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6 LAYOUT PLANNING MODELS AND DESIGN ALGORITHMS

plan. Product, fnanufacturing, marketing, distribution, management, and human re-
source plans will be impacted by and will have an impact on the facilities layout.

The facilities requirements resulting from product design, process design, and
schedule design decisions were examined in Chapter 2. The impact of personnel
requirements On space, proximities, and special features of the facility was treated
in Chapter 4.

Chapter 3 provided a comprehensive treatment of activity relationships, space
requirements, anq types of planning departments as they relate to facilities plan-
ning. From that discussion, as well as the emphasis in Chapter 1 on the establish-
ment of activity relationships and determination of space requirements, it is clear
that both the block layout and the detailed layout are critically important, in design-
ing a layout for a facility.

Before proceeding further, it seems appropriate to address two questions
which frequently come up in a layout planning project: ,

1. Which comes first, the material handling system or the facility layout?
2. Which comes first, the block layout or the detailed layour?

Many appear to believe the layout should be designed first and then that the
material handling system should be developed. Yet material handling decisions can
have a significant impact on the effectiveness of a layout. For example, the follow-
ing decisions will affect the layout:

1. Centralized versus decentralized storage of work-in-process (WIP), tooling,
and supplies

Fixed-path versus variable-path material handling

The handling unit (unit load) planned for the systems versus one-piece flow
The degree of automation used in handling

The type or level of inventory control, physical control, and computer control
of materials

W e W

Each of the above considerations affects the requirements for space, equipment, and
personnel, as well as the degree of proximity required between various departments.
Why do people tend to focus first on layout? Perhaps one reason is an
overemphasis on the manufacturing process. For example, it seems perfectly logical
to place department B next to department A “if process B occurs immediately after
process A.” In such a situation, the handling problem is reduced to the question,
“What is the best way to move materials from A to B?” Convemional. wi§dom sug-
gests that the handling problem can be addressed after the layout is finalized.
However, if materials cannot flow directly from department A to department B,

then WIP storage is required in A, B, and/or elsewhere. Depending on the storage
centralized WIP storage area might be used, so that

torage), and then from S to B. With such a centralized
WIP storage system, materials do not flow frqm At B,and Bno longer needb:_‘? bf
placed next to A. Furthermore, the centralized system Qrovndes added ﬂembl\llry
when the process sequence changes. Yet lean manufacturing teaches us.to ‘rec'l?tmg
the departments and create «cells” so that the gans ﬂow', ope at a time, dlrettl)i . wm:t y
one workstation to the next, which eliminates mtermednatg storage areas anq 51;.:]

icantly reduces the material handling distances and delays incurred due to batching.

and control requirements, a
materials flow from A to S (s
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Another reason for the “layout first” approach cpu]d be a mlsapptcatlon of the
“handling less is best” adage. For example, i_n one-piece flow (tlile r;!lade one, move
one principle practiced in lean manufacturing), the pfarts are an. e mczire limes
compared to batching (when all the parts are placed in one ConFaxnefr and moved
only once as a unit load). Yet, due to delays introduced by ba.tchmg, in a large ma-
;oﬂﬁf of cases, one-piece flow is the preferred approach, provnFled the ?vorkst:inons
are i)laced next to each other. Hence, when one says “handling less is besF, (?ne
needs to be careful in how handling is defined and how less or more handling im-
pacts measures such as W1P inventory, the expected time it. takes for the parts to
travel through the system, and walk times/material handling times f(?r_ the operators.

So, which comes first, the material handling system or the facility layout? Our
answer is, “Both!” The layout and the handling system should be designed simulta-
neously. The complexity of the design problem, however, generally requires that a
sequential process be used. For this reason, we recommend that a number of 'alter-
native layout plans be developed and the appropriate handling system be designed
(at least at a conceptual level) for each alternative. The preferred layout will be that
which results from a consideration of the system as a whole [72].

As for the second question, our recommendation is to first obtain basic require-
ments for each department (such as space requirements, shape constraints, and so
on) and then develop a set of alternative block layouts. Once the desirable block lay-
out is identified, the analyst can then develop a detailed layout for each department.
In the process, he/she may very well go back and “massage” or “modify” the block
layout, creating an iterative process, which can be repeated for some of the other
block layout alternatives as well. Since the process often ends up being an iterative
one, the starting point is less critical, although gathering basic information for each
department and then starting with macro-flows is often a practical approach.

6.2 BASIC LAYOUT TYPES

In Chapter 3, we identified four types of planning departments:

1. Fixed material location departments
2. Production line departments

3.  Product family departments

4. Process departments

Based on the above types of departments
shown earlier in Figure 3.37 and Table 3.
is repeated here as Figure 6.1.)

, we also identified four types of layouts, as
2. (For the reader’s convenience, Figure 3.37

Before we explain in the next section various procedures developed for gener-
ating and evaluating layout alternatives, we need to stress that identifying the right
number and types of departments that are going to be used to populate the layout is
a key step the facilities planner must perform first. A critical document for this pur-
pose is the future state map (FSM). The facilities planner must establish very clearly
the relationship between each “process box” in the FSM and each “departmém” that

is to appear in the layout. Skipping this step (or performing it with a poorly defined
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Figure 6.1 Alternative types of layouts. (@) Production line product layout. (b) Fixed
product layout. (¢) Product family layout. (d) Process layout.

FSM) may result in a layout that minimizes the flow distances between the “wrong”
depaﬂments; that is. the flow distances in the layout may be minimized, but the de-
Panments thay populate the layout may not be the right type of departments .needcd
o Support lean manufacturing. (For an introduction to value stream Enappmg and
basic Jean principles used to develop an FSM, the reader may refer to (541
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6.3 LAYOUT PROCEDURES

i facilities pla -
A number of different procedures have been developed t(l) a:ijﬁglj ir?to two Ela;n :;tl:
KElpI IaYon: dicaio B pmiegtéfsgjrzzccﬂﬁz layout methods basicau):
ies: construction type and improvement type. edures, on the o
gm(i::l?:e developing a new layout “from scrgtcb. Impr Ol’ee’ ’nlfsnitn p;(r)lcexisting layout ther
hand, generate layout alternatives by seel;mgf 1rr}lptf;);’:}2Ut lter e fcus o e,
' . i cili
Although a number of papers in the fa k still involves sy
i g es, most layout work s me
velopment of construction-type procsd o facility. As Immer [29, p. 32] observed a5
form of improving the layout of an existing facility.
early as the 1950s,

Much of [the] work will consist of making minor changes in [an]' existing !ayoilt, ;
locating new machines, revising a section of the plant, and m.akm_g occasiona fsru ies
for material handling. The plans for a complete new productlor.l line or a new alctory
may make the headlines, but except for a war or a new expansion, the average layout
[planner] will very seldom have to consider such a problem.

While Immer’s observation still holds today for the most part, some changes
to the layout are no longer “minor” changes (due to the far-reaching impact lean
manufacturing has had in the manufacturing sector), and there are new plants
being built around the globe, as manufacturing spreads from traditional bases such
as the United States to other regions of the world.

We begin our discussion of layout procedures by discussing some of the orig-
inal approaches to the layout problem. The concepts in these approaches continue
to serve as the foundation of many of the methodologies proposed today.

6.3.1 Apple’s Plant Layout Procedure

Apple (2] proposed the followin

g detailed sequence of steps in producing a plant
layout.

P

Procure the basic data.
Analyze the basic data,
Design the productive process.

Plan the material flow pattern.

Consider the general materig] handling plan.
Calculate equipment requirements,

Plan individual workstations.

Select specific material h
Coordinate groups of rel

OO NV AW N

andling equipment,

ated operations.
10. Design activity inlcrrelationships.

11.  Determine storage requirements.
12, Plan service and auxiliary activitjes,
13, Determine Space requirements.
Allocate activities to tota] space,

15. Consider building types.
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16. Construct master layout.

17. Evaluate, adjust, and check the layout with the appropriate persons.
18. Obtain approvals.

19. Install the layout.

20. Follow up on implementation of the layout.

Apple noted that these Steps are not necessarily performed in the sequence given.
AS he pUt lt;

Since no two layout design projects are the same, neither are the procedures for de-
signing them. And, there will always be a considerable amount of jumping around
among the steps, before it is possible to complete an earlier one under consideration.
Likewise, there will be some backtracking going back to a step already done—to re-
check or possibly re-do a portion, because of a development not foreseen [2, p. 14].

6.3.2 Reed’s Plant Layout Procedure

Reed [53] recommended the following “systematic plan of attack” as required steps
in “planning for and preparing the layout.”

Analyze the product or products to be produced.

Determine the process required to manufacture the product.

Prepare layout planning charts.

Determine workstations.

Analyze storage area requirements.

Establish minimum aisle widths.

Establish office requirements.

Consider personnel facilities and services.

B BN - NV R N O N

Survey plant services.
Provide for future expansion.

Do
e

Reed calls the layout planning chart “the most important single phase of the entire
layout process” [53, p. 10]. It incorporates the following:

Flow process, including operations, transportation, storage, and inspections
Standard times for each operation

Machine selection and balance

Manpower selection and balance

Material handling requirements

An example of a layout planning chart is given in Figure 6.2. Such charts can be viewed
as the predecessors of value stream maps used in lean manufacturing today [54].

A R B e

6.3.3 Muther’s Systematic Layout Planning (SLP) Procedure

Muther [49] developed a layout procedure he named systematicj layout planning, or
SLP. The framework for SLP is given in Figure 6.3. It uses as its foundation the activ-
ity relationship chart described in Chapter 3 and illustrated in Figure 6.4.
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Input data and activities

R

1. Flow of 2. Activity
materials relationships
3. Relationship 2
diagram =
c
<
4. Space —— ~«——_| 5. Space
requirements available
Y T
6. Space
relationship
diagram
7. Modifying ~<—1 8. Practical S
considerations |5, -] limitations S
n
¥
9. Develop
layout
alternatives
_________________ V
(=
x=3
10. Evaluation 8
»

Figure 6.3 Systematic layout planning (SLP) procedure.

Based on the input data and an understanding of the roles and relationsmps
between activities, a material flow analysis (from-to chart) and an activity relation-
ship analysis (activity relationship chart) are performed. From the analyses per-
formed, a relationship diagram is developed (Figure 6..5). o -

The relationship diagram positions activities spatially. Proximities are t).fpxcal'ly
used to reflect the relationship between pairs of activities..Although 'the re.lauonshnp
diagram is normally two-dimensional, there have been nqstances {n .whxch three-
dimensional diagrams have been developed 'when multistory buildings, mezza-
nines, and/or overhead space were being considered.
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Figure 6.4 Activity relationship chart.

signe;j”t]s ::Z“}: ;VZSVS;@P; lnvolvlf the dgtermination of the amount of space to be as-
sheets would be Comy'le: Olinfc a,p t‘er L de;? arimental service and area S
emesits e be : d{) e{fc‘ Or each planning department. Once the space assign-

€N made, space templates are developed for each Planning department,

and the space js “hun ' ip di
s : g on the relationship diagram” ai i i
diagram (Figure 6.6). agram” to obtain the Space relationship
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Figure 6.5 Relationship diagram.
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Figure 6.6 Space relationship diagram.
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Figure 6.7 Alternative block layouts.

Based on modifying considerations and practical limitations, a number of I?YOl.lt
alternatives are developed (Figure 6.7) and evaluated. The preferred alternative is
then identified and recommended. _

While the process involved in performing SLP is relatively straightforward, it
does not necessarily follow that difficulties do not arise in its application. We ad-
dressed in Chapter 3 such issues as the a Ppriori assignment of activity relationships
and the use of proximity as a criterion for measuring the degree of satisfaction of ac-
tivity relationships. In addition to those concerns, it should be noted that alternative

, the shapes of the individual space templates used
in constructing the space relationship dia

natives. Finally, the conversion of a spac
layout alternatives is not a mechanical process: intuition, judgment, and experience
are important ingredients in the process.

The SLP procedure can be used s
and then a detailed layout for each pla

6.4 ALGORITHMIC APPROACHES

The relative placement of
“material flow intensities” j

layout procedures we presented in the previous i i :

w?rk ar;d overall process to construct or improve g layout, byt they do not provide

zcli e;)irgnr:aa r]})(goecsaclllt&;et i(;rn al’%orithm for some of tht.? Critical steps associated with layout

formal procedures that‘can help the | i o gt e o

at the same time provide hini . he ay(.)ut an:a lys:t dev_elop Or improve a ayontend

tion of various layout alternati\? I her with oblefCtlve criteria to facilitate the evalua-
es that emerge in the process.

he models and

vV
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The layout algorithms we present, at least in theory, can be executed by
hand. HQW'eV'ef. for most Practical, real-world problems, the algorithms we show
here are intended or best-syijted for computer implementation. Currently available
computer-based layout algorithms cannot replace human judgment and experience,
and they gener ally do not capture the qualitative characteristics of a layout. However,
computerized layout algorithms ¢an significantly enhance the produc‘iiV'ity of the lay:
out planner and the quality of the final solution by generating -and numerically eval-
uating a large number of layout alternatives in a very short time. Computerized

lavout aigoritl'lms are also very effective in rapidly performing “what-if” analyses
based on varying the input data of the layout itself,

productivity of the layout planner, in this section we will focus on those algorithms
that can actually improve a given layout or develop a new layout from scratch.

6.4.1 Algorithm Classification

Most layout algorithms can be classified according to the type of input data they
require. Some algorithms accept only qualitative “flow” data (such as a relationship
chart), while others work with a (quantitative) flow matrix expressed as a from-to
chart. Some algorithms (such as BLOCPLAN) accept both a relationship chart and a
from-to chart; however, the charts are used only one at a time when evaluating a
layout. The current trend appears to be toward algorithms that use a from-to chart,
which generally requires more time and effort to prepare but provides more infor-
mation on parts flow (or material handling trips) when completed. Given that Sflow
values can be converted to relationship ratings and vice versa, most algorithms can
be used with either type of data. Of course, if a relationship chart is converted to a
from-to chart (by assigning numerical values to the closeness ratings), then the
“flow” values picked by the layout planner represent only an ordinal sFale. .
With respect to data input, the time and effort required to compile a relation-
ship chart or a from-to chart increases rapidly with the number‘ of d_epartments.
Since the relationship chart is based on user-assigned closeness ratings, 1ts.construc-
i . ; iple individuals. After obtaining such input, the
ton often requires input from multiple indi . -
s 5 ible inconsistencies. For example, for the
analyst needs to identify and resolve possible : '
may assign an “A,” while another assigns an
same pair of departments, one person may o . ) )
-ide who is “right” and who is “wrong,” the analyst
“L” Rather than attempt to decide w . R
ith both individuals to understand the reasons behind their ratings
needs to meet with (.)t 1 ‘oncerned parties, determine the final closeness rating
and, with agreement from all concer ,
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to be used for the pair. Given the significant increase in the\ nur’nf.)er f)f all possip,

s g 4 ‘tion of ber of departments, relationship chapy -
department pairs as a function of [}‘lt‘ numbe ' ‘ e
often not practical for problems with 20 or more departmfer?tb. .

The same increase in the number of department pairs also applies to from.to
charts. For medium- to large-sized problems (say, 20-30 Of_ more departmems)‘ fill-
ing out each entry in the from-to chart would not be practical. hrl such Case§, how.
ever. the from-to chart can be constructed in r_eas'onable time by using the
production route data for each product (or product fanjuly). For example, if produc
type A is processed through departments 1-2-5-7, and is moved at a rate of, say, 2
loads per hour, then we set Si2 = fis = f55 = 20 in the from-to chart. Repeatlng this
process for each product (or product type) completes the from-tq chart, which j
often a “sparse matrix” (i.e., it contains many blank entries). In fact, in many cases, it
is useful to first construct a separate and complete from-to chart for each product (or
product type) so product-level flow data remain available to the analyst at all timeg,
Subsequently, individual product-level from-to charts can be combined into ope
cumulative chart, using appropriate weights for individual product types if necessary.
Of course, the construction of the from-to chart in the above manner is done by
computers in most cases. Also, if the unit of flow for the product changes as it moves
from one process to the next, then appropriate multipliers can be inserted into the
routing data to scale the flow intensity up or down based on the unit of flow.

Layout algorithms can also be classified according to their objective functions,
There are two basic objectives: one aims at minimizing the sum of flows times djs-
tances, while the other aims at maximizing an adjacency score. Generally speaking,
the former, that is, the “distance-based” objective—which is similar to the classical
quadratic assignment problem (QAP) objective—is more suitable when the input
data is expressed as a from-to chart, and the latter, that is, the “adjacency-based”
objective, is more suitable for a relationship chart,

Consider first the distance-based objective. Let m denote the number of depart-
ments, f; denote the flow from department 7 to department j (expressed in number
of unit loads moved per unit time), and ¢, denote the cost of moving a unit load

minz= 3 fic;dy 6.1

=1 j=1

sured according to g particular aisle structure (if one is specified).

Note that the €y values in Equation 6.1 are implicitly assumed to be independ-
ent of the utilization of the handling equipment, and they are linearly related to the
length_ of the move. In those cases where the ¢, values do not satisf)'/ the above as-
SUMpons, one may set ¢y = 1forall iand jand focus only on total unit load travel
in the facility (i.e., the product of the Jfiy and the d; values). In some cases, it may
also be possible to use the ¢, values as relative “weights” (based on unit load attri-
butes such as size weight, bulkiness, etc.) and minimize the weighted sum of unit
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Consider next the adjacency-based objective, where the adjacency score is
computed as the sum of all the flow values (or relationship values) between those
deparuments that are adjacent in the layout. Letting x; = 1 if departments 7 and j are
adjacent (that is, if they share a border) in the layout, and 0 otherwise, the objective
is to maximize the adjacency score: that is,

m m

max 2= > > fx, 6.2)

=1 =1

Although the adjacency score obtained from Equation 6.2 is helpful in comparing
wo or more alternative layouts, it is often desirable to evaluate the relative efficiency
of a particular layout with respect to a certain lower or upper bound. For this pur-
pose, the layout planner may use the following “normalized” adjacency score:

2:1121’:1 i Xij
m m 6.
2i=12j=1fxy 62

Note that the normalized adjacency score (which is also known as the efficiency
rating) is obtained simply by dividing the adjacency score obtained from Equation 6.2
by the total flow in the facility. As a result, the normalized adjacency score is always
between zero and 1. If the normalized adjacency score is equal to 1, it implies that all
department pairs with positive flow between them are adjacent in the layout.

In some cases, the layout planner may represent an X relationship between
departments 7 and j by assigning a negative value to Ji The exact negative value to
be used should be determined with respect to the “real” (i.e., positive) flow values
in the from-to chart. If such “negative flow” values are used, then the normalized
adjacency score must be modified as follows:

Z(U)EFj;jxg' + E(zg)eﬁﬁj(l - X
Z P
E(t;j)eafg- - E(w)efﬁj

where Fand F represent the set of department pairs with positive and negative flow
values, respectively.

The adjacency-based objective has been used in a number of algorithms; see, for
€xample, (15], [16), [17], and [47], among others. Although such an objective is easy to
use and intuitive (i.e., department pairs with high closeness ratings or large flows need
to be adjacent in the layout), it is generally not a complete measure of layout efficiency
since it disregards the distance or separation between nonadjacent departments. There-
fore, as remarked in [6], it is possible to construct two layouts that have identical or
similar adjacency scores but different travel distances in terms of parts flow.

Layout algorithms can further be classified according to Fhe format they use _for
layout representation. Most layout algorithms use the discrete representatlon
(shown in Figure 6.8a), which allows the computer to store and mampula}tc the lay-
Out as a matrix. With such a representation, the area of each department is rounded
off to the nearest integer number of grids. If ;he grid size m too large (100 §mu}l).
Small (large) departments may have too few (100 many) gnd&:.. Al'so, t.h't‘ grid Suze
determines the overall “resolution” of the layout; a smaller grid size yxelds: a finer
resolution, which allows more flexibility in department shapes. However, since the

z =

6.9
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Figure 6.8 Discrete versus continuous layout representation. (Adapted from (18].)

total area is fixed, a smaller grid size results in a larger ngmber of grids (or .
larger matrix), which can considerably increase the Computatlonal bur'den_ I'.ien‘ce,
in algorithms that use the discrete representation, selecting thg appropriate grid sjze
is an important decision that must be made early in the plannllng process. .
The alternative representation (see F igure 6.8) is the continuous repreéentaﬂon
where there is no underlying grid structure. (The grid in Figure 6.8b Was retained only
for comparison purposes.) Although such a representation is theoretically more flexj-
ble than its discrete counterpart, it is also more difficult to implement on a computer,

“dummy” departments (see the section on CRAFT), generally speaking,

defining
L-shaped, U-shaped, and other arbitrary, nonrectangular de

its exact location and shape.
of an L-shaped department
Wn area? Among alternative specifications,
? Which one makes it easier to

8¢ them or split them.

; Although the human eye s adept at judging shapes and readily identifying
split departments, for the computer to “recognize” g split departmem, we need to
develop formaj measures i

tion of grids. Suppose there s a “dot” th:
cent grid. (Two grids a
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I FTT

(a) () ©

d) (e)
Figure 6.9 Examples of split and unsplit departments.

grids that “touch” each other at the corners are not considered adjacent.) We say
that department i is not split if the above dot can start at any grid assigned to depart-
ment §and travel to any other grid assigned to department 7 without visiting any grid
that has not been assigned to department 4. In other words, given the restrictions
imposed on the movements of the dot, any grid assigned to department i must be
“reachable” from any other such grid.

For example, the department shown in Figure 6.94 and b is split, while those
shown in Figure 6.9¢ and d are not. However, according to the above definition, the
department shown in Figure 6.9e is also not a split department. Departments such as
the one shown in Figure 6.9e are said to contain an “enclosed void” [18] and as a rule
of thumb are not considered practical or reasonable for facility layout purposes. (Of
course, one possible exception to this rule is an “atrium.” However, an atrium should
generally be modeled by placing a fixed “dummy department” inside the building. Re-
fer to the section on CRAFT for dummy departments.) The shape measures we present
in Section 6.5 are devised to generally avoid department shapes such as those shown
in Figure 6.9d and e. In the above discussion of department shapes, we focused on the
discrete representation. Although it has been used effectively iny with rectangular
departments, our comments apply to the continuous representation as .vi/ell. .

Lastly, as we remarked earlier, layout algorithms can be classified a‘CCOl:d.lng
to their primary function—that is, layout improvement Versus layomwn CO;?‘ftdntl)cnot:z.
Improvement-type algorithms generally start wiFh an initial l:a.y(?ut sup;? lne ‘h'y the
analyst and seek to improve the objective function through mcremc"nlt’d C f?ges
in the layout. Construction-type layout algorithms generglly dew‘flolc;1 fi ay‘(‘)ut r;;]m
scratch.” They can be further divided into two categories: those tT l:[ ?.5‘*‘:':“6 : :t
building dimensions are given and those that assume the.y are not, L0C '1rs ypn i

_ . T »n an operation is being moved into an existng,
construction algorithm is suitable when an opera afucribon i suitable for “green
vacant building. The second type of construction algorithn 18 SHEEE

ficld” applications.
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, ; >re is usually a sit,

Even with “green field” applic"qnons. howeveéi‘t;l;; rfhl: ctz:r:stra)i’nts i r: pl(’)/ir:l
which shows the property, surroundmg‘roa:ls.:;[tC}-]e new building within a certaj
. i . ac . ) Se -
t(fr:nt:lcj)n{;ethat the resulting building will properly fit into S(L;Ch a1l e'?vfflopz- l\‘Vlth
construction algorithms of the first type, on [he'other han f,»Otl;le may “;10 €l the
above envelope as an “existing building” to obtain a proper fit etw??enf‘ € actua]
building and the envelope. Primarily for the above reason, the conbtruhctlgn.algo,
rithms we present in this chapter are of the first type (i.e., they assume the uilding

i sions are given). )
dlmerll; (t)t?e follogwing sections, we describe the overall mo'deli.ﬂg techniques and/or
methods used in various layout algorithms: namely, the pairwise exchange method,
a graph-based method, CRAFT, BLOCPLAN, MIP, LOGIC, and MULTIPLE. (For ease
of reference, in those cases where the original authors did not use an acronym, we
created our own.) Detailed information such as input data format or output varj-
ables are not presented since such information is relevant and available only if the
reader obtains a copy of the computer program. However, for each algorithm, we
present sufficient detail not only so that the fundamental concepts are covered byt
also so that interested readers may develop their own basic implementation of the
algorithm. The algorithms we present are relatively recent ones with a few excep-
tions, such as CRAFT, which we consider because it is one of the first layout algo-
rithms developed and it provides a good platform for the others. Furthermore, all
the algorithms we present require a basic understanding of heuristic search tech-
niques (such as the “steepest-descent” procedure) and the difference berween “locally”
and “globally” optimal solutions. We selected these methods based on their concep-

tual contributions to layout planning methods and/or their unique approach to layout
construction/improvement,

6.4.2 Pairwise Exchange Method

The pairwise €xchange method (531, [9]) is an improvement

ritf.lm._Although it can be used with both an “Ype layout algo

a‘-‘ll'\’ﬂlCE—'nCy—based and distance-based
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Table 6.1 Material Flow Matrix
b

To Department

1 2 3 4
1 — 10 15 20
From
Department 2 _ 10 >
3 — 5
4 —_

The distance-based objective function value (or “total cost

") for the existing
layout is computed as follows:

TCi234 = 10(1) + 15(2) + 20(3) + 10(1) + 5(2) + 5(1) = 125

The subscript notation indicates the order of the departments in the initial
layout.

The pairwise exchange method simply states that for each iteration, all feasi-
ble exchanges in the locations of department pairs are evaluated one at a time, and
the pair that results in the largest reduction in total cost is selected. (Moving in the
direction of largest cost reduction is also known as “steepest descent” in optimiza-
tion.) Evaluating each exchange one at a time means that when departments 7and j
are exchanged and the layout cost is computed, departments 7 and j are placed back

in their current positions in the layout before the next pair of departments is ex-
changed.

Since all the departments are of equal size, and none of the departments has
been declared fixed, the feasible exchanges for the above problem are 1-2, 1-3, 1-4,

2-3, 2-4, and 3-4. The distance matrix is recomputed each time an exchange is per-

formed. The layout costs resulting from the above exchanges are
TC,134(1-2) = 10(1) + 15(1) + 20(2) + 10(2) + 5(3) + 5(1) = 105
TC32:4(1-3) = 10(1) + 15(2) + 20(1) + 10(1) + 5(2) + 5(3) = 95
TCy23:(1-4) = 10(2) + 15(1) + 20(3) + 10(1) + 5(1) + 5(2) = 120
TCy324(2-3) = 10(2) + 15(1) + 20(3) + 10(1) + 5(1) + 5(2) = 120
TC1432(2-4) = 10(3) + 15(2) + 20(1) + 10(1) + 5(2) + 5(1) = 105
TC243(3-4) = 10(1) + 15(3) + 20(2) + 10(2) + 5(1) + 5(1) = 125

Using steepest descent, we select pair 1-3 and exchange the locations of de-
partments 1 and 3 in the layout. The new layout is shown in Figure 6.106b.

(@) iteration O n
(b) Iteration 1
(c) iteration 2 n

Figure 6.10 Layouts corresponding to each iteration.
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Table 6.2  Distance Matrix Based on Existing Layout —
To Department

1 2 3 :

. —— 2 3

From > — 1 2

Department - 1

3 _

2 —

For the next iteration, we consider all feasible exchanges that consist of the
same set as in iteration 1. The resulting layout costs are

TCs124(1-2) = 10(1) + 15(1) + 20(2) + 10(2) + 5(1) + 5(3) = 105
TCi234(1-3) = 10(D) + 15(2) + 20(3) + 10(1) + 5(2) + 5(1) = 125
TC3241(1-4) = 10(2) + 15(3) + 20(1) + 10(1) + 5(1) + 5(2) = 110
TC2314(2-3) = 10(2) + 15(1) + 20(1) + 10(1) + 5(3) + 5(2) = 90
TC3412(2-9) = 10(1) + 15(2) + 20(1) + 10(3) + 5(2) + 5(1) = 105
TCa213(3-H = 10(1) + 15(1) + 20(2) + 10(2) + 5(1) + 5(3) = 105

The pair 2-3 is selected with a total layout cost of 90. Figure 6.10¢ shows the result-
ing layout after two iterations. Continuing on, the third iteration calculations are

TC1524(1-2) = 10(2) + 15(1) + 20(3) + 10(1) + 5(3) + 5(1) = 120
TC2134(1-3) = 10(D) + 15(1) + 20(2) + 10(2) + 5(3) + 5(1) = 105
TC234:(1-9) = 10(3) + 15(2) + 20(1) + 10(1) + 5(2) + 5(1) = 105
TC5214(2-3) = 10(1) + 15(2) + 20(1) + 10(1) + 5(2) + 5(3) = 95
TCi312(2-4) = 10(D) + 15(1) + 20(2) + 10(2) + 5(3) + 5(1) = 105
TC24153-9) = 102) + 15(D) + 20(1) + 10(3) + 5(1) + 5(2) = 100

Since the lowest layout cost for the third it
out cost of 90 (obtained in the second ite
final layout arrangement is 2-3-1-4, as sho
known as a “two-opt layout” since the
reduce the layout cost.

We stress that the pairwise exchange procedure described above is not guar-
anteed to yield the optimal layout becauge the final outcome is dependent on the
ir'litial layout: that is, a different initia] layout often results in a different solution.
1- hus, we can only claim local optimality; that is, a two-opt layout is only locally op-
timal; it may or may not be globally optimal. Also, you may have observed that it is
‘possi-blc to cycle back to one of the alternative layout arrangements from a previous
iieration. For instance, the layout arrangement 1-2-3-4 is what we started with, and
we see the same arrangement in the second iteration when departments 1 and 3
were exchanged based on the solution obtained from iteration 1—that is, layout
drrangement 3-2-1-4, Additionally, symmetric layout arrangements may also occur;
for example, 4-3.2.1 i iteration 3 is identical o 1-2-3-4,

Note that a pairwise exchange can be easil
departments conside red ase of equal size (as we

eration, 95, is worse than the current lay-
ration), the procedure is terminated. The
wn in Figure 6.10¢. The final layout is also
T€ are no two-way exchanges that can further

Y accomplished if the pair of
assumed in this example). Otherwise,
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we would have to expend some effort in rearranging the two departments being
exchanged and possibly the other departments in the layout. We will discuss the
exchange of unequal-area departments in CRAFT and subsequent algorithms.

6.4.3 Graph-Based Method

The graph-based method s a construction-type layout algorithm; it has its roots in
graph lbe<)ry. Itis often used with an adjacency-based objective. The recognition of
the U$fU1“eSS of graph theory as a mathematical tool in the solution of facilities
planning problems dates back to the late 1960s [35) and early 1970s (58]. Graph the-
ory meth(x.js have similarities with the SLP method developed by Muther [49].

between two nodes indicating that tw:
lar graph is constructed for the alternative block layout shown in Figure 6.11b. We ob-
serve that the two graphs shown in Figure 6.11 are subgraphs of the graph shown in

1 Arc Weight
i
I 1-2 9
o 1-5 0
-1 2-3 12
| 2-4 13
: 2-5 7
i 3-4 20
i 4-5 _2
: 63 (total)
|
i
I
i
(a)
TTTTTTTN
I
|
| Arc Weight
| Arc hika- LS
I 15 0
: 2-5 7
1 1-2 9
i 1-4 10
| 2-4 13
| 2-3 12
| 3-4 20
{ 71 (total)
|
|
)
|

(b)

Figure 6.11  Adjacency graphs for alternative block layouts.
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(b) Relationship diagram

(a) Relationship chart b s e
Figure 6.12 Relationship chart and relationship diagram for graph- ple.

Figure 6.12b, which is derived from the relationship chart in Flgur]e 6.12a. Th_e rela-
tionship chart displays numerical “weights” rather than alphabell'C ClOSEness ratings.
Given the adjacency-based objective, block layout (b) is be'tter than block
layout (a) with scores of 71 and 63, respectively. Thus, finding a maxunall}.r weighted
block layout is equivalent to obtaining an adjacency graph with the maximum sum

of arc weights. .
Before we describe a method for determining adjacency graphs, we first make

the following observations:

a.  The adjacency score does not account for distance, nor does it account for re-
lationships other than those between adjacent departments.

b. Dimensional specifications of departments are not considered; the length of
common boundaries between adjacent departments is also not considered.

€. Thearcs do not intersect; this property of graphs is called planarity. We note that
the graph obtained from the relationship diagram is usually a nonplanar graph.

d.  The score is very sensitive to the assignment of numerijcal weights in the rela-
tionship chart.

A second approach is to iteratﬁ/ely construct an adjacency gra
algorithm while retaining plaharity at all times, A
second approach js described below.

6.4.3.1 Procedure

Step 1. From the relationship chart in Fj
with the largest weight, Tie
ments 3 and 4 are selected to enter the graph.

Step 2. Next, select the th
p2 E{? :itds(i [l]Lt(l: :2: rt:g;llgtipar‘t.mcm to enter. The third department is selected
S ;]cpunm: tv;c.l?,f‘ns with fespect to departments 3 and 4. From
figure u)r‘res,Pond to thn. d 1" '(hOScn with a value of 25. The columns in this
the rows cc rrespond totl ‘ tfpdt‘[ments already in the adjacency graph, and
the oo PO v c.p‘m:mcnts n'ut yetselected. The last column pives
¢ weights for each unassigned department,

ph via a node insertion
heuristic procedure based on the

1 Figure 6.124, select the department pair
S, if any, are broken arbitrarily, Thus, depart-
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Step 3.

Step 4.

Step 5.
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a. Step 2 e
| 3 4] Tota
1{ 8 10 18 12 13
2112 13} 25 (best) —_—
510 21 2
9 20 o
b. Step 3
| 2 3 4] Total
1] 9 810 \27 (best)
517 0 9 9
c.Step 4
_ 112 314
5107 ol2
Faces | Total
1-2-3 7
1-2-4 9 (best)

-4
2-3-4 | 9 (best)

Figure 6.13 Steps of the graph-based procedure.

We then pick the fourth department to enter by evaluating the value of
adding one of the unassigned departments represented by a node on a
face of the graph. A face of a graph is a bounded region of a graph. For
instance, a triangular face is the region bounded by arcs 2-3, 3-4, and 4-2
in Figure 6.13a. We will denote this face as 2-3-4. The outside region is
referred to as the external face. For our example, the value of adding
departments 1 and 5 is 27 and 9, respectively. Department 1 is selected
and placed inside the region 2-3-4, as shown in Figure 6.13b.

The remaining task is to determine on which face to insert department 5.
For this step, department 5 can be inserted on face§. 1-2-'3, 1-2-4, 1-3-4,
and 2-3-4. Inserting 5 on faces 1-2-4 and 2-3-4 yielcl.s 1c.lent1§al Yalues of 9.
We arbitrarily select 1-2-4. The final adjacency grapb is given in Figure 6.13c¢.
This solution is optimal, with a total sum of arc weights equal to 81.

Having determined an adjacency graph, the final step is to construct a cor-
responding block layout. A block layout based on _the final adjacency
graph is shown in Figure 6.14. The manner by which we constructgd
the block layout is analogous to the SLP method. We shf)uld note that in
constructing the block layout, the 'ongmal depgrtment ﬁshapes ha.d to b‘e
altered significantly in order to satisfy the requ'nreme-ntb of Fhe ?d)‘acemy

A ctice. we may not have as much latitude in making such alter-
grgph, IT) pr,d;tm a’rtmem shapes are generally derived from the geometry
a[flot?s élrcli(i::id::l machines within the department and the internal layout
of the in
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A_______.—-—!

12 13

8

Weight

9
8
10
0
12
13
7
20
2

81 (total)

]

10 2

o
J;wv\Jl\)r'\)o—Ai—u—-v-
PO PLPLWODWN

20 4

Figure 6.14 Block layout from the final adjacency graph.

configuration. We will discuss department shapes anq their control later in
this chapter (see Section 6.5). Finally, we should point out that there- are
algorithmic methods for performing this step as demonstrated by Giffin
et al. [20] and Hassan and Hogg (23].

6.4.4 Craft

Introduced in 1963 by Armour, Buffa, and Vollman (see [3], [9]), the Computerized
Relative Allocation of Facilities Technique (CRAFT) is one of the earliest layout algo-
rithms presented in the literature. It uses a from-to chart as input data for the flow. Lay-
out “cost” is measured by the distance-based objective function shown in Equation 6.1.
Departments are not restricted to rectangular shapes, and the layout is represented in
a discrete fashion.

Since CRAFT is an improvement-type layout algorithm, it starts with an initial
layout, which typically represents the actual layout of an existing facility but may
also represent a prospective layout developed by another algorithm. CRAFT begins
by determining the centroids of the departments in the initial layout. It then calcu-

entry in the from-to chart with the corresponding entries in the unit cost matrix (i.€.,
the ¢;; values) and the distance matrix.

CRAFT next considers all possible two-
ment exchanges and identifies the best exchange, that is
largest reduction in the layout cost. (No department can be split as a result of a
two-way or three-way exchange.) Once the best exchange is identified, CRAFT
updates the .layout according to the best exchange and computes the new depart-
rrlr:;r:titceerzgg:ldsst ;1;15 W:,g }?i} glanew layout' cost to .Complete the first iteration. The
e R T once again identifying the best exchange by con-
. : O-way or three-way exchanges in the (updated) layout.

P €SS continues until no further reduction in layout cost can be obtained.
The final layout obtained in such 3 manner is also known as a two-opt (three-

opt) layout since no two-wa ay. i
oot coor y (three-way) exchanges can further reduce the lay-

, the one that yields the
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Since (‘(‘)mputef's were relatively “slow” in the 1960s, the original implemen-
wtion of CRAFT de"?a‘@d slightly from the aboye description. When the program
considered exchanging the locations of

: departments i and j, instead of actually
exchanging the department locations to ¢

rual layout cost, it computed an estimated layout cost simply by temporaily treat-
ing the cen;rmd of department i in the current layout as the centroid of
department j and vice versa; that is, it simply SWapped the centroids of depart-
ments iand j.

The error incurred in estimating the la
on the relative size of the two departments bei
fer in size, then the estimated centroids m
jocations. (Of course, if the department

$ are equal in area, no error will be in-
curred.) As a result, the actual reduction i

n the layout cost may be overestimated or

exchange based on the estimated layout cost is identified, CRAFT exchanges the loca-
tions of the departments and computes

their new centroids (and the actual layout
cost) before continuing to the next iteration.

A more important refinement we need to make in the above description of
CRAFT is concerned with the exchange procedure. Although at first it may seem
“too detailed,” this refinement is important from a conceptual point of view since it
demonstrates an intricate aspect of using computers for layout purposes. When
CRAFT considers exchanging two departments, instead of examining all possible
exchanges as we stated above, it actually considers exchanging only those depart-
ments that are either adjacent (i.e., that share a border) or that are equal in area.
Such a restriction is not arbitrary. Given that departments cannot be split, it would
be impossible to exchange two departments without “shifting” the location of the
other departments in the layout, unless the two departments are either adjacent or
equal in area. (Why?) Since CRAFT is not capable of “automatically” shifting depart-
ments in such a manner, it considers exchanging only those that are adjacent or
equal in area.

Obviously, two departments with equal areas, whether they are adjacent or
not, can always be exchanged without shifting the other departments in the layout.
However, if two departments are not equal in area, then adjacency is a necessary
but not sufficient condition for being able to exchange them without shifting the
other departments. That is, in certain cases, even if two (unequal-area) departments
are adjacent, it may not be possible to exchange them without shifting the other de-
partments. We will later present an example for such a case.

We also need to stress that, while searching for a better solution, CRAFT
Picks only the best (estimated) exchange at each iteration, which makes it a
“steepest descent” procedure. It also does not “look back” or “look forward” dur-
ing the above search. Therefore, CRAFT will terminate at the first two-opt or
lhree—opl solution that it encounters during the search. Such a solution is very
likely to be only locally optimal. Furthermore, with suc.h a search procedure, t'he
Yrmination point (or the final layout) will be strox}gly mﬂuenced by the stanmg
Point (or the initial layout). Consequently, CRAFT is a highly “path-\flepen.dc;w?t

curistic and o use jt effectively, we generally recon'mwnd trying different initial
Solutions (if possible) or trying different exchange options (two-way vs. three-way)
4 cach iteration.
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CRAFT is generally flexible with respect to (flepa{ltm::; Ztéizfmz::[l(:}?g -
the department is not split, it can aCComm(.)dat‘e‘ vxrtuam)éasure i Optimu. ‘;De.
Theoretically, due to the cent.roid-.to—centrmd dlb[QI;CCO meas of’concemric : ay.
out (which has an objective function value of zero) ¢ e the commme T ‘Ctan-

1 Of course, the above problem stems from the fact t a ' 5 of some
?)lisﬁaped. U-shaped, and L-shaped departments .may lie outm:le z:hl:A (;l:rpar_tmem
itself. Unless the initial layout contains concentric departmen s,b . will ng;
construct such a layout. However, some dep.artment shapes may be _l(fjregular, and
the objective function value may be underestimated due to the centroid-to-centroig
meaSlgEAFT is normally restricted to rectangular buildings. Ho'we'ver, through
“dummy” departments, it can be used with nonrectangular buildings as we||
Dummy departments have no flows or interaction with other departments but re.
quire a certain area specified by the layout planner. In general, dummy departments
may be used to

1. Fill building irregularities.

2. Represent obstacles or unusable areas in the facility (such as stairways, eleva-
tors, plant services, and so on).

3. Represent extra space in the facility.
4. Aid in evaluating aisle locations in the final layout.

Note that, when a dummy department is used to represent an obstacle, its location
must be fixed. Fortunately, CRAFT allows the user to fix the location of any depart-
ment (dummy or otherwise). Such a feature is especially helpful in modeling obsta-
cles, as well as in modeling departments such as rece
existing facility.

One of CRAFT's strengths is that it can capture the initial layout with rea-
sonable accuracy. This strength stems primarily from CRAFT’s ability to accom-
modate nonrectangular departments or obstacles located anywhere in a possibly

iving and shipping in an

ives in a very short
] ws down the solution sp: { > lay-
out planner, who can then concentrate on e Shdcanoning

further evaluati — » oW
%, ag " v . . au g P IR e W
Promising” solutions identified by the computer 18 dnd massaging a f



