = first vertex of e; 
j = second vertex of e; 
IF i is not external AND j is external THEN 

IF i is regular THEN 
p = map(i); 
a[k,p] = 1.0; 
b[k] = Xmax - 0.5*sx[i]; 
k = k + 1; 

ELSE 
possible * x[i] + 0.5*sx[i] <• Xmax; 

ENDIF 
ELSE IF i is not external AND j is not external THEN 

IF i is regular AND j is preplaced THEN 
p = map(i); 
a[k,p] • 1.0; 
b[k] = x[j] - 0.5*(sx[i]+sx[j]); 
k = k + 1; 

ELSE IF i is preplaced AND j is preplaced THEN 
possible = x[i] + 0.5*sx[i] <* x[j] + 0.5*sx[j]; 

ENDIF 
ENDIF 
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IF not possible THEN 
RETURN failure; 

ENDFOR 
ml = k - 1; 
; consider the >* equations 
FOR each edge e in the edge list DO 

i * first vertex of e; 
j • second vertex of e;  
IF i is external AND j is not external THEN 

IF j is regular THEN 
q « map(j); 
a[k,q] • 1.0; 
b[k] • Xmin + 0.5*sx[j]; 
k » k + 1; 

ELSE 
possible = x[j] >= Xmin + 0.5*sx[j]; 

ENDIF 
ELSE IF i is not external AND j is not external THEN 

IF i is regular AND j is regular THEN 
p • map(i); 
q = map(j); 
a[k,p] * -1.0; 
a[k,q] «= 1.0; 
b[k] = 0.5*(sx[i] + sx[j]); 
k = k + 1; 

ELSE IF i is preplaced AND j is regular THEN 
q = map(j); 
a[k,q] = 1.0; 
b[k] • x[i] + 0.5*(sx[i] + sx[j]); 
k = k + 1; 

ENDIF 
ENDIF 
IF not possible THEN 

RETURN failure; 
ENDFOR 
m2 = k - 1; 
m3 = 0; 
M = ml + m2 + m3; 

END PROCEDURE 

To apply the Simplex algorithm, a linear dummy cost function in the form of equation 

3.14 must be provided. If all coefficients c9, q = 0,.. ,,N — 1 are set to —1, maximizing 

z = ^2q —£q corresponds to pushing all the objects toward the left side of the contour. As 

an alternative, if c,'s are set to +1, in order to maximize z = £g, all objects tend to 

be stacked against the right side of the contour. 
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Both of these dummy cost functions offer feasible starting points for the subsequent op

timization process. Nevertheless, practical experience with different case studies demon

strated that the presence of fixed objects in the layout does not allow the complete stacking 

in one direction or the other, often generating optimization starting points which are too 

far from an optimal solution. In addition, the presence of the material handling cost func

tion, often induces final solutions in which objects are clustered together at the center of 

the area. 

For the above reasons, the following solution to the problem is proposed: both the 

above dummy cost functions are used to solve the problem, then the two solutions are 

averaged. This leads to an optimization starting point that clusters objects at the center. 

If the Simplex algorithm successfully finds a solution, the N coordinates £p are stored 

in a vector The same procedure in the Y direction, if successful, generates other N 

coordinates in a vector These two vectors are concatenated in a single vector £ of 2N 

components. Each index p, p = 0,..., N — 1, will give the correspondence x,- = £p and 

Ili = Zp+N, where i = map~1(p). 

3.6.2 Example 

Let us consider the layout G4 in Figure 3.6. Suppose that the contour is defined by the 

coordinates Xmin = 0.0, Ymin = 0.0, Xmax = 10.0 and Ymax = 10.0. Inside this contour 

four objects are already present. While object 1 is fixed (i.e., preplaced), the others are 

regular objects. Therefore Nprep = 1 and N = 3. Table 3.5 contains the dimensional 

data of these objects. In this table, center coordinates for objects 2, 3, and 4 must be 

determined. 
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Object i X i  Jn  dii dyi clxi clyi sxi syi 
1 w

 
0
 

0
 

3.0 3.0 0.5 1.0 4.0 5.0 
2 na na 2.0 1.0 0.0 1.0 2.0 3.0 
3 na na 4.0 2.0 1.0 0.0 6.0 2.0 
4 na na 1.0 4.0 0.5 2.0 

O
 

00 O
 

ci 
Table 3.5: Objects Geometry 

Topological relationships are given by the lists of edges Gx  = (< E, 1 >< 1,2 >< 

2,4 >< 4, E >< E,3 >< 3,4 >) in the X direction and Gy  = (< E,3 >< E,4 >< 

4,E >< 3,1 >< 3,2 >< ltE >< 2,E >) in the Y direction. 

Considering the X direction first, the mapping establishes the correspondence X2 = £o, 

£3 = ff, X4 = > while x\ = 3.0 is a constant. 

The procedure BuildEquations is applied to the edge list Gx. The first loop finds 

only one matching edge e =< 4, E >, corresponding to the inequality x4 < Xmax — 

Remembering that x4 = the coefficients are ao,2 = — 1 and 60 = 10 — | = 9. At the 

end of the loop mi is 1. 

The second loop first examines edge e =< E, 1 >. Because x\ is constant, the Boolean 

expression x\ > Xmin + evaluates to 3.0 > 0 + and no equation is generated. With 

edge e =< 1,2 >, the inequality X2 > xi + *r'+jr^ gives ai(o = +1 and b\ = 3.0 + ̂  = 6. 

The next edge, e =< 2,4 >, involves two moving objects and generates 02,0 = — 1, 

a2,2 = +1, and 62 = ~%,X2 = 2. It is left to the reader to verify that edges < E, 3 > and 

< 3,4 > generate the last two equations. Therefore five equations have been generated 

and 1712 = 4. 
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The result of the procedure is 

a =-

0  0 + 1  

+ 1 0  0  

b  =  

9.0 

6.0 

2.0 

3.0 

4.0 

-1 0 +1 

0 + 1  0  

0 -1 +1 

and M = Mx = m\ + m-i = 1 + 4 = 5. 

The Simplex algorithm generates two feasible vectors [6; 3; 8] and [7; 5; 9], whose average 

is the solution 

x2 6.5 

X3 - 4.0 

x4  8.5 

In a similar manner, the process is applied in the Y direction. The first loop generates 

equations from edges < 4,E >, < 3,1 >, and < 2,E >, verifies the inequality from edge 

< 1,E >, and sets m\ = 3. The second loop generates equations from edges < E,3 >, 

< E,4 >, and < 3,2 >, and sets m2 = 3. The result is 

a = 

0 +1 6.0 

+1 0 3.5 

0 0 
b  =  

8.5 

+1 0 1.0 

0 +1 4.0 

-1 0 
. 

2.5 

= 6. 
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The Simplex algorithm generates two feasible vectors [3.5; 1; 4] and [8.5; 3.5; 6], whose 

average is the solution: 

t/2 6.00 

II 

3/3 
= 2.25 

1/4 5.00 

The two partial solutions £x and £v combine into the vector: 
" • 

x2  6.50 

X3 4.00 

x4 8.50 

y% 6.00 

J/3 2.25 

V4 5.00 

which is the starting point for the following optimization algorithm. 

3.7 Quantitative State Optimization 

Once a class of layouts has been found not empty and a feasible vector £ has been 

computed, an optimization algorithm must find the best solution with respect to the 

index PIquant = PI mat + PIdiat i where PImat and PIdiat are defined in equations 3.1 and 

3.2, respectively. At the same time, the non-overlapping conditions must be preserved. 

This leads to an optimization problem with a set of linear inequality constraints. This 

set is the combination of the constraints found as input data for the Simplex algorithm in 

both the X and Y directions. The solution approach is to transform the unconstrained 

problem into an unconstrained optimization problem by introducing a penalty function 

fbar(0 to avoid overlapping. The unconstrained optimization algorithm will therefore 
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minimize the function 

ftot( 0 = PImatiO + PldisM) + fbar(0 (3.32) 

Once the optimal solution {opt is found, the actual cost will be given by 

PIquant(£opt) — PAnat(^opt) "I" Pldiatijiopt) (3.33) 

The optimization algorithm adopted is Polak-Ribiere, in the implementation offered 

in [22] pp. 317-323. It uses values of the function ftot(£) and of its gradient for a series of 

one dimensional minimizations along a set of conjugate directions. Each one dimensional 

minimization finds the function minimum along the given direction. From this minimum 

the next conjugate direction is computed and a new one dimensional minimization starts. 

If the function to minimize is in a quadratic form (since these directions are conjugated), 

the partial results obtained in one direction are not affected by subsequent actions and 

the solution can be found in the same number of steps as the number of variables involved. 

For each function appearing in equation 3.33 the optimization algorithm must be able 

to compute its value and its gradient at a generic point as explained below. 

3.7.1 Cost Function for Material Handling 

The cost associated with material flow from device i to device j is considered propor

tional to the distance dij between the devices through a coefficient tu,j. The total cost for 

the current layout is therefore the sum of the above partial costs extended to the Nprep  

preplaced objects and to the N objects placed so far 

where the vector £ of dimension 2,N is composed of the x and y coordinates of the N 

regular objects. 

PImat — PImat(£) ~~ V ' wijdij (3.34) 
i,j=1 
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There are three possible choices to compute the distance dij: 

XY distance: the Euclidian (straight line) distance between the centers of objects. 

X distance: the projection of the Euclidian distance on the X axis. 

Y distance: the projection of the Euclidian distance on the Y axis. 

To encompass all the above possibilities, the distance dij given by 

dij = \JcXijAxjj + cyijAyfj + £?• - e,j (3.35) 

where AX i j  = a- X j  and Aj/,j = j/,- — y j .  If a generic object i  is fixed, its coordinates 

will be constants, otherwise they will be extracted from £ as x,- = £p and j/,- = £P+N, with 

p = map(i). The same will apply to object j. 

To compute the XY distance, coefficients cx,j and cyij are set both to one, while 

for the projections X and Y, one of them will be set to zero. The real quantity e,j is 

introduced to make the function PImat differentiable when dij —• 0. If the XY distance 

option is used, because objects have non null dimensions, the distance dij between their 

centers is always positive and can be set to zero. On the contrary, when a projected 

distance is used, the gradient singularity point with dij = 0 could be reached and must 

be a small positive quantity. For example, this could happen if two objects are adjacent 

in the Y direction and the distance is computed in the X direction. 

In order to use the PImat(0 function in the optimization algorithm, its partial deriva

tives with respect to £'s components must be evaluated. Differentiating with respect to 

components £p with p = 0,.. .,N - 1 is equivalent to differentiating with respect to n, 

the x coordinate of the k — th object, where k = map~l{p). Therefore 

9PI mat 9P Imat y ... d d j j  CX,'j Axjj C?A X j j  

dip dxk  -jj , J  dxk ~ ij W'J  yJciijAxfj + cyijAyfj + £0- *>xk  
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E C X k j & X f g j  —CX|fcAX|fc wkj r + y.v\i = 
J y/cxkj&x2

kj  + cykjAylj + e*j • yJcx ikAx?k  + cy ikAy?k  + dk 

(™*» + MtiQcttJbtAttK 3g^ 

\JcxkiAx2
ki  + cykiAyli + e« 

where the last step has been obtained substituting j with i and noting that cx^i = ex,*, 

Axw = —Ax,jt, and Aj/jt,- = -Ay,fc. 

In a similar manner, differentiating with respect to component £q, with q = p + N, is 

equivalent to differentiating with respect to j/jt, t/ coordinate of the k ~th object. 

^Imat 9P/mat (^fci *1* Wt"fc)cyfct'Ayfc| . . 

^9 i y/cyuAxli + cy^Ay^ + cki 

3.7.2 Cost Function for Optimal Distance between Components 

The cost function to ensure the optimal distance between components is similar to the 

cost function for material handling 

JVprep+A^ 
PIdiat — PIdist(£) — ) 1 ""Yj I &ij dij |= ) ' WTijAdist{j (3.38) 

«J=1 i,j 

where Rij is the desired distance between object i and object j and dij is the actual 

distance. The coefficient wrij is a cost per unit distance. For numerical reasons similar to 

those encountered with the PImat function, the quantity Adistij is defined in the following 

manner: 

A distij = \J(Rij ~ (yJcxijAxij + cyijAyij + - £fj))2 +1?2 - d (3.39) 

where cx,j, cy,j, and £ij have the same meaning as in the PImat function. The quantity 

•d is a small positive quantity introduced to avoid singularities when dij —• Rij. 

To simplify the gradient computation, some auxiliary quantities are introduced: 

dij = cxijAiij + cy^Ayij + £?• (3.40) 
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drij — Rij — (ijdij Sij) (3.41) 

The substitution of equations 3.40 and 3.41 into equation 3.39 allows us to rewrite equation 

3.38 as follows: 

PIdistiO = J2 wrtsiy/drl + V - t?) (3.42) 

Proceeding similarly to the case of the PImat function, and giving the same meaning to 

symbols, the partial derivative with respect to (p is computed as follows 

dPIdist dPIdiat d - = 7* = 
dip dxk  j-f Jdxk  

Ylwru-&rk\/drh + ̂ +T>wrik'&k'Jdr«+,?2 = 

E drkj ddrf.j r-> ddr^ 

e y7+£«»•» y* = 
i \ldrh + V2 dxk i \Jdr2

ik +I?2 #** 

CX/-J Axjtj AXj'jt 
^ /  1  •  •  =  / - t —  " I "  /  r  i  ^  r~r~~ ~ — 

j yfdi^ + V >/3« i y/drl +t?2 V3* 

E -2wrkidr ikcxki&xki tn  V*fc+*» ( ' 
where the last step has been obtained substituting j with t and noting that .ft*, = 

ext.- = cz.-fc, Aiti = -Ax.fc, Ayjti = -Ay,*, and tar*,- = u)rilt. 

Similarly, for 

d/ A/ -2wrkidr ik  cykiAyki  

^yfc i y/di^T^ 

3.7.3 Non-Overlapping Penalty Function 

The non-overlapping penalty function fbar(0 is directly built from the same input 

coefficients ajtp and used for the Simplex algorithm. 
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Considering first a single non overlapping condition between two adjacent objects, an 

ideal penalty function should depend on the slack a between them. This function should 

be zero when s > 0 and +00 if s < 0. To approximate this behavior, the function chosen 

is of the form 

3s +1)3  otherwise 

where the constant (3 determines its steepness. This function has a derivative with respect 

to s 

The overall penalty function /j,ar will be therefore the sum of all the bar( s k )  functions, 

where Sk is the slack between two objects involved in the k-th non-overlapping condition. 

Each Sk variable will be function of the center coordinates and dimensions of the involved 

objects. 

The information needed to compute the sjt's is already present in the coefficients akp 

and bk computed as input data for the Simplex algorithm. Considering first the X di

rection, each row k of matrix a and each component k of vector 6, with k = 0,..., Mx  

expresses one non-overlapping condition. 

In each row k there are only one or two nonzero coefficients, and these coefficients 

can be +1 or -1. This information is condensed in two integer vectors Kp* and Km*. 

Having Kp% = p means that atp = +1, and having Km% = q corresponds to a*? = -1, 

where p and q are in the range 0,..., N — 1, with N the number of regular objects. If one 

of the two coefficient types is not present, the corresponding Kpx or Km* component is 

set to —1. A new vector Bx receives the constants bk- To maintain homogeneity, the first 

(3.45) 

3(3((3s + l)2  otherwise 

(3.46) 
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mi equations are reversed in sign. In this way, all the Mx = mj + m2 constraints are of 

the type >. The above process is accomplished by the following algorithm: 

PROCEDURE CreateConstraints 
Mx * ml+m2; 
; first reset all the coefficients to "none" 
FOR k • 0 TO k • Mx-1 DO 

Kpx[k] - -i; 
Kmx[k] = -1; 

ENDFOR 
; scan the first ml equations and reverse their sign 
FOR k = 0 TO k = ml-1 DO 

Bx[k] = -b [k] ; 
FOR p = 0 TO N-l DO 

IF a[k][p] = +1.0 THEN 
Kmx[k] = p; 

ELSE IF a[k][p] - -1.0 THEN 
Kpx[k] = p; 

END IF 
ENDFOR 

ENDFOR 
; scan the second m2 equations and keep the sign 
FOR k = ml TO ml+m2-l DO 

Bx [k] = b [k] ; 
FOR p = 0 TO N-l DO 

IF a[k][p] = +1.0 THEN 
Kpx[k] « p; 

ELSE IF a[k][p] = -1.0 THEN 
Kmx[k] = p; 

ENDIF 
ENDFOR 

ENDFOR 
END PROCEDURE 

The same process applied in the Y direction generates vectors Kpy, Kmv, and Bv, all 

of them with My components. 

The results from the two directions X and Y can be concatenated into vectors Kp, Km 

and B, each of them with Mtot = Mx + My components. This is done by the procedure 

MergeConstraints shown below. In this procedure, the last FOR loop is needed to make 

the components Kpk and Kmk point to the second part of the vector £ containing the Y 

coordinates. 

PROCEDURE MergeConstraints 
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FOR k = 0 TO Mx-1 DO 
Kp[k] = Kpx[k]; 
Km DO = Kmx[k] ; 
B[k] = Bx [k] ; 

ENDFOR 
FOR k • 0 TO My-1 DO 

Kp[k+Mx] • Kpy[k]; 
Km[k+Mx] = Kmy[k]; 
B[k+Mx] • Bytk]; 

ENDFOR 
; for the Y valid components offset Kp and Km by N 
FOR k * Mx TO Mx+My-1 DO 

IF kptk] <> -1 THEN 
kp[k] = kp[k] + N; 

IF km[k] <> -1 THEN 
km[k] = km[k] + N; 

ENDFOR 
END PROCEDURE 

In conclusion, vectors K p ,  K m ,  and B contain all the information needed to compute 

the barrier functions bar(sk). In fact, the generic slack will be computed as a function of 

vector £ 
' 

—- Bk if Kpk = —1 and Kmk = q —1 

sk — • £p — Bk if Kpk = p ^ —I and Km^ = — 1 (3-47) 

Z p -tq- B k  if Kpk = p # -1 and Kmk  = q ̂  -1 

The penalty function involving only moving objects is therefore 

MT0T-1 
/6ar(f) = 7 bar(sk+T}) (3.48) 

k=0 

where 7 and t] are positive quantities proportional to the maximum value of the PImat 

and PIdist • While 7 is a scaling factor to keep /jor of the same order of magnitude as 

PImat + PIdist 1 V tends to compensate the influence of bar(sk) > 0 when Sk = 0. This 

approximation in penalty functions often results in small gaps between objects when they 

are pushed against each other. Using 77 > 0 shifts backwards bar(sk+v) °f a small amount 

and diminishes this unwanted effect. 
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The partial derivative with respect to a generic component with t = 0,..., 2N, is 

dfbar  ^_1  d . .dSk "%"=7 S ^ba , {ak*v)M 
(3-49) 

where 

—6qt if case 1 

dsk  

dtt ' 
tpt if case 2 

Spt Sqt if case 3 

• in Eq. 3.47 

in which is the Kronecker index 

(3.50) 

Sii = 
1 if i = j 

0 otherwise 

3.7.4 Example of Penalty Functions 

Continuing with the numerical data obtained while illustrating the input data genera

tion for the Simplex algorithm, the procedure Create Constraints is applied first to data 

in the X direction. The resulting vectors are 

Kpx  = 

-1 

0 

2 

1 

2 

Kmx  = 

2 

-1 

0 

-1 

1 

Bx  = 

-9.0 

6.0 

2.0 

3.0 

4.0 
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Then, the same is repeated in the Y direction, giving 

Kpy  = 

-1 

-1 

-1 

1 

2 

0 

Kmy  = 

2 

1 

0 

-1 

-1 

3 

By = 

-6.0 

-3.5 

-8.5 

1.0 

4.0 

2.5 

Finally, the results are combined by the procedure MergeConstraints into 

Kp = 

-1 

0 

2 

1 

2 

-1 

-1 

-1 

4 

5 

3 

Km = 

2 

-1 

0 

-1 

1 

5 

4 

3 

-1 

-1 

4 

B = 

-9.0 

6.0 

2.0 

3.0 

4.0 

-6.0 

-3.5 

-8.5 

1.0 

4.0 

2.5 

The above vectors contain the information needed to avoid overlapping. For example, 

if k = 1, the equation generated according to Equation 3.47 is £o > 6.0. Remembering 

that £o = x2i this corresponds to the constraint X2 > xi + %'X2 = 6.0 obtained from 
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edge e =< 1,2 > in Gx. As another example, if k = 10, Equation 3.47 yields £3—61 > 2.5. 

This is the same as 3/2 -  Va > 'M+'M = 2.5 generated from the edge e =< 3,2 > in Gv. 
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CHAPTER 4 

CASE STUDIES AND ANALYSIS OF RESULTS 

The purpose of this chapter is to illustrate three applications of the proposed method

ology in the context of an integrated framework for Simulation Based Design of Flexible 

Manufacturing Systems, as proposed by Chierotti et al. in [20]. 

The proposed algorithm for layout synthesis has been implemented in the C++ pro

gramming language. This program receives as input an ASCII file with the objects' 

description, the constraints rule base, material flow information, the required distances 

between objects, and the number of desired solutions. It generates an ASCII output file 

with the list of the resulting layouts, ordered by cost. Examples of input and output data 

files are given in Appendices A, B, and C. 

4.1 Layout for Electric Motor Assembly Workcell 

The aim of this case study is to generate an optimal layout for the electric motor 

assembly workcell described in [20]. This electric motor, shown in Figure 4.1, is composed 

of four parts: rotor/bearings, front and rear plates, and stator. The chosen assembly 

plan is illustrated by the assembly tree of Figure 4.2. Once an assembly plan has been 

generated, assembly operations have to be assigned to actual physical devices. The chosen 

configuration consists of a single workcell with four input feeders, one output feeder and 
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Figure 4.1: Electric Motor 
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Figure 4.2: Electric Motor Assembly Tree 
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Feeders Role Assigned Part 
Feeder 0 input stator 
Feeder 1 input rear plate 
Feeder 2 input rotor 
Feeder 3 input front plate 
Feeder 4 output motor 

Table 4.1: Electric Motor Assembly Workcell Feeder Data 

Machines Parts Needed Subassembly Produced 
Machine 0 
Machine 1 
Machine 2 

rear plate, stator 
[rear plate, stator], rotor 
[rear plate, stator, rotor], front plate 

[rear plate, stator] 
[rear plate, stator, rotor] 
motor 

Table 4.2: Electric Motor Assembly Workcell Machine Data 

three machines. Each input feeder supplies a part to a machine, while the output feeder 

receives the final assembly, as shown in Table 4.1. Material is handled using conveyors. 

Each machine receives parts and produces a subassembly as shown in Table 4.2. In this 

table the list of parts in square brackets indicates that these parts have been connected 

into a subassembly and are now a single product. 

The choice of machines and devices allows to determine dimensions and clearances of 

each object to be placed in the workscene. This information is presented in Table 4.3. 

In this table, the second column introduces the numbering scheme adopted. The 

objects are not allowed to rotate and none of them has been already preplaced in the 

workscene. The floor plan has dimensions of 15 and 10 length units respectively in the 

X and Y directions. As shown in the input file included in Appendix A, this information 

allows to define the initial layout as a state in which the lists of preplaced and placed 

objects are empty and no topological relations are specified. 
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Device Object dx dy clx cly 
Feeder 0 1 1.00 1.00 0.25 0.25 
Feeder 1 2 1.00 1.00 0.25 0.25 
Feeder 2 3 1.00 1.00 0.25 0.25 
Feeder 3 4 1.00 1.00 0.25 0.25 
Feeder 4 5 1.00 1.00 0.25 0.25 
Machine 0 6 2.00 1.00 1.00 1.00 
Machine 1 7 3.00 1.00 0.50 0.50 
Machine 2 8 3.00 1.00 0.50 0.50 

Table 4.3: Devices Dimensions for Electric Motor Assembly Workcell 

From Object To Object 
1 6 
2 6 
3 7 
4 8 
6 7 
7 8 
8 5 

Table 4.4: Material Flow in Electric Motor Assembly Workcell 

Tables 4.1 and 4.2 allow to determine the material flow between objects, as shown in 

Table 4.4. 

The desired layout must satisfy a set of qualitative constraints. They are expressed as 

a set of rules listed in the input data file in Appendix A. All the rules have a penalty 

value of 10. They express the following requirements: 

• Input feeders must be at the four corners of the workcell, so that they can be 

accessible from two contiguous sides of the workcell contour. Feeders 0 and 1 (i.e., 

objects 1 and 2) must be at the top, on the left and on the right respectively, while 

feeders 2 and 3 (i.e., objects 3 and 4) must be at the bottom, on the left and on the 

right respectively. This is specified by rules R\ through Rs-
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• The output feeder (i.e., object 5) must be accessible from the bottom, as stated by 

rule Rq. 

• Because conveyors are used, devices exchanging material must be adjacent, as spec

ified by rules Rio through Rie- Each rule corresponds to an entry in Table 4.4. 

• Machine 0 (i.e., object 6) should have its left side free for inspection and main

tenance, as imposed by rule Rn. This requirement is desirable but not essential, 

therefore the Soft flag is set to TRUE. 

Moving now to the quantitative aspect of the problem, material flow information of 

Table 4.4 allows us to specify the list of material handling costs shown in the input file 

after the list of rules. All costs per unit distance are set to 10 and all distances are 

computed as Euclidian distances. No optimal distances between components are required. 

This completes the problem definition. 

The synthesized layout is shown in Figure 4.3. In this figure, solid and dashed lines 

between object centers represent left/right and above/below relationships, respectively. 

Each object is shown with the corresponding identification number and center coordinates. 

The picture has been generated from the output data file shown in Appendix A. 

As it is easily verifiable, all qualitative constraints are satisfied and CTaw = 0. The 

computed value PIqual = 1360 corresponds to the quantity K X N, with K, the sum of 

all penalties in the rule base, set to 170, and N, the number of placed objects, set to 8. 

The material handling cost Piquant is equal to 177.19. 

The result obtained allows us to build a discrete event simulation model by adding 

timing information for feeders, machines and material handling devices and to evaluate 

workcell dynamic performance indexes such as turnaround time or device utilization. 
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Figure 4.3: Synthesized Layout for Electric Motor Assembly Workcell 
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Figure 4.4: Geometrical Model for AGV Serviced Workcell 

4.2 Double Row Layout for an AGV Serviced Workcell 

In this case study, the same production plan used in the previous case is applied to 

a workcell in which material flow is ensured by an Automated Guided Vehicle (AGV). 

The AGV moves along an aisle. The serviced devices must be placed along both sides 

of it. This is called in the literature a "double row arrangement" [11]. In the proposed 

geometrical model shown in Figure 4.4, the aisle and the AGV are modeled as an hori

zontal rectangle. This model is valid under the assumption that the AGV moves in the 

X direction while staying on the dashed horizontal symmetry line and in the Y direction 
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Device Object dx dy clx cly 
Feeder 0 1 1.00 1.00 0.25 0.25 
Feeder 1 2 1.00 1.00 0.25 0.25 
Feeder 2 3 1.00 1.00 0.25 0.25 
Feeder 3 4 1.00 1.00 0.25 0.25 
Feeder 4 5 1.50 1.50 0.25 0.25 
AGV 6 3.00 3.00 6.00 0.00 
Machine 0 7 3.00 2.00 0.50 0.50 
Machine 1 8 2.00 1.00 0.50 0.50 
Machine 2 9 4.00 3.00 0.50 0.50 

Table 4.5: Devices Dimensions for AGV Serviced Workcell 

when approaching a device for pickup or delivery. This allows to model the AGV trajec

tories as line segments parallel to the coordinate axes. Referring to Figure 4.4, although 

the AGV appears at the center of the served area, its actual position in the X direction 

is not relevant, as it will be shown later when determining material handling costs. 

The input data definition closely follows the steps presented in the previous case study. 

The feeder and machine data are retained, with the exception of their dimensions as shown 

in Table 4.5. The AGV and its service area appear as a rectangle of size 12 by 3 length 

units. The floor plan has the same dimensions as before. 

This information is reported as the initial layout in the input data file of Appendix B. 

Qualitative constraints must ensure that the devices can be reached by the AGV and 

that they are conveniently located. This is achieved by the following requirements: 

• Because the AGV or maintenance personnel must be able to enter the aisle from 

both ends, devices cannot be at the left or at the right of the AGV service area (i.e., 

object 6), as specified by rules R\ through R\§ in the input data file. 

• Devices must be adjacent to the AGV service area, as imposed by rules Rn through 

Ru-
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From Object To Object 
1 7 
2 7 
7 8 
3 8 
8 9 
4 9 
9 5 

Table 4.6: Material Flow for AGV Serviced Workcell 

• Input feeders must be at the four corners of the workcell, so that they are accessible 

from two contiguous sides of the workcell contour. Feeders 0 and 2 (i.e., objects 1 

and 3) must be at the top, on the left and on the right, respectively, while feeders 

1 and 3 (i.e., objects 2 and 4) must be at the bottom, on the left and on the right 

respectively. This is specified by rules R25 through R32. 

• The output feeder (i.e., object 5) must be accessible from the bottom, as stated by 

rule R33. 

Material flow information of Table 4.6 allows us to compute material handling costs in 

terms of AGV moves. 

Referring to Figure 4.4, to move parts from an object i (e.g., a feeder) to an object j 

(e.g., a machine), the AGV (represented as object m) must execute the following three 

steps: 

• Move from object i to the centerline of its service area, traveling in the Y direction 

for a distance dv
mi = |j/,- - j/m|. 

• Translate in the X direction from object i to object j, covering the distance dfj = 

|  X j  -  X i | .  

• Move from the centerline of its service area to object j, for a distance <f"m = \ym—yj\-
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Figure 4.5: First Synthesized Layout for AGV Serviced Assembly Workcell 

This sequence of three moves must be repeated for each entry in Table 4.6. Moves 

can be divided in two groups (shown by the list of moves in the input file contained in 

Appendix B). While the first group of moves in the X direction is directly derived from 

the production plan, the second group is derived from the loading/unloading operations 

in the Y direction. The input feeders are unloaded once for each delivered part, and 

the output feeder is loaded once for each received part. Machines receive two parts and 

produce one assembly. Therefore the global cost of loading them is twice the cost of 

unloading, as shown by the assigned costs per unit distance Wij. 
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Figure 4.6: Second Synthesized Layout for AGV Serviced Assembly Workcell 
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Figure 4.7: Third Synthesized Layout for AGV Serviced Assembly Workcell 
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Figure 4.8: Fourth Synthesized Layout for AGV Serviced Assembly Workcell 
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The synthesis algorithm has been used to produce four possible solutions, as shown 

in Figures 4.5, 4.6, 4.7, and 4.8 and in the output data file of Appendix B. They are 

ranked from the best to the worst. All solutions satisfy the quantitative constraints and 

have a PIqual — 1485, corresponding to Craw = 0. Their PIquant's are very close, i.e., 

558.41, 560.38, 570.88, and 570.92, respectively. Solutions 1 and 2 are very similar, with 

only one difference: objects 5 and 8 are swapped in their positions. The same exchange 

differentiates solution 3 from 4. In conclusion, all solutions can be considered equivalent 

with respect to the PItot • Applications of further constraints or tighter evaluation criteria 

will differentiate them. 

4.3 Circular Layout of Devices for a Robot Serviced Workcell 

Another example of a material handling device influencing the requirements for a layout 

problem is a fixed robot with a PUMA arm [11]. A point inside the workspace is reached 

by the combined motion of the wrist, elbow and shoulder joints and rotations of the robot 

around its vertical axis. Trajectories obtained by changing only a few joint coordinates 

at a time greatly reduce motion complexity. For instance, circular trajectories around 

the vertical axis are easily obtained by rotating the robot arm around its pedestal. In 

addition, robot manipulation capabilities are better exploited if the end actuator is kept 

at a certain distance from the vertical rotation axis. 

This suggests that devices should be placed on a circular path with the robot at the 

center, as Figure 4.9 illustrates. The radius R is equal to the distance that best exploits the 

manipulation capabilities of the robot. The ordering of devices along the circumference 

itself will be determined by material flow and auxiliary constraints. 

The present case study considers a workscene in which a fixed robot arm must service 

an input feeder, two machines and an output feeder. Their dimensions are shown in 
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Figure 4.9: Optimal Devices Placement in Robot Serviced Workcell 
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Device Object dx dy clx cly 
Robot 1 1.00 1.00 0.50 0.50 
Feeder 0 2 1.00 1.00 0.50 0.50 
Feeder 1 3 1.00 1.00 0.50 0.50 
Machine 0 4 1.50 2.00 0.25 0.50 
Machine 1 5 3.00 1.00 0.50 0.50 

Table 4.7: Devices Dimensions for Robot Serviced Workcell 

Table 4.7. The robot (i.e., object 1) center coordinates are ( x , y )  = (8,1) and the floor 

plan has dimensions of 16 and 10 length units in the X and Y directions, respectively. 

Therefore, the initial input layout contains one preplaced object and four objects to be 

placed. While feeders are square, both machines are rectangular and can be rotated, as 

their Rotate flag set to TRUE indicates. 

Qualitative constraints are very limited, as shown by the Appendix C input data file. 

Rule Ri forces the input feeder to be on the left of the workscene and rule Ri forces the 

output feeder to be on the right. Rules Rz through Re give priority to solutions having 

devices adjacent to the robot. 

The robot must move material from Feeder 0 to Machine 0, from Machine 0 to Machine 

1, and finally from Machine 1 to Feeder 1. As shown in Appendix C, this information 

determines the list of material handling costs. 

Because a circular path is desired, all feeders and machines must be on a circumference 

of a radius R = 5, as imposed by the list of optimal distances between objects. 

The four best solutions to the problem are shown in Figures 4.10, 4.11, 4.12, and 

4.13. All solutions satisfy the quantitative constraints and have a PIqual = 360, cor

responding to Craw = 0. Their Piquant's are very close, i.e., 64.17, 64.55, 64.62, and 

64.65, respectively. Comparing the pictures, each of them has a different combination of 

topological relationships between the two feeders and the robot. Small variations in the 
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Figure 4.10: First Synthesized Layout for Robot Serviced Assembly Workcell 
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Figure 4.11: Second Synthesized Layout for Robot Serviced Assembly Workcell 
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Figure 4.13: Fourth Synthesized Layout for Robot Serviced Assembly Workcell 
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objects' coordinates are due to the numerical approximations. In addition, the objects 

are forced to maintain the imposed distance from the robot, but they are not constrained 

against rotations around the robot's vertical axis. 
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CHAPTER 5 

CONCLUSIONS 

5.1 Summary of results 

The proposed methodology is a contribution to the efforts to generate optimal machine 

layouts for FMS environments. The integrated symbolic and numerical approach allows 

us to specify qualitative and quantitative constraints and to treat them accordingly. This 

is obtained by superimposing the components dimensional values and center coordinates 

onto a topological layout description. 

The solution strategy uses in alternation both the design aspects, symbolic and nu

merical, to produce a well balanced solution. The symbolic aspect of the design process 

gives a local scope to the numerical optimization problems, while the results of local 

optimization problems guide the symbolic design process in the most promising direction. 

In addition, at any time along the path leading toward the solution, partial layouts 

completely satisfy the constraints. In fact, the generation of new layouts by using symbolic 

rewrite rules is followed by a verification phase in which qualitative and dimensional 

constraints are enforced and an optimization phase in which a single best solution is 

retained. 

The presented case studies demonstrated how the proposed algorithm can be used as 

a synthesis tool for FMS design and how the design problems are formulated and solved 

in the form very similar to the one a human designer would use. 
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5.2 Future work 

Future development work will move along two principal directions. One related to 

the refinement of the proposed layout optimization methodology, another to the complete 

integration of this tool in a CAD environment for FMS synthesis and simulation. The 

following two sections illustrate both perspectives. 

5.2.1 Refinement of the Proposed Methodology 

Considering the layout optimization tool, the current methodology can be refined in 

two different areas: model description and search strategy. 

Each object would have a geometrical description including particular points, areas, or 

sides where parts are picked up or placed, as it is done in the real world. This would give 

a more precise description of each side of the rectangles and would facilitate four different 

orientations of machines, instead of the two possible at the present time. This new type 

of objects would facilitate a more sophisticated workscene description and would lead to a 

corresponding set of rules to describe qualitative constraints. A more precise computation 

of distances involved in the material flow description would also be attained. At the same 

time, costs per unit distance for material handling could become functions of the 

distance itself, thus allowing to incorporate velocity profiles to model more closely the 

kinematic behavior of material handling devices. 

The above refinements would further increase the model complexity both in terms 

of memory and computation requirements. To counterbalance this, the search strategy 

would be improved. At the present stage the objects' placement sequence is fixed and pre

determined by the input data. Although the search process guarantees optimality, some 

insertion sequences are more efficient than others. For example, if there are many small 
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objects and few big ones, inserting the big objects first would detect dimensionally infeasi-

ble arrangements at earlier stages. On the other hand, objects involved in more qualitative 

constraints than others should be placed first, in order to enforce the constraints as early 

as possible. Similarly, material flow among few devices could be predominant and these 

devices would have to be inserted first. The criteria just mentioned, suggest the need to 

develop a good heuristic procedure to automatically sort the list of objects to be inserted. 

An efficient insertion sequence would diminish the parallel exploration of too many paths, 

thus limiting the length of the list of currently open nodes. 

The use of a good heuristic to determine the insertion order would allow to explore 

the use of a suboptimal branch and bound search strategy in which the length of the list 

of open nodes is limited and the least promising partial solutions are discarded. 

5.2.2 Integration in a CAD Environment for FMS 

As illustrated by the case studies, the layout optimization process is an important step 

in a simulation based design framework for FMS. In fact, once machines and material 

handling devices have been chosen in the technology assessment and equipment selection 

process, the layout synthesis tool generates a workscene model used to plan robot tra

jectories and to investigate material handling control strategies by using a discrete event 

simulation engine. 

There are important reasons to verify the layout performance through simulation. 

First, material handing costs w,j and computed distances might not reflect the actual 

scenario. In particular, using robots and AGV's, the number and cost of their moves while 

empty could be very important and should be taken into account. On the other hand, 

these empty moves would be determined by the dynamic behavior of the system given a 

set of experimental conditions. Second, intelligent control strategies for robots could base 
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their decisions on the actual layout parameters in order to optimize their own dynamic 

behavior and could therefore significantly modify the predicted layout performance. 

In order to proceed with the complete integration of the layout optimization tool 

into the proposed CAD environment, an input interface is needed. It would receive the 

production plan, the type of selected equipment, and material handling devices, access 

a database to extract information about their geometry and their particular placement 

requirements, and generate automatically the list of constraint rules, the sequence of 

moves (material handling costs), and the list of optimal distances. 

In conclusion, the proposed layout synthesis methodology would be completely inte

grated into a simulation-based design framework [20], along with product design, produc

tion planning, equipment selection, and motion planning. 
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APPENDIX A 

DATA: ELECTRIC MOTOR ASSEMBLY 

A.l Input Data 

File: exmot.in 

Example with 4 input feeders, 1 output feeder and 3 machines inside an 
electric motor assembly aorkcell. 

Devices numbering scheme as follows: 
Feeder 0 -> Object i 
Feeder 1 -> Object 2 
Feeder 2 -> Object 3 
Feeder 3 -> Object 4 
Feeder 4 -> Object 5 

Machine 0 -> Object 6 
Machine 1 -> Object 7 
Machine 2 -> Object 8 

SolutionNumber 1 FullOptimization TRUE Trace FALSE 

Layout 
Xmin 0.0 Ymin 0.0 Xmax 15.0 Ymax 10.0 

PrePlaced ObjectList 

EndList 

Placed ObjectList 

EndList 

NotPlaced ObjectList 
; Feeders first 

Number 1 Center 0.0 0.0 Size 1.0 
Number 2 Center 0.0 0.0 Size 1.0 
Number 3 Center 0.0 0.0 Size 1.0 

1.0 Clearance 0.25 0.25 Rotate FALSE 
1.0 Clearance 0.25 0.25 Rotate FALSE 
1.0 Clearance 0.25 0.25 Rotate FALSE 
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lumber 4 Center 0.0 0.0 Size 1.0 1.0 Clearance 0.2S 0.25 Rotate FALSE 
lumber 5 Center 0.0 0.0 Size 1.0 1.0 Clearance 0.25 0.25 Rotate FALSE 

; Then machines 
lumber 6 Center 0.0 0.0 Size 2.0 1.0 Clearance 1.00 1.00 Rotate FALSE 
lumber 7 Center 0.0 0.0 Size 3.0 1.0 Clearance 0.50 0.50 Rotate FALSE 
lumber 8 Center 0.0 0.0 Size 3.0 1.0 Clearance 0.50 0.50 Rotate FALSE 

EndList 

GraphXY: 
GraphX: 
GraphY: 

EndLayout 

RuleList 
; rules lor the four input feeders: put them in the corners 
Rule 1 E is, .left 1 Penalty 10.0 Soft FALSE 
Rule 2 1 is, .below E Penalty 10.0 Soft FALSE 
Rule 3 2 is. .left E Penalty 10.0 Soft FALSE 
Rule 4 2 is. .below E Penalty 10.0 Soft FALSE 
Rule 5 E is. .left 3 Penalty 10.0 Soft FALSE 
Rule 6 E is. .below 3 Penalty 10.0 Soft FALSE 
Rule 7 4 is. .left E Penalty 10.0 Soft FALSE 
Rule 8 E is. .below 4 Penalty 10.0 Soft FALSE 

rule for the output feeder: 
Rule 9 E is.below 5 

put it at the bottom 
Penalty 10.0 Soft FALSE 

; rules for the qualitative material flow 
Rule 10 1 is.adjacent 6 Penalty 10.0 Soft FALSE 
Rule 11 2 is.adjacent 6 Penalty 10.0 Soft FALSE 
Rule 12 3 is.adjacent 7 Penalty 10.0 Soft FALSE 
Rule 13 4 is.adjacent 8 Penalty 10.0 Soft FALSE 
Rule 14 6 is.adjacent 7 Penalty 10.0 Soft FALSE 
Rule 15 7 is.adjacent 8 Penalty 10.0 Soft FALSE 
Rule 16 8 is.adjacent 5 Penalty 10.0 Soft FALSE 
; rule list for auxiliary services constraints 
Rule 17 E is.left 6 Penalty 10.0 Soft TRUE 

EndList 

MoveList 
1 To 6 Cost 
2 To 6 Cost 
3 To 7 Cost 
4 To 8 Cost 
6 To 7 Cost 
7 To 8 Cost 
8 To 5 Cost 

EndList 

10.0 DistType XY 
10.0 DistType XY 
10.0 DistType XY 
10.0 DistType XY 
10.0 DistType XY 
10.0 DistType XY 
10.0 DistType XY 
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DistanceList 

EndList 

A.2 Output Data 

File: exmot.out 

LayoutNumber 1 

Layout 

Xmin 0.00 Ymin 0.00 Xmax 15.00 Ymax 10.00 
; qualCost 1360.00 quantCost 177.19 

PrePlaced ObjectList 
EndList 

Placed ObjectList 
Number 1 Center 5.38 8.55 Size 1.00 1.00 Clearance 0.25 0.25 Rotate FALSE 
Number 2 Center 7.06 8.55 Size 1.00 1.00 Clearance 0.25 0.25 Rotate FALSE 
Number 3 Center 6.20 1.70 Size 1.00 1.00 Clearance 0.25 0.25 Rotate FALSE 
Number 4 Center 11.15 1.48 Size 1.00 1.00 Clearance 0.25 0.25 Rotate FALSE 
Number 5 Center 9.48 1.48 Size 1.00 1.00 Clearance 0.25 0.25 Rotate FALSE 
Number 6 Center 6.22 6.18 Size 2.00 1.00 Clearance 1.00 1.00 Rotate FALSE 
Number 7 Center 6.20 3.56 Size 3.00 1.00 Clearance 0.50 0.50 Rotate FALSE 
Number 8 Center 10.31 3.34 Size 3.00 1.00 Clearance 0.50 0.50 Rotate FALSE 

EndList 

NotPlaced ObjectList 
EndList 

GraphXY: 
GraphX: <E, 1><1, 2X2, EXE, 3X4, EX3, 5X5. 4X6, EXE, 6><E, 7X7, 5X3, 8> \ 

<7,8><8,E> 
GraphY: <1,EX2,EXE,3><E,4><E,5><6, 1X6.2X3,7X7,6X4. 8X5, 8X8, 6> 

EndLayout 
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APPENDIX B 

DATA: AGV SERVICED ASSEMBLY 

B.l Input Data 

File: EXAGV.IH 
Example using a production plan to produce an electric notor 
using 4 input feeders, 1 output feeder and 3 machines inside a 
vorkcell serviced by em AGV. The AGV is modeled as a rectangle 

Feeder 0 -> Object 1 
Feeder 1 -> Obj ect 2 
Feeder 2 -> Object 3 
Feeder 3 -> Object 4 
Feeder 4 -> Object S 

AGV -> Obj ect 6 

Machine 0 -> Obj ect 7 
Machine 1 -> Obj ect 8 
Machine 2 -> Obj ect 9 

SolutionHumber 4 FullOptimization FALSE Trace TRUE 

Layout 
Xmin 0.0 Ymin 0.0 Xmax 15.0 Ymax 12.0 

PrePlaced ObjectList 

EndList 

Placed ObjectList 

EndList 

HotPlaced ObjectList 
; input feeders from feeder 0 (Object 1) to feeder 3 (Object 4) 
; all of them are square, no need to rotate them 
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lumber 1 Center 0.0 0.0 Size 1.0 1.0 Clearance 0.25 0.25 Rotate FALSE 
lumber 2 Center 0.0 0.0 Size 1.0 1.0 Clearance 0.25 0.25 Rotate FALSE 
lumber 3 Center 0.0 0.0 Size 1.0 1.0 Clearance 0.25 0.25 Rotate FALSE 
lumber 4 Center 0.0 0.0 Size 1.0 1.0 Clearance 0.25 0.25 Rotate FALSE 

; output feeder 4 (Object 5), square, no need to rotate 
lumber 5 Center 0.0 0.0 Size 1.6 1.5 Clearance 0.25 0.25 Rotate FALSE 

; AGV vehicle (Object 6), it runs horizontally -> no rotation 
lumber 6 Center 0.0 0.0 Size 3.0 3.0 Clearance 6.0 0.0 Rotate FALSE 

; machines: from machine 0 (Object 
lumber 7 Center 0.0 0.0 Size 3.0 
lumber 8 Center 0.0 0.0 Size 2.0 
lumber 9 Center 0.0 0.0 Size 4.0 

EndList 

7) to machine 3 (Object 9) 
2.0 Clearance 0.5 0.5 Rotate FALSE 
1.0 Clearance 0.5 0.5 Rotate FALSE 
3.0 Clearance 0.5 0.5 Rotate FALSE 

GraphXY: 
GraphX: 
GraphY: 

EndLayout 

; the rule base is needed to structure the layout with the 2 row arrangement 
RuleList 

; all devices must be above or below the AGV (Object 6) 
Rule 1 1 is. _not_left 6 Penalty 5.0 Soft FALSE 
Rule 2 2 is. _not_left 6 Penalty 5.0 Soft FALSE 
Rule 3 3 is. .not.left 6 Penalty 5.0 Soft FALSE 
Rule 4 4 is. _not_left 6 Penalty 5.0 Soft FALSE 
Rule 5 5 is. _not_left 6 Penalty 5.0 Soft FALSE 
Rule 6 7 is. _not_left 6 Penalty 5.0 Soft FALSE 
Rule 7 8 is. _not_left 6 Penalty 5.0 Soft FALSE 
Rule 8 9 is. _not_left 6 Penalty 5.0 Soft FALSE 

Rule 9 6 is. .not. .left 1 Penalty 5.0 Soft FALSE 
Rule 10 6 is. .not. .left 2 Penalty 5.0 Soft FALSE 
Rule 11 6 is. .not. .left 3 Penalty 5.0 Soft FALSE 
Rule 12 6 is. .not. .left 4 Penalty 5.0 Soft FALSE 
Rule 13 6 is. .not. .left 5 Penalty 5.0 Soft FALSE 
Rule 14 6 is. .not. .left 7 Penalty 5.0 Soft FALSE 
Rule 15 6 is. .not. .left 8 Penalty 6.0 Soft FALSE 
Rule 16 6 is. .not. .left 9 Penalty 5.0 Soft FALSE 

; all devices must adjacent to the AGV (Object 6) 
Rule 17 1 is.adjacent 6 Penalty 5.0 Soft FALSE 
Rule 18 2 is.adjacent 6 Penalty 5.0 Soft FALSE 
Rule 19 3 is_adjacent 6 Penalty 5.0 Soft FALSE 
Rule 20 4 is.adjacent 6 Penalty 5.0 Soft FALSE 
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Rule 21 6 is.adjacent 6 Penalty 5.0 Soft FALSE 
Rule 22 7 is.adjacent 6 Penalty 5.0 Soft FALSE 
Rule 23 8 is.adjacent 6 Penalty 5.0 Soft FALSE 
Rule 24 9 is.adjacent 6 Penalty 5.0 Soft FALSE 

; four input feeders must be to the corners of the layout 
Rule 25 E is.left 1 Penalty 5.0 Soft FALSE 
Rule 26 1 is.below E Penalty 5.0 Soft FALSE 
Rule 27 E is.left 2 Penalty 5.0 Soft FALSE 
Rule 28 E is.below 2 Penalty 6.0 Soft FALSE 
Rule 29 3 is.left E Penalty 5.0 Soft FALSE 
Rule 30 3 is.below E Penalty 5.0 Soft FALSE 
Rule 31 4 is.left E Penalty 5.0 Soft FALSE 
Rule 32 E is.below 4 Penalty 5.0 Soft FALSE 

; output feeder must be to the bottom of the layout 
Rule 33 E is.below 5 Penalty 5.0 Soft FALSE 

EndList 

; The move list expresses the production plan 
; Moves area approximated by direct paths among objects 

MoveList 

traveling of the AGV is in the X direction, and moves are 
given by the material flow in the production plan 

1 To 7 Cost 10.0 DistType X 
2 To 7 Cost 10.0 DistType X 
7 To 8 Cost 10.0 DistType X 
3 To 8 Cost 10.0 DistType X 
8 To 9 Cost 10.0 DistType X 
4 To 9 Cost 10.0 DistType X 
9 To S Cost 10.0 DistType X 

; AGV loading and unloading is in the Y direction 

; input feeders are unloaded once 
1 To 6 Cost 10.0 DistType Y 
2 To 6 Cost 10.0 DistType Y 
3 To 6 Cost 10.0 DistType Y 
4 To 6 Cost 10.0 DistType Y 

; output feeder is loaded once 
6 To 5 Cost 10.0 DistType Y 

; machines are loaded twice (two parts arriving) and unloaded 
; once (one assembly produced) 
6 To 7 Cost 20.0 DistType Y 
7 To 6 Cost 10.0 DistType Y 
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6 To 8 Cost 20.0 DistType Y 
8 To 6 Cost 10.0 DistType Y 
6 To 9 Cost 20.0 DistType Y 
9 To 6 Cost 10.0 DistType Y 

EndList 

DistanceList 

EndList 

B.2 Output Data 

File: exagv.out 

LayoutNumber 4 

Layout 

Xmin 0.00 Ymin 0.00 Xmax 16.00 Ymax 12.00 
; qualCost 1485.00 quantCost 558.41 

PrePlaced ObjectList 
EndList 

Placed ObjectList 
Number 1 Center 1. ,53 7.69 Size 1 .00 1 .00 Clearance 0 .25 0 .25 Rotate FALSE 
Number 2 Center 4. .39 2.88 Size 1 .00 1 .00 Clearance 0 .25 0 .25 Rotate FALSE 
Number 3 Center 12.77 7.69 Size 1.00 1.00 Clearance 1 9.25 0.25 Rotate FALSE 
Number 4 Center 11.32 2.88 Size 1.00 1.00 Clearance 0.25 0.25 Rotate FALSE 
Number 5 Center 9. 41 2.63 Size 1 .50 1 .50 Clearance 0 .25 0 .25 Rotate FALSE 
Number 6 Center 7. 50 5.28 Size 3 .00 3 .00 Clearance 6 .00 0 .00 Rotate FALSE 
Number 7 Center 4. 43 8.38 Size 3 .00 2 .00 Clearance 0 .50 0 .50 Rotate FALSE 
Number 8 Center 6. 80 2.69 Size 2 .00 1 .00 Clearance 0 .50 0 .50 Rotate FALSE 
Number 9 Center 9. 36 8.88 Size 4 .00 3 .00 Clearance 0 .50 0 .50 Rotate FALSE 

EndList 

NotPlaced ObjectList 
EndList 

GraphXY: 
GraphX: <E, 1><E,2><3,E><4,E><5,4><6,EXE,6X1,7X2,8X8,5><9, 3X7,9> 
GraphY: <1,E><E,2><3,EXE,4><E,5><6,1><6,3><2,6><4,6X5,6X7,E><6,7>\ 

<8, 6><E, 8X6, 9X9, E> 

EndLayout 
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Layout 

Xmin 0.00 Ymin 0.00 Xmax IS.00 Ymaz 12.00 
; qualCost 1485.00 quantCost 560.38 

PrePlaced ObjectList 
EndList 

Placed ObjectList 
lumber 1 Center 1.52 7.69 Size 1 .00 1 .00 Clearance 0.25 0.25 Rotate FALSE 
lumber 2 Center 4.42 2.88 Size 1 .00 1 .00 Clearance 0.25 0.25 Rotate FALSE 
lumber 3 Center 12.50 7.69 Size 1.00 1.00 Clearance 0.25 0.25 Rotate FALSE 
lumber 4 Center 11.50 2.88 Size 1.00 1.00 Clearance 0.25 0.25 Rotate FALSE 
Number 5 Center 6.45 2.64 Size 1 .50 1 .50 Clearance 0.25 0.25 Rotate FALSE 
lumber 6 Center 7.50 5.28 Size 3 .00 3 .00 Clearance 6.00 0.00 Rotate FALSE 
lumber 7 Center 4.42 8.38 Size 3 .00 2 .00 Clearance 0.50 0.50 Rotate FALSE 
lumber 8 Center 9.10 2.69 Size 2 .00 1 .00 Clearance 0.50 0.50 Rotate FALSE 
lumber 9 Center 9.09 8.88 Size 4 .00 3 .00 Clearance 0.50 0.50 Rotate FALSE 

EndList 

lotPlaced ObjectList 
EndList 

GraphXY: 
GraphX: <E, 1XE. 2X3, E><4, E><2. 5X6, EXE, 6X1, 7x8, 4X5,8X9,3X7, 9> 
GraphY: <1, EXE, 2X3, EXE, 4XE, 5X6, 1X6, 3X2, 6X4. 6X5, 6X7, E><6, 7> \ 

<E,8X8,6X6,9X9.E> 

EndLayout 

Layout 

Xmin 0.00 Ymin 0.00 
; qualCost 1485.00 

PrePlaced ObjectList 
EndList 

Xmax 15.00 Ymaz 12.00 
quantCost 570.88 

Placed ObjectList 
Humber 1 
lumber 2 
Number 3 
lumber 4 
lumber 5 
lumber 6 
lumber 7 
lumber 8 
lumber 9 

Center 4.50 7.93 
Center 1.59 3.12 
Center 11.62 7.93 
Center 12.67 3.12 
Center 7.65 2.88 
Center 7.50 6.53 
Center 4.60 2.43 
Center 10.27 2.93 
Center 8.21 9.12 

Size 1.00 1.00 
Size 1.00 1.00 
Size 1.00 1.00 
Size 1.00 1.00 

Size 1.50 1.50 
Size 3.00 3.00 
Size 3.00 2.00 
Size 2.00 1.00 

Size 4.00 3.00 

Clearance 0.25 0.25 
Clearance 0.25 0.25 
Clearance 0.25 0.25 
Clearance 0.25 0.25 

Clearance 0.25 0.25 
Clearance 6.00 0.00 
Clearance 0.50 0.50 
Clearance 0.50 0.50 

Clearance 0.50 0.50 

Rotate FALSE 
Rotate FALSE 
Rotate FALSE 
Rotate FALSE 

Rotate FALSE 
Rotate FALSE 
Rotate FALSE 
Rotate FALSE 

Rotate FALSE 
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EndList 

lotPlaced ObjectList 
EndList 

GraphXY: 
GraphX: <E, 1><E,2X3.EX4.EX6.EXE,6X2,7><7,6X8,4><5,8><1,9><9,3> 
GraphY: <1,EXE,2X3.E><E,4XE,5X6,1X6,3X2,6X4,6X5,6><7,6XE,7> \ 

<E, 8><8, 6X9, EX6, 9> 

EndLayout 

Layout 

Xmin 0.00 Ymin 0.00 
; qualCost 1485.00 

PrePlaced ObjectList 
EndList 

Xmax 15.00 Ynax 12.00 
quantCost 570.92 

Placed ObjectList 
lumber 1 Center 
Vuaber 2 Center 
lumber 3 Center 
lumber 4 Center 
lumber 5 Center 
lumber 6 Center 
Dumber 7 Center 
Number 8 Center 
Number 9 Center 

EndList 

4.44 7.93 
I.54 3.12 
II.77 7.93 
12.62 3.12 
10.71 2.88 
7.50 5.53 
4.44 2.43 
8.10 2.93 
8.37 9.12 

Size 1.00 1.00 
Size 1.00 1.00 
Size 1.00 1.00 
Size 1.00 1.00 
Size 1.50 1.50 

Size 3.00 3.00 
Size 3.00 2.00 
Size 2.00 1.00 
Size 4.00 3.00 

Clearance 0.25 0.25 
Clearance 0.25 0.25 
Clearance 0.25 0.25 
Clearance 0.25 0.25 
Clearance 0.25 0.25 

Clearance 6.00 0.00 
Clearance 0.50 0.50 
Clearance 0.50 0.50 
Clearance 0.50 0.50 

Rotate FALSE 
Rotate FALSE 
Rotate FALSE 
Rotate FALSE 
Rotate FALSE 

Rotate FALSE 
Rotate FALSE 
Rotate FALSE 
Rotate FALSE 

NotPlaced ObjectList 
EndList 

GraphXY: 
GraphX: <E, 1><E, 2X3,E><4,E><5,4X6,EXE,6X2,7X8,5X7,8><1,9X9,3> 
GraphY: < 1,EXE,2><3,EXE,4><E,5X6, 1X6,3X2,6X4,6X5,6><7,6><E,7> \ 

<E, 8X8, 6X9, EX6, 9> 

EndLayout 
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DATA: ROBOT SERVICED WORKCELL 

C.l Input Data 

File: EXPUMA.IH 
Example of a circular layout with robot preplaced in the center and 
other devices to be placed on a circumference. 

Robot -> Object 1 
Feeder 0 -> Object 2 
Feeder 1 -> Object 3 

Machine 0 -> Object 4 
Machine 1 -> Object 5 

SolutionNumber 4 FullOptimization TRUE Trace FALSE 

Layout 
Xmin 0.0 Ymin 0.0 Xmax 16.0 Ymax 10.0 

PrePlaced ObjectList 
; Robot is fixed 
Number 1 Center 8.0 1.0 Size 1.0 1.0 Clearance 0.5 0.5 Rotate FALSE 

EndList 

Placed ObjectList 

EndList 

NotPlaced ObjectList 
; input and output feeders, square -> 
lumber 2 Center 0.0 0.0 Size 1.0 1.0 
Number 3 Center 0.0 0.0 Size 1.0 1.0 

; machines 
lumber 4 Center 0.0 0.0 Size 1.5 2.0 
lumber 5 Center 0.0 0.0 Size 3.0 1.0 

EndList 

no need to rotate 
Clearance 0.5 0.5 Rotate FALSE 
Clearance 0.5 0.5 Rotate FALSE 

Clearance 0.25 O.S Rotate TRUE 
Clearance 0.5 0.5 Rotate TRUE 
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; the graph correspond to the only preplaced object 
GraphXY: 

GraphX: <E,1X1,E> 
GraphY: <E,iXl,E> 

EndLayout 

RuleList 
; rules to have input feeder on the left and output feeder on the right 
Rule 1 E is.left 2 Penalty 5.0 Soft FALSE 
Rule 2 3 is_left E Penalty 5.0 Soft FALSE 

; rules to group devices close to the robot 
Rule 3 
Rule 4 
Rule 5 
Rule 6 

EndList 

is.adjacent 
is_adjacent 
is.adjacent 
is.adjacent 

Penalty 20.0 
Penalty 20.0 
Penalty 20.0 
Penalty 20.0 

Soft TRUE 
Soft TRUE 
Soft TRUE 
Soft TRUE 

; list of moves for the production plan 
MoveList 

2 To 4 Cost 10.0 DistType XY 
4 To 5 Cost 10.0 DistType XY 
5 To 3 Cost 10.0 DistType XY 

EndList 

devices should be on a circular layout 
DistanceList 

1 To 2 
1 To 3 
1 To 4 
1 To 5 

EndList 

Cost 2.0 
Cost 2.0 
Cost 2.0 
Cost 2.0 

OptDist 5.0 
OptDist 5.0 
OptDist 5.0 
OptDist 5.0 

DistType XY 
DistType XY 
DistType XY 
DistType XY 

C.2 Output Data 

; File: expuma.out 

LayoutNunber 4 

Layout 

Xmin 0.00 Ymin 0.00 Xmax 16.00 Ymax 10.00 
; qualCost 360.00 quantCost 64.17 
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PrePlaced ObjectList 
lumber 1 Canter 8.00 1.00 Size 1.00 1.00 Clearance 0.60 0.S0 Rotate FALSE 

EndList 

Placed ObjectList 
lumber 2 Center 4.91 5.S6 Size 1.00 1.00 Clearance 0.60 0.50 Rotate FALSE 
lumber 3 Center 11.09 5.56 Size 1.00 1.00 Clearance 0.50 0.50 Rotate FALSE 
lumber 4 Center 6.97 5.88 Size 1.50 2.00 Clearance 0.25 0.50 Rotate TRUE 
Number 5 Center 9.03 5.88 Size 1.00 3.00 Clearance 0.50 0.50 Rotate TRUE 

EndList 

NotPlaced ObjectList 
EndList 

GraphXY: 
GraphX: <E, 1>< 1, E><E, 2x3, E><2, 4x5, 3X4. 5> 
GraphY: <E, lx 1, 2X2, EX3, EX 1, 3X4, EX 1, 4X1, 5X5, E> 

EndLayout 

Layout 

Xmin 0.00 Ymin 0.00 Xmax 16.00 Ymax 10.00 
; qualCost 360.00 quantCost 64.55 

PrePlaced ObjectList 
Number 1 Center 8.00 1.00 Size 1.00 1.00 Clearance 0.50 0.50 Rotate FALSE 

EndList 

Placed ObjectList 
Number 2 Center 5.27 5.57 Size 1.00 1.00 Clearance 0.50 0.50 Rotate FALSE 
Number 3 Center 11.44 4.99 Size 1.00 1.00 Clearance 0.50 0.50 Rotate FALSE 
Number 4 Center 7.33 5.84 Size 1.50 2.00 Clearance 0.25 0.50 Rotate TRUE 
Number 5 Center 9.39 5.62 Size 1.00 3.00 Clearance 0.50 0.50 Rotate TRUE 

EndList 

NotPlaced ObjectList 
EndList 

GraphXY: 
GraphX: <E, 1XE, 2X1, 3X3. EX2, 4X4, 5X5, 3> 
GraphY: <E, 1X1,2X2,EX3,EXE,3X4,EXl ,4X5.EXl,5> 

EndLayout 

Layout 
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Xmin 0.00 Ymin 0.00 Xaax 16.00 Ymax 10.00 
; qualCost 360.00 quantCost 64.62 

PrePlaced ObjectList 
lumber 1 Center 8.00 1.00 Size 1.00 1.00 Clearance 0.50 0.50 Rotate FALSE 

EndList 

Placed ObjectList 
lumber 2 Center 4.91 4.97 
Number 3 Center 11.09 4.97 
Dumber 4 Center 6.97 5.35 
lumber 5 Center 9.03 5.36 

EndList 

VotPlaced ObjectList 
EndList 

GraphXY: 
GraphX: <2,1><E,2X1,3><3,E><2,4><4,5><5,3> 
GraphY: <E, IXE,2X2,E><3,EXE,3X1,4X4,E><5,EXI, 5> 

EndLayout 

Size 1.00 1.00 Clearance 0.50 0.50 Rotate FALSE 
Size 1.00 1.00 Clearance 0.50 0.50 Rotate FALSE 

Size 1.50 2.00 Clearance 0.25 0.50 Rotate TRUE 
Size 1.00 3.00 Clearance 0.50 0.50 Rotate TRUE 

Layout 

Xmin 0.00 Ymin 0.00 Xmax 16.00 Ymax 10.00 
; qualCost 360.00 quantCost 64.65 

PrePlaced ObjectList 
Number 1 Center 8.00 1.00 Size 1.00 1.00 Clearance 0.50 0.50 Rotate FALSE 

EndList 

Placed ObjectList 
Number 2 Center 4.56 4.98 Size 1.00 1.00 Clearance 0.50 0.50 Rotate FALSE 
Number 3 Center 10.73 5.52 Size 1.00 1.00 Clearance 0.50 0.50 Rotate FALSE 
Number 4 Center 6.61 5.67 Size 1.50 2.00 Clearance 0.25 0.50 Rotate TRUE 
Number 5 Center 8.67 5.89 Size 1.00 3.00 Clearance 0.50 0.50 Rotate TRUE 

EndList 

NotPlaced ObjectList 
EndList 

GraphXY: 
GraphX: < 1, E><2, 1><E, 2X3, EX2, 4X5, 3X4, 5> 
GraphY: <E, 1><E,2X2,EX 1,3X3,E><1,4X4,EXI,5X5,E> 

EndLayout 
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