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ÀBSTRÀCT

In this thesis a knowledge-based system (KBGT) for solving the group

technology problen is presenled. The formulation of the group

technology probLem involves constraints relaled to machine capacity,

naterial hand).ing system capability, and machine ceIl dimension. The

KBGT has been developed for an automated manufacturing environment. It
takes advantage of lhe developments in expert sysLems and optimization.

Tr,r o basic componen!s of the knowledge-based system, nanely the

krrowledge-based subsystem and the heuristic clustering algorithm are

discussed. Each partial solution generated by the clustering algorithm

is evaluated for feasibility by the knowledge-based subsysten which

nodifies search directions of the algorithm, The KBGT is illustrated

r+ith numerical examples. Application of KBG? to industrial group

technology problems is also presented.
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INTRODUCTION

croup technoLoqy (GT) is a decomposition approach to manufacturing

that lakes advantage of the similarity of operations to be performed on

different parts. Using GT, parts that require similar operations are

grouped inlo part families. The machines tha! process each part farnily

are grouped into machine ceIIs.

Àpplication of GT in nanufacturing has the following advantages

(xusiak and Chow, 1988):

- reduced production lead time

- reduced variety of process plans

- reduced setup t ime

- reduced par! shor ta ge s

- reduced work-in-process

- rêduced rework and scrap materiaJ.

- reduced raw materiaL stocks

- reduced la bour

- reduced production floor space

- reduced tooling

- reduced order time delivery

- reduced paper wor k

- increased reliability of cost estimates

- improved staff relations

The above advantages !,ere justified and discussed in detaiL in Durie

(1970), Edrlards (1971), Fazakerlay (19'l4l , Holtz (1978a, '1978b),

Schaffer (1981) , Ingram (1982) , Hyer and xing (1984), and Kusiak and
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Chow (1988). The group technology concep! can be applied in a number of

manufacturing areas such as: product design, process planning,

programming, nachining, inventory and management.

The thesis is divided into fÍve chapters. In Chapter two the

existing approaches to mode).ing and solving lhe group technoloqy problem

are reviewed, nameJ.y: classificatíon approach and cluster analysis

approach. Moreover, knowledge-based systems are al.so inlroduced.

In Chapter lhree a formulation of the group technology problem in

automated manufacturing environment is presented. To solve the GT

problem a Knol¡ledge-Based System for croup TechnoLogy (KBGT) that has

been developed is discussed in detail. The KBGT is based on the tanden

system architecture proposed by Kusiak (198?).

In Chapter four, the performance of KBGT is demonstrated. First, an

illustra!ive exanpJ.e of the operation of KBGT is presented. Then, an

application of KBGT to group technology problems from lhe literature and

two industrial case studies are also discussed.

Conclusions are drawn in Chap!er five.

-3-
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LITERÀN'RE REVIEr{

¡n this chapter, a revier,i of the existing Group TechnoJ.ogy (cT)

literature is presented. Tr,¡o approaches bo rnodeling and solving Group

Technology probLems are discussed. In the first section, the

classification approach is presented, where !hree melhods of

classification are outlined, They are the visual method, the

nomenclature/funcLion melhod, and finally the coding method. The

following three basic code structures are used in the coding rnethod:

hierarchical, chained, and hybrid. in the second section, the cluster

analysis approach is discussed. Three basic formulations of the

clustering problem in group technoLogy are presented, namely, the matrix

formulation, lhe mathematical programming formulation, and other

fornulations. The last section of this chapter introduces basic

concepts of knowledge-based systems. The tandem knowledge-based system

architecture proposed by Kusiak (1987) is also presented.

2,1 C!ÀSSIFICÀTION ÀPPROÀCH

The tèrm classification is used to refer to grouping parts into part

families based on simiLarities and/or dissinilarities of predetermined

part characteristics (Eckerl, 1975, Ingran, 1982, Ham 1985). There are

three methods of the classificatíon approach:

- visual method

- nomenclature/funct í on method

- codi ng melhod.



2.1 .1 Vigual llethoil

The visuaL nrethod Ís a semi-systernatic procedure where parls are

grouped based on similarily of geometric shape as shown in Figure 1'

where 11 parLs have been grouped into four part families.

afl
o /År-+O / ^no -+/Ê\(a"-E LÐ

PF-2

/â\
/r-¡ ì

/ o___________r )

ÁÀ

ê)
pç,- ? P¡'-4

Figure 1. Grouping of parts using a visuaL method

2.1 .2 Nonenclature/Func È i on xethoil

This method is aLso a semi-systematic procedure rrhere parts are

grouped based on given names that designate their functions (Ham, '1 985).

Both the visual and nonencl.ature/function methods are nanual procedures

and are dependent on personal preference. therefore, these tt,lo methods

are applicable in cases where the nunber of parts is rather Iimited.



2. 1 .3 coding r,rethod

In the coding nrethod each par! is assigned a code thåt consists of

numbers, Ielters, or a combination of both, based on predetermined part

characteristÍcs. The most common part characteristics used are:

- geometr ic shape

- complexity

- operat i onal processes

- dimensions

- type of material

- shape of raw material

- requi red tolerance.

The above List may be extended to include additional characleristics

dependent on the type of parts coded.

In the .l-iterature a system tha! uses a coding method is called a

classification and coding system. The currently availabLe

classification and coding systems differ with respect to the depth of

coverage of part characteristícs mentioned above. For examp).e, a

classification and coding systern may provide more inforrnation on the

shape and dinension of a part whereas another may emphasize more on the

tolerance of a part.

There are three basic types of code structures:

- hierarchical

- chained

- hybrid.



2,1 ,3,1 Hierarchical Codc

Hierarchical codes have been used in areas olher lhan manufacturing.

For example, in bioìogy, a lineage chart take lhis form and it ís

usuall.y called a family tree (Eckert, 1975). Ànother form is a company's

organizational chart.

To obtain a hierarchical code, characteristics of each part are

rnatched !rith the characteristics corresponding to each node of the !ree.

For example, lhe sample code 222 indicated by the bold lines shown in

Figure 2. Since lhis structure is hierarchical the meaning of each

character in a code is dependen! on the meaning of the character

preceding ít. In order to fuIIy interpret a part hierarchical code, all
of its characters have lo be known. For a given part the length of its

hierarchical code is rather short compared to other coding systems

( t ngram, 1982).

characteristic 1 
a

characteristic 2

characteristic 3

Figure 2, A tree structure of a hierarchical code



2,1 ,3,2 Chained Coile

À chained code, also known as a polycode or feature code, is
constructed in such a liay that each position denotes a part's

feature/characteristic. À code in a chained code system is based on a

selection of digits and/or letters through a number of multiple-choice

queries. To collect suffícient information describing a part, the user

scans a rather large number of queries. Therefore, a chained code is

typically long often more than thirty characters (Ingram, 1982). Since

a chained code does not have a hierarchical structure, the meaning of a

character is not dependent upon the preceding character. In practice

lhough nol aIl characters are totally independent (Eckert, 1975). À

chained coding system and a sample code are il]ustrated in Figure 3. À

sanple code 121 is generated by selecting one digit from each of the

muJ.Iiple choÍces.

characteristic 1 aaa

characteri.stic 2

characteristic 3

o
o
oaa a

Figure 3. Structure of a chained code



2.1.3.3 Hybrid Code

The structure of a hybrid coding systen is a combination of the

hierarchical and chained code structures. Mos! current classification

and coding systems employ the hybrid code structure, because it has the

âdvantages of both structures (schaffer, 198 1). À typical structure of

a hybrid system is sbown in Figure 4.

characteristic 1

châracteristic 2

characteristic 3

Figure 4. Structure of a hybrid code

The first tr+o characters of the code in Figure 4 have the form of a

hierarchical structure that divides parts inlo subgroups and the

remaining characters are constituted by the chained code (Eckert, 1975).

a
o
o

Òa

fr
a
o
o
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Ham (1985) has listed 44 classification and coding systems currently

in use in industry. À company that intends to employ a coding and

cLassification system has to.select and modify an existing coding system

or to develop a nelr one so that it suits its needs. tngram (1982) and

Dunlap and ttirlinger (1983) presented several. classification principles

that should be considered in developing a cLassification and coding

system, Some of the wideJ.y applied systems are (Kusiak, 1985):

1) BRISH-BIRN (united Kingdom) - based on four to six-digit
primary code and number of secondary digits.

2l DCtÀSS (USÀ) - a software based system without any fixed

code s!ructure.

3) CoDE-MDSI (UsÀ) - an eight digir code.

4) MIcLÀsS (the tletherlands) - a twelve to thirty two digit code.

5) OPTIz (west Germany) - a five digit primary code with an

extendable four digit secondary code.

6) TEKLA (Norway) - a twelve digit code.

The OPTIz classifica!ion and coding systern (Optiz and Wiendahl , 19751

is discussed below. The code in a hybrid system consists of nine

di9íts, The five most significant digits are called a primary code, and

the remaining four digits are called a suppJ-ementary code. The most

sígnificant digit is a part class code that is used to divide parts into

rotätional and non-rotational parts. For example, a value of three or

four of the most significant digits indicates the deviation of LID

ratio, where L is the lenglh of a part and D is the dianeter. The

second and third most significant dí9its are for a part's external shape

and form. The type of surface machine and teeth formalion of a part are

represented by the fourtb and fifth most significant digits.

10



The suppLementäry code indicates the size, material, original

material shape and accuracy of a part. In the OPTIZ system, the most

significant digits are used j:o specify the detailed structure of a part

(Gallagher and Knight, 1973), One of the advantages of the OPTIz systen

is that the code can be extended to include suppLementary digits. This

feature makes the system applicable to differen! conpanies. Moreover,

the extension allows a more detailed description of a part and its
process plan which makes the nelr system suitable for cornputerization

(Billo et aL., 1987 ) ,



2,2. CT¿USTER ÀNÀLYSIS ÀPPROÀCH

CLuster analysis is concerned with the separation of numerical data

sets into unique clusters of data (Gongaware and Ham, 1981). It has

been appì.ied in many areas such as automaLed retrieval and storage

systems (Hwang et aI., 1988), biology (Everitt, 1980), data recognition

(Mccormick, et aL., 1972r, medicine (KIastorin, 19821 , pattern

recognition (tou and GonzaIez, 1974l, , production flow analysis

(Burbidge, 1971; King, 1980), task selection (ltagai, et a).., 1980),

autonated manufacturing systems (Kusiak, 1985; Kumar, et a1,, 1986), and

expert systems (Cheng and Fu, 1985), waghodar and Sahu (1983) listed

nore than 400 references related to cluster analysi s and group

technoLogy.

The applicat ion of cluster

parts into part faniLies and

lhree types of formulations of

- matrix formulation

analysis in group technology is to group

nachines into machine cells. There are

the clustering problem:

mathenatical programming fornulation

formulations based on other methods.

2.2,1 I'laÈrÍx Fornulation

in the 1i!erature there are tr¡o matrix fornuLations:

- slandard natrix forrnulation

- general ized matrix formulation,

2,2,1 ,1 Standard Matrix Fornulation

In the standard matrix fornula!ion a 0-1 nachine-part incidence

12



matrix Ia ] is constructed from production process data usualty Iisted
ij

in operalion sheets. The machine-par! incidence matrix Ia,.] consists

of 0,1 enlries, $here an entry 1 (0) indicates that part ills (not) to

be processed on machine i. Typically, when an initial machine-part

incidence matrix Ia ] is constructed, cl.usters of machines and parts
ij

are not visible. Clustering algorithns are used to !ransform an initiat
machine-part incidence matrix into a nore structured form, possíbly a

a block diagonal form, The clustering concept is ilLustrated in

example 1.

Exanole f

Consider the machine-part incidence matrix (1)

PÀRT NUÌ'íBER

123

[a ] =
ij

1

2

3

4

(1)

5

ll MÀCHI NE
NI,JI'IBER

1

where a
ij 0

if nachine i is used to process part j

otherwise

Rearranging rows and columns in (1) results in matrix (2).

13



MC -',1 {

Mc-2 {

PF'- 1 PF-2

532
11
11

Two machine cells t"lc- 1 = [2,3J , tIc-Z = {4,1} and tl',o corresponding

part families PF-1 = {1,5,31, PF-2 = [2,4J are visible in matrix (2).

There is no fLow of parls between the tlro machine cells. One has to

rea).ize, that it is virtually impossible to design a celluLar

manufacturing systern without any interaction among machine cells. À

typical situation occuring in practice is illustrated in matrix (3).

(2\

41

211

,l
,l
.L

MC-1 {

Mc-2 {

PÀRT NUMBER

532
11
1

11

41

;t
.L

Over the past f i fteen years,

developed to solve the malrix

problem:

Part 3 is to be manufaclured in both machine cells.

MÀCHI NE

NI'I'lBER

the following approaches have been

formulat ion of the group !echnoJ-ogy

14 -



- product ion flow analysis

- s imilar i ty coefficient methods

- sort i ng algorithms

- bond energy algorithm

- cost based methods

- c luster identification algorilhm.

c Product ion Flow Analysis

The production flow analysis (PFÀ) was introduced by Burbidge (19i1 ) .

The PFÀ is one of the earliest analyticaì. methods for impJ.ementing group

technology in manufacturing syslems, The pFÀ consists of three Ievels

of analysis:

- factory flow analys i s

- group analysis

- Ir.ne analysts.

In factory flow analysis Ievel a machine-part incidence matrix is

constructed based on anaJ.ysis of part flows which may be obtained from

operation sheets. In the group analysis level an attempt is made to

identify nachine ceLls and part fanities by rearranging rows and columns

of the nachine-part incidence matrix. This level is primarily nanual

and dependent on subjective evaluation. A great deal of research has

been conducted in order to make this level systema!ic and suiÈabIe for

computerization. The line analysis uses the generated clusters fron the

group analysis to determine machine layout, identify bottleneck nachines

and analyze flow patlerns on lhe shop floor.



The PFÀ is primariLy manual and lacks a clear-cut methodology,

especially, in group formation (Oba e! aI., 1987). It is, Lherefore,

not sui table for conputerization.

DekLeva and Menart (1987) proposed a procedure that represents an

extension to PFÀ. The proposed procedure deals with the first and second

IeveL of PFÀ and consists of three stages:

- identification of part families using cLustering analysis

- identification of groups of machines using modified machine-part

inc idence matr i x

- test of f i tness,

El-Essâway and Torrance /1972) presented component floll analysis

(CFÀ) that is similar to PFA. King and Nakornchai (1982) pointed out

the two differences between CFÀ and PFÀ. The CFÀ first partitions the

problem, whereas PFÀ does not. The second difference relates to the

nanner in which the cells are formed in the tl¡o methods.

. Sinilarity of Coefficient Methods

À simíIarity coefficient method attempls to make PFÀ a systematic

procedure. In these nethods a similarity/dissirnilarity vatue for each

pair of data elements is caLculated. These values are then stored in a

two-dinensiona). similarity array. This array is used as input to a

clustering aLgorithm to group the data elements. The similarity values

usually represent a distance between data elernents. À common practice

is to nininize the sum of dislances of grouped elements from the

calculated centroids of their respective cLusters or to maximize the

tb -



distance between cluster cenLroids (Congaware

output is in lhe form of a dendogram. Clusters

threshold value of the similarity coefficient.

Ham, 1981). The

generated based on a

McÀuley (1972) in!roduced the Single Linkage Cluster Ànalysis (SLCÀ)

which uses the sinilarity coefficient measure betrleen tt+o machines as

lhe number of parls processed on both machines divided by the number of

parts processed on either of lhe two machines. One of the major

drawbacks of SLCA !s that it fails to recognize lhe chaining problem

resuJ.ting fron the duplication of bottleneck machines (ttin9 and

Nakornchai, 1982 ),

in order to overcome the chaining problem Seifoddini and Wolfe (1986)

developed the Average Linkage Clustering (ÀtC) algorithm. They define

the similarity coefficien! between any two clusters as an average of lhe

sirnilarity coefficien! betneen all members of the two cluslers, The

grouping oblained is dependent on the similarity threshoLd value used.

Therefore, the SLCA and ÀLC algorithms generate a set of alternative

solutions rather than a unique solution. Seifoddini and }¡otf e (1987)

suggest a threshold value based on material handì.ing cost. Seifoddini

(1986) studied the problem of improper machine assignment in

machine-part grouping in group technology. The machines involved are

botlleneck machines. He suggested that all bottleneck machines be

reexamined after machine cells are formed and be reassigned wherever

necessary in order to reduce the number of inter-ceIlular noves.

De Wítte (1980) developed a

machines to be avaiLabl.e in nore

avail.able machines intor

clustering algorithm that allor¡s some

than one nachine cell. He divided aIl

and

a re



1) prinary machines, where only one copy of each machine is

ava i lable

2) secondary machines, r.'here onJ-y a few copies of each machine are

ava i Iable

3) tertiary machines, where sufficient number of copies of each

are ava i labIe.

In order to analyze the interdependence between these machines, De

I,litte ('1980) sugges!ed three sirniLarity coefficients:
'1 ) absolule similarity coefficient

2) mutual simi ).ar i ty coefficient

3) singte simi lar i ty coefficient.

To obtain the best clustering results, first start assigning machines

with the absolute coefficient, the second, and then use the third

coefficient to ãll.ocate the remaining unassigned machines.

. Sort in9 Algorilhms

Many researchers have studied cluster analysis algorithms that are

based on sorling rows and columns of the machine-part incidence matrix.

one of them, the Rank order Clustering (RoC) algorithm was developed by

King (1980). This algorithm can be considered as an attempt to

conputerize the group analysis level of production flow anaJ.ysis, The

RoC algorithm is as fol.Iows:

STEP 1 Read each row of the machine-part íncidence matrix as a

bi nary word.

STEP 2 Sort the binary words in decreasing order,

STEP 3 If the row order of the current machine-part incidence

- 18 -



nalrix is the same as the order of the corresponding binary

Hords generäted in Sfep 2, then go to Step 7 ;

else, rearrange rows of lhe matrix according to the order

generated in Step 2 and go to Step 4,

STEP 4 Read each column of the matrix as a binary word (the most

significant digit is the one at lhe lop rol,t).

Sort the binary words in decreasing order.

STEP 5 If the column order of the current matrix is the same as

the order of the corresponding binary words generated

in Step 4, then 90 to Step 7 ;

else, go to step 6.

STEP 6 Rearrange the machine-part incidence matrix starling r+ith

the first column by rearranging the coLumns in decreasing

order and 90 to Step 1.

STEP 7 STOP.

King and Nakornchai (1982) developed the ROC2 aJ.gorithn which is an

extension of the original ROc algoríthm. Chandrasekharan and

Rajagopalan (1985) studied the deficiencies of the ROC algoriLhm and

developed Ì40DR0C algorithm, that incorporates the foJ-lowing tt'o

methods to improve the performance of the ROC algorithn:

i. "block and slice" method

ii. hierarchical method

Ànother sorting algorithm that lJas studied by many researchers is the

Direct CLustering Algorithn (DCA) which was deveLoped by Chan and Milner

(1982). The DCA incorporates the following steps:

STEP 1 Count lhe total number of '1 's in each row and colunn
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of the machine-part incidence matrix.

STEP 2 arrange the machine-part incidence matrix with rows

in increasing order of the total number of '1's and

columns rvith decreasing order of the total number of '1's.
STEP 3 For each column of the malrix, slarting t.títh the first

coÌumn, rearrange the rotls, that have'1' entries in !he

coLumn considered, to the top of the matrix.

STEP 4 If the matrix generated in Step 3 is the same as the one

immediately preceding, then go to Step 7

else, go to Step 5.

STEP 5 For each roH of the matrix, starting with the first rov,

rèarrange the columns, that have '1' entries in the row

considered, to the left-most position of the nalrix.

STEP 6 IÍ the malrix generated in Step 5 is the same as the

one inmediately preceding, then go to Step 7

else, go to Step 2,

STEP 7 STOP.

. Bond Energy Àl gor i thm

The Bond Energy Àlgorithm (BEA) is an interchange clustering

algorithm developed by McCormick et al. (19721 , The BEA attempts to

lransforn lhe machine-part incidence malrix to a block diagonaL form by

rnaximizing the neasure of effectiveness which is defined as follows:

mn
ME=1122 E a [a +â +a +a ]!-{ :-< ,., , j*1 i,j-1 i+1,j i_1,j¡-r J-¡ t) !,

The BEÀ consists of lhe follosing steps:
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STEP 1 Set i=1 ;

SeLect any column of the machine-part incidence matrix.

STEP 2 Move lhe renaining n-i columns, one at a time,

to the i+'1 positions, and calculate each column's

contrÍbution to the ME.

Place lhe column that gives the largest incremental

contribution to the ME in its best location.

Increment i by 1 and repeät Step 2 until i=n.

STEP 3 Repeat the sane procedures in Step 2 for the rows.

A clustering algorithm based on the BEA and the Shortest Spanning

Path (SPP) algorithm, !¡as deveLoped by SlagLe et al. (1975), Their

concept rias then extended by Bhat and Haupt (1976). They developed an

algorilhm where the matching bet!,een any th'o rot,ts/columns of the

machine-part incidence matríx is calcuLated as follows:

n

m = r lu -a 
I

k=1 .ik jk

The Bhat and Haupt's algorithm maximizes the tolal sum of malchings

between rows and columns of the matrix.

t Cost-Based Method

Àskin and Subrananian (1987) developed a clustering algorithm that

considers the following manufacturing costs:

'1 ) fixed and variable machining

2) setup

3) production cycle inventory
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nork- i n-process inventory

ma ter i al handling,

The algorithm consists of three stages. In the first stage, parts

are cLassified using a coding system. In the second stage, an attempt

to develop a feasibLe grouping between parts based on the manufacturing

costs is performed. In stage three, the actual layout among a group of

nachine cells is analyzed,

. Cluster Identif ication Àl9orithn

Kusiak and Chor+ (1987a) developed the Cluster Identification (CI )

algorithm. The CI algorithm decomposes the nrachine-part incidence matrix

into separable submatrices provided that they exist. The cluster

identification algorithm has a relatively 1oç computational time

complex i ty of o(2mn).

In practice a machine-part incidence matrix does not decompose into

separable submatrices, therefore, the cost ana).ysis algorithm lras

developed (Kusiak and Chow, 1987b). In the cost analysis algorithm a

cost c is associated with each coLumn/part of the nachine-partj
incidence matrix. The cost c. could be:

l
1) subc on t rac I ing cost

2) part floH rate.

The CI algorithm seerns to be the nost efficient algorithm in the

literature. It has a relatively 1orl computational time complexity of

0(2mn).

4)

5)
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2,1 ,1 .2 Generalizerl lfatrix Formulation

This formulation is an extension of lhe standard matrix formulation,

The extension represents gualiLative pararneters and constraints (Kusiak,

1986). The paramelers could be part production cost, part nachining time

and frequency of trips required to handle a part by a robot. The

consLraints usually represent production constrainLs such as maximurn

nunber of machines in a nachine cell, maximum machining time available

on a machine änd maximum frequency of trips that can be handled by a

robot.

2.2.2 l,{aLhematical Prograrnrning Fornulations

There are a number of mathematical programming formulations that have

been developed to model the group technology problem. Most of these

formulations use a distance measure d.. between parts i and j. The

dÍstance measure d is a ,.uL-uuluudt3ynnetric function obeying the
1t

three following axióms (nu, 1980):

- reflex ivi ty d..= 0
1L

- symÍìetry d..= d..
1l lr

- triangle inequality d <d +d

The distance measure, also known as dissimilarity measure, is defined

depending on the application considered. The most commonly applied

distance measures are as follolls (ttusiak, 1985):

1) Mi nkowsk i distance:

pg1piq

n r tlt
- I ç l- - I 1- L L ld - cr I J

ij k=1 ik jk



!,here: n is the nunber of parts

r is a positive integer.

These tllo special cases of Minkowski's measure are widely used:

- absoLute dis!ance measure (for r='1 )

- EucLidean distance measure (for r=2).

2) we ighted Minkowski distance:

n r 1/r
¿ = [xw lx -x | ]
ij k=1 k ik jk

Similar to Mínkowski's distance measure, lhere are trlo special casesl

- weighted absolute distance measure (for r=1)

- weighted Euclidean distance measure (for r=2),

3) Harnm i n g dis!ance:

n

d = Ð (x , x )

ijk=1 ik jk

1 if a r x
where: (x , x )= ik jk

ik jk 0 otherwise.

In bhe following discussion three models of the rnathematicaL

progrâmming forrnulation in group technology are presented:

- quadrat ic programming model

- p-median mode I

- general ized p-median model.

2,2,2,1 Quadratic programning model

Kusiak et aI. (1986) developed a quadratic mathematical programming

formulation in group !echnology. They used the following parameters and

variables:
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tn number of machines

n number of part s

p number of part families

t. number of parts in farnily j
l 1 if part i can be processed on machine j

ij 0 otherwise

s. . simiLariLy between part i and part j
1l

(s 10, i,j=l,2,,,.,ñ, s =0, i=j=1,2...,n)
ij ij
m

s = E d(a ,a )
ij k=1 ik jk

1 if a = a
where: d(a ,a ) = ik jk

ik jk 0 otherwise

1 if part i beLongs to part family j
x=
ij 0 otherwise

The 0-1 quadratic programming model is as follows:

p n-1 n
max ¡ I X s x x (1)

r=1 i=1 j=i+1 ij ír j1

p
s.t. E x =1, i=lr...,p Q)j=r ij

n
I x = t , j=1,'..,P (3)

i=1 ij j

x = 0r1 , i=1r...rn, j=1r.,.,p (4)
ij

Constraint (2) ensures tha! each part is assigned to one family.

Constraint (3) specifies the required number of parts in each part

family. Constraint (4) is for integrality. In this Íìodel the number

of parls in each part fanily is restricted and to be determined a
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priori. Since this modet is cornputationally complex the p-median

nodel Has deve).oped as an approximation to this model (Kusiak and

Heragu, 1987). The p-median model is discussed later.

Kumar et al. (1986) have developed the following 0-1 quadratic

formula!íon of the group !echnology problern:

n-1 n k

max tt I a x x (5)
i=1 j=i+1 p=1 ij ip jp

k
s,t. E x = 1t i=1,...,n (5)j=r ij

n
15 I x 5u, j=1 ,...,k (7)

i=1 ij
x..= 0,1 , i,j=1,...,n (8)
1l

where: a the volume of part i that has to be processed on machine j,
ij

or profit associated t\,ith parts i and j.

Constraint (6) ensures that each part is assigned to only one part

family. Constraint (7) is to limit the nunber of parts in each part

family, and constraint (8) is for integrality. Kunar et a1. (1986)

have developed a ltio phase po).ynomially bounded heuristic algorithm.

2,2,2,2 p-l,redian Model

The p-median model is used !o group n parts into p par! families such

that the lotal sun of distances between any trlo. parts i and j is

maximized (Kusiak, 1985), The definition of the p-nedian model follows

Mulvey and Cror,rder ( 1 979 ) :

m number of machines
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n number of part s

p number of part families

1 if part i belong to part family j

i j 0 otherwise

d distance neasure between parts i and j
ij

nn
maxXEdx

r-r J-¡ rJ ¡J

n
s ., - Ll_{5.8, t X = | , 1=lr...rnj=l ij

(e)

(10)

nx x (11)
j=1 jj

x s x i rj=1 ,.,, rn (12\
tt ìl

x..=0,1 , i,j=1,...,n (13)
1J

constraint (10) ensures that each part belongs to exac!ly one part

family. Constraint (11) specifies the required number of part families.

Constraint (12¡ ¿¡tut"t that part i beJ.ongs to part family j onJ.y when

it is formed. Constraint (13) is to ensure integrality,
In the p-median nodel p, lhe number of part families, is specified a

priori,

2,2,2,3 Generalized p-¡fedian litodel

In the p-nedian model and in rnos! group technology models, the

assumption is used that there exisls only one process plan for each

part. In automated manufacturing systems there is usually more t.han one



process plan for each part that can be generated by Computer-Àided

Process Planning (CÀPP) systems. Kusiak (1987) presented the generalized

p-median modeJ., This modeL permits nore than one process plan to be

considered for eôch part. Ho$ever, in the final clustered rnachine-part

incidence môtrix onLy one process plan for each part is seLected. The

objective of !he model is !o maximize the total sum of distance neasures

between pa rt s.

The following notation is used to forrnulate the model (ttusiak, 1987):

n number of par ts

q number of process p).ans

F number of process plans for part k, k=1,2,,,.,n
k

p required number of process families

d dlstance measure betr¡een process plans i and j
ij (d = -o for aLt i and j in F , k=1 ,2,,,,,n,d =0,ij k ij

ì i=i t ^ d l0 for all other i and j )

:;
'1 if process plan i belongs to process fami).y j

ij 0 o¡herwise

The objective function is:
qq

max E t d x (14)
:-r j-r :.1 :,1r-r J-r rJ r)

s.t. r i x = 1 , k='1 ,2,...,n (15)
I ! l=l 1l

k

q
L X t=t,,..rq

j=l ij

-28-
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1l lJ

X = U,I
ij

; i=1¡ t J , t. . ¡ tY

(1i)

{18)

Constraint (15) ensures that only one process plan for each part is
considered. Constraint (16) specifies the number of part famities

required. ConstraÍnt (17) ensures that part i is included in part

family j onl.y when this part famiLy is formed. Constraint (18) is

to ensure integrality.

Note that in this model the number of machine cells is determined a

priori. The generalized p-median model increases the chances of

obtaining a diagonally structured incidence matrix.

2.2.3 OÈher r,lodeling Àpproaches

There are tt,to other modeling approaches that have been used to
formulate the group technology problem, namely a graph theoretic

approach and a set theoretic approach. The graph theoretic approach of

Rajagopalan and Batra (1975) uses cliques. The machines and the Jaccard

similarity coefficients are represented by the vertices and the arcs of

the graph, respectívely. The number of cliques normally increases

exponentially with the increase of the number of rnachines (King and

Nakornchai, 1982). Therefore, !his approach is applicabJ.e onJ.y when the

nunber of nachines is rather small.
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in the graph formulation the bottleneck parts/machines in a graph is

a non-trivial task, Lee et aL. ('1982) developed a heuristic algorithm in

order to detect the bot!leneck parts/nachines. This algorithm !ras

extended by Vannelli and Kumar (1986).

The second analytical method used to formulate the group technology

problem is a set theoretic method called polyhedral dynamics, also known

as q-analysis. While polyhedral dynamics is a branch of se! theory

dealing r¡iÈh the topological relationship betlreen finite se!s,

q-analysis is used to study polyhedral dynamics, The trlo terns

q-analysis and polyhedra! dynamics are often used interchangeably

(Robinson and Duckstein, 1986). Robinson and Ducksfein (1986) applied

q-ana).ysis to group formation of machine cells and part families. They

pointed out that the malhematicaL theory behind polyhedral dynarnics is

rather c ompl. ex .
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2.3 KNO9ILEDGE-BÀSED SYSTEMS

In the past decade, the principles and methodologies of Artificial
Intelligence (ÀI ) have been applied to a number of areas.

Know ). edge-ba sed systems are perhaps the most widely used ÀI application.

A know).edge-based system is a compuler program that uses explicil
knowledge of a domain to solve problems in that donain.

There is a fundamental difference bet!,een a knowledge-based system

and a stândard computer prograrn. ln a conventional computer program, the

knowledge of hori to solve a problern is scattered wiLhin the progran code

which solves the probJ.em (t'fiI1er, '1 986), In a knowledge-based systern

the knowledge is separated from the control component of the program.

Therefore, modifications and additions to the knowLedge can be performed

without changing the control component (Miller, 1986). Most

knowledge-based systems are stand-alone knowledge-based system, as shown

in Figure 5 (Kusiak, 1987). Kusiak (1987) proposed an architecture for a

knowledge-based system called a tandem architecture (see Figure 5). In

the !andem architecture a knowiedge-based system is working jointly with

a model and an a).gorithm. The tandem knowledge-based system is nore

efficient than the stand-alone system when the problems involve

quantitative dala because the model and the algorithm ccmponen! deals

tiith the guantitative data efficiently.

À knowledge-based systen consists of three basic components. The

first component is a knowledge base which contains domain-specific

knowledge of how to solve problems. The second component ís a general

purpose control conponent called the inference engine (Waternan 1986).
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The third component is a data base that contains facts about the problem

being solved.

The reader interested in the

may refer to Rich (1983), l,linston

McDernott( 1985), Waterman (1986),

(1983).

princ iples of knowledge-based systems

(1984), Nilsson (1980), Charniak and

Jackson (1986) , and Hayes-Ro¿h et al.

Since the area of manufacturing is knowledge intensive, especiatly in

lhe design stage, and strongty dependen! on manufacture know-how,

knowledge-based systems are weIl suited for solving manufacturing

probJ.ems, Kenpf (1985) discussed the conputational. complexities of

manufacluring problens, for example parl design and process pì.anning. He

pointed out that the appJ.ication of ÀI principLes and methodologies is

one of the most realistic and prac!icaI approaches for dealing with

manufacturing problems. The implications of using artificial
intelLigence for computer integrated manufacturing is presented in

Kusiak (1988). Heragu and Kusiak (1987) presented an anaLysis of

knowledge-based systems in manufacLuring design. O'Conner presented

Intelligent Management Àssistant for Computer SysÈem manufacturing

(IuÀCS), which is a knowledge-based system that assists in the

management of the manufacturing process (I,¡alerman, 1986). IMACS helps

rlith the nanagement of paper work, inventory, and capacity planníng,

InteLligent Scheduling and Information Systems (tS¡S) was studied by Fox

and Smith (1984). ISIs generates factory job shop schedules and can also

assist plant schedulers !o maintain schedule consistency and identify

decisions !håt result in unsatisfied constraints. For more information
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related to kno$Iedge-based syslems in manufacturing refer !o Cains

(1987), Newman (1987), Faught (1986), and Kunara et al. (1985).

Figure 5. À siand-alone knowledge-based system

Figure 6. À !andern knowledge-based system
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CHÀPTER THREE



À KNOI{LEDGE-BÀSED SYSTEM FOR GROUP TECHNOIOGY (KBGT)

3.1 FORI.ÍULÀTION OF THE GROUPING PROEIJEI.Í IN

ÀUTOMÀTED I{ÀNUFÀCN'RING SYSTEMS

À typical approach to cellular manufacturing is to group machines and

parts based on the binary machine-part incidence matrix, usual).y without

any constraints. Sone aulhors, for exanple Stanfel (1982), Kumar et al.
(1986), Kusiak (1985) have restricted the size of rnachine cells and part

f ami I i es.

The approach presented in this thesis considers lrlo formula!ions of

the grouping problem.

The f irst formulation is

presented in the Literature.

matrix [t J, where t 2 0

ij ij
nachine i is considered.

constra ints, which are

ehvironnent,

The grouping problem in

1oo s e J.y formulated as follor+s

a generalization of the grouping problem

Rather than !he binary rnatrix Ia ], lhe
ij

is the processing time of part j on

This formulation involves aLso some

typical for an automated manufac!uring

automated manufacturing systems can be

(xusiak, 1987 ) :

Delermine nachine cells; for each machine ceJ.1, select a part family

consist,ing of parts t{ith the ninimum sum of subcontracting costs and

select a suitable material handling carrier Hith the minimum

corresponding cost subject lo the following constraints:
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Constra int C1 :

Constra i nt c2:

Constra i nt c3:

processing !ime availabLe at each nachine is not

exceeded

upper limit on the frequency of trips of material

handling carriers for each machine cell is not

exceeded

number of machines in each machine cell does not

exceed its upper limit or alternatively the

dimension (for exampLe the length) of each

machine cell is not exceeded.

The above formuLation of the GT probJ.em is not only computationally

compJ.ex, but aLso involves constraints rshich are difficult to handle by

any algorithm alone. Therefore, to solve t.he the above problem, a

knowledge-based system has been developed (Kusiak and Ibrahim, 19BB).

The second formulation considered is a special case of the

generalized formulation of lhe group technology problem, It involves a

0-1 machine-par! incidence matrix (see Example 1 in Chapter 1) and

conslra int C3 presenled above.
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3.2 STRUCN'RE OF THE KNOWI.,EDGE-BÀSED SYSTEH (KBGT)

À typical knowledge-based system is developed based on the knowLedge

elicited from experls, The elicited knowledge is represented using a

suitabLe knowledge representation schene in a knowJ.edge base. A control

strategy, implemented in a form of an inference engine, is employed to

search the knowledge base in order to soLve a problem. À knor+Iedge-based

systern of this structure is suitable rather for quali!ative problens,

but is inefficient for solving probì.ems of quanlitative nature.

In this !hesis, a tandem knowledge-based system is considered, where

a knowledge-based subsystem and an algorithm cLosely interact (Kusiak,

1988a). The algorithm deals rlith the quantitative aspects of the

problem while the knowledge-based subsystem deals with the quaLitative

aspects of the problem to be solved.

The knowledge-based system (KBGT) considered has the structure sholrn

in Fi gure 7:
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tolov],EmE - BÀSED sYsg¡ü

Figure 7. structure of the knowledge-based system (KBGT)

The KBGT consists of five components :

(1) data base

(2) knowledge base

(3) ínference engine

(4) request processor

(5) cluslering algorithm.
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one of the nost tangible

relat ively sna1l knowledge

effort is divided betr¡een the

the same reason lhe tandem

than the stand-alone systen.

advantages of the tandem architecture is a

base, This is because the conputational

inference engine and the algorithn. For

knowledge-based system is typicaì.1y faster

The KBGT has been ímplemented in Common LISP on a SpERRy MICRO IT.

LiSP, as a programming language for KBGT, has been selected for three

reasons:

it facilitates impLementation of the declarative knowledge

it facilitates implementation of the procedural knowledge

(the clusteríng algorithm)

it provides flexibitity !o define and implement the

interaction beLween the aJ.gorithn and the knowledge-based

subsystem.

3.2.1 input ilaËa

The inpu! data required by KBGT faLl into tr,ro categories ;

(i) machine data

(ii) part data

In addítion to the above, depending on the characteristics of the

manufacturing system, the following optional data can be provided :

(iii) naximum number of rnachines in a machine cell
(iv) maximum frequency of trips which can be handled by a material

handJ-ing carrier (for example, robot or automated guided

vehicle, ÀGV) .

(1)

(2)

(3)
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3,2.2 Grouping Process

Prior to the begining of the grouping process, KBGT constructs a

machine-part incidence matrix based on the input data provided by the

user, Next, the KBS initialÍzes in the data base objects representing

facts known abou! the manufacturing system. Then the system forms

machine ceIls and the corresponding part fa¡niIies. Each nachine cell is

formed by incLuding one machine at a tine. À machine is first analyzed

by the KBS for lhe possibility of inclusion in the machine ce11. For

exanple, a bottleneck machine (i.e. machine that process parts visiting

more lhan one machine ce]1) is not included.

Each lime a machine cell has been forned the KBS checks whether any

of the constraints C1-C3 has been violated and renoves aLl parts

violat i ng the constraints.

For a machine cell which has been forned and analyzed by the KBS,

the corresponding machines and parls forming a part fanily are removed

from !he machine-part incidence natrix, The sys!em does no! backtrack in

the grouping process, i.e. once a machine cell ís formed, lhe machines

included in the cell are not considered for future machine cells. This

irrevocable control strategy, as illustrated in Figure 8, is possible

due to the nature of the algorithm and the knowledge-based analysis

performed by the KBS.
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Figure 8. Illustration of the irrevocable control strategy of KBGT

3.2,3 Output Data

Àt lhe end of lhe groupín9 process, KBGT prints lhe following datal

( 1) machine cells formed

The machine cells forrned are Iisted in the order they have

been generated. For each machine cell the foJ.lowing

information is provided :

r nachine cell number

.list of nachine numbers in a machine cell

r part family numbe r

. list of part numbers in a part family

r materiaL handling carrier alternatives, if any.

(2) part waiting list
This Iist includes parls that were placed on the rlaiting

list due to either :

r overlapping of parLs in such a way that prevents

groupi ng, or
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(3)

(4)

r including them in a nachine celL would violate one

or more constraints.

list of machines not used

The list of machines with atl parts removed during the

grouping process

1i st of bottleneck machines

The list of machines that process a relatively J.arge

number of parts, which need to be processed on machines

belonging to more than one machine cell. These machines

should be given speciaJ. consideration r¡hite deterrnining

the layou!. Each of these machines should be preferably

Located adjacent to the machine cell tha! processes the

same parts.

(5) maximum number of machines in a ce11

This number indicates the maximum nunber of machines in a

machine ceLl. It has an impact on the machine cells

formed, namely if it !¡as t.oo smal1, it might resu).t in the

removal of too many parts. If this number is not suppLied

by the user then lhe system groups the nachines based on

their similarities onIy,



For any two 0-1 vectors

m =[a ,a ,..,,a ,...,a ]
i i1 i2 ik in

m =[a ,a ,...ra ,...,a ]j j1 j2 jk jn

define a similarity measure s
ij

n
s = E (a ,a )
ij k=1 ik jk

where:

1 if element a = a(a ,a )= ik jk
ik jk 0 otherwise

n number of parts

In particular, vector m nay represent parts in machine cel). MC-k, and
1

vector m. may represent parts corresponding to the machine to be
J

seLected (see Step 2 in !he grouping algorithm in section 6), In this

case the distance s is regarded as a dislance belween machine
ij

cell I'lC-k and machine m ,
j



3.3 DÀTÀ BÀSE

The gIobaJ. data base contains information about the current problem

in a form of objects and franes. I! is a non-monotonic data base, since

objects are modified by the clustering algorithm and the

knowledge-based subsystem (nnS ) .

The contents of lhe data base are either provided by the user as

input data, or generated by the system. A list of objects and frames in

the data base is as follows:

(1) machine frame

Machine frame conLains informaLion regarding one machine

and is identified by the machine nunber. It has the

folJ-owing format:

(n#i ((parts ((p#1 p-Èinre)... (p#j p-rine).,. ) )
(max-proc ess-tine x)(nultiple y) ))

t,|here:

p-time: the time required to process part number p#j on

machine m#i (p-time is equal !o 0, if processing time

is not available)

max-process-time (optional) : maxinum processing time available

on machine mfli, i,e. ¡he câpacity of nachine m#i

murtíple (optionar),':iï;":1.:te identicar machines

(2) part frame
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Part frame contains information regarding each part and

is identified by the part number. I! has the following

format :

(part#j ( (prinary-pp (n#1 ... n#i...))(tr Y)(fa z)))

where:

prinary-pp: prinary process plan for part#j

fr : frequency of trips required by a robot to handle partfj

fa : frequency of trips required by an AGV to handle part#j

(3) natrix-t (machine-part incidence natrix)

The machine-part incidence matrix is cons!ructed by the

system based on the input data provided in the following

format :

( (n#1 ((p#1 p-time) (p#2 p-tÍne).., ))

(nfi )

i,
in case when processing times are not avai).able, then by

default the matrix is a 0-1 incidence matrix, i.e. p-time

is 0.

(4) current machi ne

A nachine fhat the system has selecled for possible

inclusion in the machine ce11 being formed,
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(5) iist of candidate nachines

À list of candidate rnachines to be included in the machine

cell being formed.

(6) list of temporary candidate machines

À list of all machines such that the parls tha! are

processed on the current machine are aLso processed on one

or more of lhese machines. Moreover, lhese machÍnes are

not on the list of candidaLe machines.

(7) part waiting Iist
À list of par!s that have been renoved from the

machine-part inc idence natr i x.

(8) list of bottleneck rnachines

A list of aIl bottlenec'k machines.

(9) Iist of temporary bottleneck machines

À list of machines tha! are considered to be temporary

bottleneck machines. These machines may becone

non-bottleneck machines after some parts have been renoved

from lhe machine-part incidence natrix.

( 1 0 ) I i st of nachi nes not used

Same as discussed earlier in the subsection on the output

of KBGT.
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( 11) MC-k (machine cell k)

À list of machine numbers in the current machine ceIl.

(12) PF-k (part fanrily k)

À list of part numbers in the current part family.

3,4 TIIE KNOWLEDGE-BÀSED SUBSYSTEH (KBS)

As illustrated in Figure 7, the knowledge-based subsystem (KBS)

consists of three components:

( 1) knowledge ba se

(2) inference engine

(3 ) request processor.

3.11,1 Knorledge base

The knowledge base in KBGT contains production rules, which have been

acquired from three experts in group techno].ogy and the literature. in

the current inplementaLion of KBGT, the knowledge base consisls of lhree

classes of produc t i on rules:
(a) preprocessing r ules

(b) current machine rules

(c ) machine cell ruIes.

The preprocessing rules deal with the initialization of objects in

the data base that are not provided by the user. The current machine

rules check the appropriateness of a current machine to the machine cell
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being formed, for example whether the current machine is a botLleneck

machine. The machine cel1 rules deal çith each machine cell which has

been forned. ì'!achine c:Ll rules check for violation of constraints and

remove parts violaLing then. The structuring of rules inLo separate

classes has two advantages. First, !he search for applicable rules is

nore efficient since the inference engine attempts to fire only rules

that are relevant to the current context. Second, the modularity of the

rule base nakes it nore understandable, and easy for modification,

Each rule has lhe folLowing format:

(rule-nunber ( ¡f condi tions

THEN actions ) )

The rule number is used for identification by the inference engine.

The most significant digit represen!s a cLass, and the other two digits
represent a rule number in a cLass. The actions of the rule are carried

out, only if the conditions in the IF part are true. Each condition in a

rule can have one of the following three forrns :

(i) a Straightfornard checking of values in the data base,

(ii) procedure calls to calculate the values required , or

(iii) a combina!ion of (i) and (ii).

Àn exanple of (i) is conparing the size of the current MC-k with the

naximum number of machines allowed per machine cell. An example of (ii)
is a cal] of the procedure calcuLating the number of parts that a

machine shares within the current I,lC-k. The action part consisLs of
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procedure calls and/or nodifications of values of some objects in the

data ba se.

Combining a rule-based representation paradigm !'ith procedural

representation paradí9m improves the efficiency of the KBS. Values that

can not be obtained directly from the data base are calculated only when

necessary.

Sample production rules lhat have been implemented in KBGT are Listed

below:

Rule-102 (preprocessing rule )

IF the intercellular movenent (icm) leveI is not specified

¡ND the total nunber of machines is greaÈer than 50

rHEN set icn to 3

Note lhat the intercellular movement ]evel is defined as icm= -ll 100%,

where: n1 is the number of overJ.apping parts 
n

n is the !otal number of parLs considered.

Alternatively the value of icm can be set by a group technology analyst.

RuIe-103 (preprocessing r ule )

IF the naximum nurûber of nachines in a n¡chine celL

is specified

rHEN renove fron the nachine-part incidence natrix all partB thal

require nore nachines than the naxinu¡n nunber of

nachines in a machine cell

ÀND place then on lhe part railing list,
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Rule-201 (current machine rule)

IF no nachine has been included in MC-k

.ì,ND lhe nunber of lenporary candidate nachines

plus Uhe current nachine is greater Èhan

Èhe ¡nax imun nurnber of nachines in a nachine cell

rHEN add the current ¡nachine number to the lisÈ of

ternporary botbleneck ¡nachi nes

ÀlfD go Èo Step 1 of the algorithrn.

Rule-202 (current machine rule )

IF the naxinun number of nåchines in a nachine cell is not

specified

ÀND the sinilarity bètreen the current nachine and MC-k is less

than the sinÍlarity of the next machine to be selected as

thè currenÈ machine

ÀND the nunber of parls that are processed by the current

nachine and nachines in tfC-k is less than or equal to

the intercellular nove¡nent (ic¡r) level

EHEN place the pårt6 rnentioned above in the part raibing list
ÀND 6et the list of t,emporary caniliclaÈe nachines Èo enpty

ÀND set the list of candidate nachines to enpty

ÀND set the current machine to null

ÀND go Èo Step 6 of the algorithm.
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RuLe-203 (current machine ruìe )

IF ühe toÈal of the nunber of nåchines in MC-k and nachines in

the list of tenporary candidate nachines and nachines in Èhe

Iist of cândidate nåchines andl thè eurrent machine is
greater lhan the naxinun number of machines in a nachine ceII

ÀND Èhe nunber of parts, vhich ¡re processed by the current

machine and nachines in MC-k, is less than or egual to

the interceLlular movenent (icn) Ieve1

THEN place lhe partE mentioned above in the part naiting 1isÈ

ÀND set, thè list of Èenporary candidate nachines to empby

ÀND Bet the current ¡nachine Èo null

and go to Slep 5 of the algorithrn,

Rule-301 (machine cell ruLe)

IF Èhere are nachines shere constraint Cl is violated

THEN renove parts fron the ¡nachines violating consÈraint C1

ÀND place the removed parts on the part raiting Ìisl.

RuIe-302 (machine ceLl rule)

IF constraint C2 is violated for a robot or Àcv

THEN select a roboÈ or ÀcV such Èhãt C2 is noù violated.
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3,4,2 Inference engine

0ne of the greatest advantages of the tandem systern architec!ure is

lhe simplicity of the inference engine. The inference engine in KBS

employs a forward-chaining control strategy. In a given class of rules

it attempts to fire all the rules which are related to the conlext

considered. If a rule is triggered, i.e. the conditions are true, then

lhe actions of the triggered rule are carried out. However, some rules,

for example Rule-201, RuIe-202 and Rule-203, stop the search of the

knowledge base and send a nessage to the algorithn.

The inference engine maintains a list of lhe rules which have been

fired. This list is caì.1ed "explain". The rules in "explain" are placed

in the order that they were fired. The Iist forms a basis for buildinq

an exp).anation facility.

3.4.3 Request processor

The request processor facilitates the interaction between the

algorithm and KBS. Based on each request of lhe aÌgorithm, lhe request

processor ca).1s the inference engine and selects a suitable class of

rules to be searched by lhe inference engine.



3. 5 CIUSTERING ÀLGORIIHI.I

The clusLering algorithm presented is an extension of the algorithm

presented in Kusiak and Chow (1987a), It takes advantage of two simpte

observations:

0bservation f
A horizontal line h drawn through any rorl i (machine number i) of

i

matrix It ] indicates parts to be manufactured on machine i.
ij

observation is illustrated in matrix (4)

Thi s

1

LL I -
ij

3

PÀRT NIJ},IBER

1)?¿q

[0.5 
3.1 2.8 I

l-----'7.4----i.61-hl12
L¡.g 4.2 4.3_.J

MACHJ NE
NU}lBER (4)

The horizontal line hz crosses eLements (2,3) and (2,5) in matrix(4).

Parts 3 and 5 are !o be manufactured on machine 2.

Observation !
A vertical line v drawn lhrough any column of natrix It ] indicatesj ij
machines to be used for manufacturing of the corresponding parts.

Based on the ttlo observations the clustering aJ.gorithm is developed,



3.5.1 Thè ÀlgorithÍr

Step 0 : Set iteration number k=i .

Construct machine-part incidence matr i x.

Send a request to KBS for preprocessing.

Step 1 : Select a machine (row of machine-part incidence matrix) such

that it processes the maximum number of parts and is not in lhe

list of temporary bottleneck machines.

Place the selected machine in the list of candidaLe machines.

Step 2 :From lhe list of candidate machines, selec! a machine, which

is the most similar to machine ceil MC-k. If machine celL

MC-k is empty, then choose the machine selected in Step 1.

Draw a horizontal line h , where i ís the seLected machine
i

number.

step 3 : For each entry crossed once by the horizontaL tine h draw a
I

Parts indicated by the verticaL lines are
j

potential candidates for part family PF-k,

For each entry t > 0 crossed by a vertical line v, add the
.rJ l

corresponding machines, which are not in the list of candidate

nrachines to the list of tenporary candidate machines.

Remove the current machines from the Iist of candidate

rnachines.

vert icaL line v

Èt



Step 4 : KBS analyzes the current machine selected, and takes one of

following t!ro actions :

. go to Step 5 (incLude lhe current machine in MC-k)

. go to Step 1 (do not include it),

Step 5 ; Àdd the machine considered to machine cell Ìfc-k.

Add the corresponding palt numbers to part family pF-k.

If the list of candidale machines is empty, then go to

Step 6, otherwise, go to Step 2

Step 6 : KBS analyzes machine celL MC-k for viola!ions of constraints

C1-C3 and attempts to satisfy the constraints.

Renove machine cell MC-k and par! famiLy pF-k from the

machine-part i nc idence rnatrix.

Step 7 : If the machine-part in"laun." matrix is nol empty, lhen

increment k by 1 and go to Step 1 ; otherwise,

STOP .
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CHÀPTER FOUR



PERFORMÀNCE OF KBGT

4.1 ILTUSTRÀTIVE EN.ÀMPLE

Given the machine-part incidence nratrix (5), vector fa (frequency of

ÀGV trips required for handling each part), vector fr (frequency ot

robot trips required to handle each part), max-fa=40 (maximum frequency

of !rips that can be handled by an ÀGV) , max-fr=100 (naximum frequency

of trips that can be handled by a robot), and vector T (the col.umn

outside of matrix (5)) represents the maximum processing ¡ime availabie

on each machine, solve the group technoLogy problem. The maximum number

of machines in a machine cell to be used is 3,

ra f1 1 30 2.s - 6 i0 - 5 7 15 tB 14] max-fa (40)

rr fi1 30 s 3 6 1s l0 12 1 - 36 28'l nax-rr (100)

PÀRT000000000111
NUMDBR123456789012

1

2

3

MÀCHINE 4
NI,JMBER

5

6

7

4 21 I
26 5 r0

20 10

35 2 6

228

40

40

40

s0 (5)

50

60

20

562s
15 10 3 I

177
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Iteration 1

Step 0 lteration number is set to k=1 .

The machine-part incidence matrix is constructed from the input

data presented in matrix (5).

À request is sent to KBS for preprocessing. KBs initializes

the following lists to enpty : MC-k, PF-k, candidate nachines,

temporary candidate machines, bottleneck machines, temporary

bottleneck machines, curren! machine, waiting parts and

rnachines not used lisl.

step 1 Machine 3 is selected since it processes the maximum number of

parts and it is not in the list of temporary bottleneck

machines. It is placed in the Iist of candidate nachines.

Step 2 Machine 3 is selected from the lisl of candidaLe machines.

À horizontal Iine h3 is drawn as shown in matrix (6) .

ra F1 30 2.s -

ir fl 1 30 s 3

l0 - 6 7 ts lB l4] max-fa (40)

l5 l0 12 7 - 36 28] max-fr fi00)

PÀRT
NI]MBER

0
1

0
2

4

5

000000
456789

I

21 | I

12
I

1

2
I

I 140
I lno

-d-lno - -ntl 3

I luo 
(6)

I lso
I lsorlt lzo

l0
I

11
91
i

I

I

22-
I

1

2

3

MÀCHINE 4
N UHB ER

5

6

't

, { ì ,olr_ -20- - 10-
26

25

3

35

16
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Step 3 Vertical lines v3¡ V5r V1o, and v12 are draHn

( see matrix (5) ).

Machine 2 anò 7 are added to the }ist of temporarT candidate

rnac h i nes .

Machine 3 is removed from the List of candidate machines.

Step 4 Since the totaL of the number of nachines in MC-k, machines

in the List of candidate nachines, machines in the Iist of

temporary candidate machines, and the current machine equals 3,

constraint C3 is not vioLated. No current machine rul.e is fired.
Go to Step 5.

Step 5 Machine 3 is added to MC-k and parLs 3, S, 10, and '12 are

i nc luded in PF-k.

Since the list of candidate machines is not empty, lhen go

to Step 2.

Step 2 Mächine 7 is selecled since it is the rnos! sirnilar machine to

MC-k,

À horizontal line hr is drawn.

Step 3 Vertical lines vs, Vls ând v12 have already been

drawn.

Machine 7 is renoved from the list of candidate machines.

Step 4 Since the lotal of the number of machines in MC-k, machines in

the list of candidale machines, machines in the list of

tenporâry candidate machines, and the current machine equals 3,

constra int C3 is not violated.

co to Step 5.
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Step 5 Machine 7 is added to MC-k.

Since the List of candidate machines is not ernpty, then

90 to step 2.

Step 2 l'lachine 2 is seLected from the 1íst of candida!e machines.

À horizonEal line h2 is drarln (see matrix (7))..

fo - 6 7 1s tg t4f max-ta (40)

ls 10 12 7 - 36 281 nax-tr (100)

PÀRT
NUMBER

fa f_r 1 30 2,s - 6

rr f'ì 1 30 s 3 6

vvvv 3 s6
¡l¡

00000
23456

¡lt4 21 tt:l
5- -s- - l-ro

llí

000
789

I

I

1

2
I

I'
I

L
I

?-
I

10
I

11
01
¡

I

I+--
I
22- -
I

I

I

I

t1
I7- -

1

3 --20---1oj

40

40- -h
40- -h

3

50 l7l
50

60

20--h

t - -- -I zs
I

625
I

l3

MACHINE 4
NI,JI'IBER

5

6

7

¡s I

I

I

15 I r0

- -i- -;' j

Step 3 VerLicaI lines vr and v6 are drawn (see matrix (7)).

I'lachine 5 is added to the Iist of temporary candida!e machines.

Machine 2 is removed from lhe list of candidate nachines.

Step 4 Since the total of the number of rnachines in MC-k and machines

in the list of candidate nachines and machines in the list of

tenporary candidate machines and the current machine equals 4,

constra i nt C3 is violated.

Rule-203 is fired r

- part 3 is placed in the part l.¡aiting list
- the }ist of temporary candidate machines is set to empty

_ Ea _



- the current machine ís set to empty,

Now constraint C3 is no longer viotaled. co to Step 5.

Step 5 Since the current machine is empty then no element ís added lo

I'lC-k and PF-k.

Sínce the list of candidate machines is empty, then go to

SteP 6.

Step 5 Constraínt C2 is violaled, because of part 10 which can not be

handled by an ÀcV. Therefore, rule-3O3 is fired and a robot is

selected as the material handling alternative.

Machine 3 and 7 and part 5, 10 and 12 are renoved fron lhe

machine-part incidence matrix (see natrix (8)) ,

Iteration number k is incremented by 1.

Step 7 Since nachine-part incidence matrix is no! empty, then go to

sEep l.

Tno more i!erations of the algorithrn produces the results shor¡n in

Figure 10.

ta

PÀRT
N U}IBER

MÀCH¡NE
NUMBER

Fr 30 -
f1 r 30 3

000
124

t[ 4 21

tl ¡e
.l 35

ulu

uL 10
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1s 10

00
67

10

67
12 7

00
89
I

18-] max-ta (40)

361 max-fr (100)

1

t

26

3

59-

loo

|:: 
(8,
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4.2 ÀPPLICÀTION OF KEGT TO GT PROBLEI,IS

To illustrate and test performance of the KBGT a number of problems

have been considered. The Íirst is a generalized group technology

problem represented by matrix (5). The KBGT input represention of

natrix (5) is shor¡n in Figure 9.
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(setq rnachine-db '( (m1

(n2

(m3

(nr4

(n5

(m6

(nz

(Belq part-dlb '( (p1

(p2

(p3

(pa

(ps

(p6

(p7

(pB

(ps

(P10

(P11

(P12

(setq nax-rnc-k-si ze
(setq nax-fr 100 )
(setg rnax-f a 40)

Figure 9.

( (parÈs ((p2 a)(pa 21)(p8 8)))
( rnax-procäss-t irne a0) ))( (parus ((p1 25)(p3 5)(p6 10)))
(max-process-t ime ¿0) ))( (part,s ((p3 20)(p5 10) ç-10 22)(p12 8)))
(nax-process-t, ine 40) ))( (parts ((p2 35)(p? 2)(pB 5)))
(nax-Process-t Íne 50)) )( (parus ((p1 5)(p5 5)(p9 25)))
( nax-process-t íne 50) ) )( (parts ((p2 16)(p{ 10)(p7 3)(p11 18)))
(nax -proc ess-t ine 60) ))( (parts ((ps 1) (p10 7)(p12 ?) ))
(max-process-È ine 20) ))

))
( (prinary-pp (m2 n5 ))(fr 11) (ra 11)))
( (prinrary-pp (n1 n4 n6))(rr 30) (ra 30)))
( (primary-pp (¡n2 n3) )(fr 5) (fa 2.5)))
( (prinary-pp (¡r1 n6))(fr 3) (!a 0)))
((prinary-pp (n3 ¡r?))(fr 6) (fa 5)
( (prinary-pp (n2 n5) )(fr 15) (f 10)))
( (primary-pp (¡na n6))(fr 10) (fa 0)))
( (prirnary-pp (rn1 n4))(fr 12) (fa 6)))
( (prinary-pp (nrS))
(fr 7) (fa 7)))

( (primary-pp (m3 rn7))(fr 0) (fa 15)))
( (prirnary-pp (¡n5 ) )(fr 35) (f 18)))
( (prirnary-pp (n3 n7) )(fr 28) (f 1l))) ))

0)

Input of natríx (5) in KBGT fornat
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The output from KBGT for matríx (5) is shown in Figure 10.

((r,r¡O¡¡¡n-cp¡.r 1) M3 ìrz)((p¡nr-r¡nry 1) ps p1o p12)
(x-¡r-s-¡r,rnnx¡rrw (Àcv))

+ + + ++++++ +++ ++++ ++++

((¡,ncxrNn-c¡lr 2) M6 M1 M4)
((PÀRT-F'ÀMIIY 2I P2 P4 P7 P11 P8)(lr-u-s-¡trnnr¡¡rrvn (RoBor))

+ ++ + +++ +++++ + +++ +++ +

((r,r¡cl¡rnn-cplr 3) ü5 r{2)
((PÀRT-FÀUILY 3) P1 P6 P9)(x-¡¡-s-errpnx¡rrvp (RoBor oR Àcv) )

+ ++ ++++ + +++++ + +++ + + +

(p¡Rr-W¡rTI¡¡e-LIST===E=E======> (p3))
(u¡Csr¡l¡S-¡¡Or-USEDE========E==> 0 )
(B0TTLENECK-MÀCHTNES====E=====> 0 )

(HÀxr tÍrM-I.{ÀcHI NE-CELL-sr zE-usED 3 )

Figure 10. KBcT outpu! generated form na!rix (5)

As shor,'n in Figure 10, three machine ceIls and par! families have

been generated. MC-1 is served by an AGv, MC-2 is served by a robot, and

MC-3 can be served by a robot or an AGV. The overlapping part 3 is
placed on the part waiting list. The computation was performed for the

maxinum cell size equal 3.

The second problern is a special case of the generalized GT problem.

It is based on 0-1 machine-part incidence matrix as shown in Figure i1.
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PÀRî NUMBER

0 0 o o 0 o 0 0 0 1 1 1 'l 1 1 r I i-i'z 'i-i-z z z ? ? ? 2 3 3 3 3 3 3 3 3 3 3 4 4 4 4

12 3 4 5 6 7 B e 0 t n n à ¿; ó ö õ i ii 4' e i s g o 12 3 4 5 6 t I e 012 3

11
I f 11 1 1

111

MACHINE
NU}IBER

1

11
111
1 11 111

111 111 1

1

11 11 1

il1
11

1

1

11
11
I

111

1

1

1

1

1

11

11
1

I
1

I
11

111
1

1

1

1

1

I
1

11
1 11 11

11 1 1

11 1 1

1

ll

11
1

1

1

Figure 11. Machine-part incidence matrix (Burbidge 1973)
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For the incídence matrix in Figure 11, the KBGT provides the solution

in Figure 12.

((MÀcHrNE-cErr 1) r,r5 M4 M15)
((PÀRT-FÀMILY 1) P5 P8 P14 P,15 P15 P19 P21

P23 P29 P33 P41 P43)
+ + +++++++++++++ ++++

((MÀcHrNE-cErr 2l ìr9 u2 M16 M1 M1a r,l3)((p¿Rr-¡'¡urly 2't p2 p4 p10 p18 p2B pgz pg7
P38 P40 P6 P7 P17 P34
P35 P36 P42)

++ ++++++++ +++++ ++++

( (ilÀcHrNE-cErL 3) ìr1o ¡r7)((p¡R¡-nilrrry 3) p1 p12 p13 pz' p26 p31 p39)
+++ ++++++++ + ++++ + ++

((l¡¡cHrNp-csrr 4) H12 M1 1 M13)((p¡Rr-¡'¿urry 4) p11 p22 p2a pz7 p30 p3 p20)
+ +++++++ +++++ + ++ +++

(pÀRT-TrÀIrrNc-LrST=====r====> (p9) )
(ilÀCHTNES-NoT-USEDE=E========> 0 )
(¡Orr¡,nueCx-¡t¡CHlNES=====E===> MB Ì{5)

(tt¡x¡ ¡'n lr-ìßcHlNE-cELr-sI zE-usED 6 )

Figure 12. KBGT output for the nachine-part incidence
natrix in Figure 11

To date a large number of clustering aÌgorithns have been developed

mostly for solving the 0-1 group technoJ.ogy problem and only a few of

them have been tested.
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Since lhe generalized formulation of the GT problem is new, we could

not conpare performance of.the KBGT for this problem. I,¡e have identified

four 0-1 problerns in the GT Iiterature and solved them with KBGT. The

solutions obtained are of better quality than ones generated by the four

algorithms considered (see TabIe 1). The computational time complexity

of !he heuristic clusterÍng algorithms availabte in the literaLure is

high, for example O(m2n+nzm), where m is the number of rows and n is lhe

number of columns in a machine-part incidence matrix (see Kusiak 1985).

The algorithm presented in this lhesis is an extention of the clustering

identification algorithm (Kusiak and Chow 1987a, and 1987b) and has a

computational time complexity slightly higher than 0(2nn). The CpU time

reported in Table 1 is for a SPERRy MICRO tT (an IBM-PC compatible). In

addition some of the traditional atgorithms Iisted in TabIe 1 required

human interaction, whiLe KBGT does no!. The machine-part incidence

matrices for each of the four problems presented in Table 1 and the

corresponding KBGT outputs are shown in Àppendix I.
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I.3 ÀPPLICÀTION OF KBGT TO TWO INDUSTRIAL CÀSE SN'DIES

The performance of KBGT has been evalualed using industrial data. In

lhe second case study KBGT has been applied to dâta obtained fron

Standard Aero Ltd. (overhauling aeroplane engines conpany in Winnipeg,

Manitoba, Canada ) to solve a cT problem involving 28 distinct machines

and 51 parts. For some nachines multiple copies were avaiLable. The

parts selected represenled all process plans in the company,

In the second case study KBGT has been applied on data obtained from

Fraunhofer Institut of Industrial Engineering (F. R, of Germany) to

solve an industriaL cT probtem involving '1 28 machines and 187 parts,

The solution resulls obtained for both case studies are presented in

'l'aÞle z.

The inpu! and output machine-part incidence matr.ices for the trlo case

studies are shown in Àppendix II.

-67-



G
T

 C
as

e 
S

tu
dy

C
as

e 
st

ud
y

N
um

be
r

T
ãb

Ìe
 2

. 
S

ol
ut

io
ns

 o
f 

tïo
 i

nd
us

tr
ia

l 
ca

se
 s

tu
di

es

C
as

e 
S

tu
dy

 1

N
un

be
r 

of

C
as

e 
S

tu
dy

 2

I 
Iô

te
r 

C
el

lu
la

r 
M

ov
em

en
t 

le
ve

l

S
oI

ut
 io

n
N

um
be

 r

r 
28

t 3 3 3 3 3 3 3

H
ac

hi
ne

 C
eI

ls
 a

nd
P

ar
t 

F
âm

i 
lie

s

2 2 5 5 3 4 6

0 2
20 20 25

0
48 64

K
B

G
T

C
P

U
 T

im
e

20
 s

ec
.

20
 s

ec
.

30
 s

ec
.

30
 s

ec
.

32
 s

ec
.



4.4 OUÀLITY OF SOLINIONS

In order to present the quality of the solutions provided by KBGT the

measure of effectiveness (ME) defined in McCornick et al. (972) is

used:

líE=1/2LEa [a +ã +a +a ]i j ij i,j+1 i,j-1 i+1,j i-1,j
where a i.s an eLement of the 0-1 machÍne-part incidence ma!rix.

ij

The measure of effectiveness compuled for the solutions provided by

KBGT and the soìutions exisLing in lhe literature is presented in Table

3. The measure of effectiveness for the tHo induslriaL case studies is

also shown in Table 3. As rle can see in Table 3 the guality of solutions

provided by KBGT is better than the existing solutions, It can be

further improved by changing parameters of the knorlledge-based

subsyslem. In the calculation of ME the overlapping parts as well as

pärts to be processed on bot!Ieneck nachines were excluded.
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CONCT¡USION

tn this thesis a generalized for¡rulation of the problem of grouping

machines and parts in an automated manufacturing systen was presented.

The formuLation involves a matrix of processing times and three

constraints relaled to the avaitability of processing time at each

machine, !he requirement for material handting carriers, and the maximum

number of machines allor¡ed per nachine cell. A special case of the

grouping probJ.ern involving 0-1 nachine-part incidence matrix was also

considered. To solve the grouping problen a knowledge-based system

(KBGT) reas developed. The KBGT involves a heuristic algorithrn and a

knowLedge-based subsystem. To demonstrale performance of the

knowledge-based system four problems avaitable in the literature have

been soLved. The solutions obtained are superior to ones presented in

the literature, This is due to the clustering aLgorithm presented and

the group technoLogy knowJ.edge inctuded in the knovLedge base.

Àpplication of KBGT to tt,to industrial case studies was also presented.

The approach presented involving an optinization algorithm and a

knowledge-based system can be applied to soJ.ving olher problens as rl'ell.
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APPENDIX I



Input and output mat.rix from KBGT for the group technology problem

presented in Xinq (1982 )

000000000 1 1 1 1 1 1 1 1 1 1 222222222233333333334 444
1 2345678901 2345678901 23{s678901 234567890 1 23't 

11 1 11 1 1

1 f1t

I nput Ètatrix

11
1 11 1t

11 1 f
f 1 1 1

1

1f
f1 1

00 1 1 1 1 22234400 1 1 23334400 1 3330 1 1 2233 1 2223020
58 4 s 69 1 3 93 1 3 2 4 0 I B2't I 027 6't 5 4 6 1 2 35 5 1 9 r 2 4 7 0 3 0 9

5111111t11111 1

41 I 1111 1

15 1 1 1 11
9 11f1111111

output Matrix z 1 1 1r 11r l
16 1 11 111 11
111

14 1 111
3 1 111f

10 1f11111
7 t 1f

12 11111
11 111111
13 1 I
I 1 1 111 111 1 11 l't 1 1 11 1r1
5 1t 1 1 1 11 11 11111 I 111 1

Machine Cells : yg-l = {5,4,15J, },lC-2 = {9,2,16,1 ,14,3J, y6-3 = [10,7]

Mc-4 = {12,11,13J

Part Families : PF-1 = { 5 ,8 , 1 4 , 1 5 , 1 6 , 19 ,21 ,23 ,29 ,33,4 1 ,4 3 }

pp-2 = 12,4 r1 0,18,28 r32,37,39 r40 r42 r7 16 r17, 35, 34,36 J

PF-3 = {1,12,13r25,26,31 ,391

pr-4 = [1 1 ,22,24,27 ,3ù ,3,20J

Overl.apping parts : {9}

Bottleneck Machines : {8,9J

I
9

10
11
12
13
14
15
16

1t
f

111
1 11 111

tl 111 111
t1
111 11 tl 1

11 1

I 11
11

1

1

11
11

rll

111 1

111 1 1

1 1 111
1

111 1l 11 1

111
1't I

1lfl
11 1 1

1

1

I

-19-



Input and output rìatríx form KBGT for the

presented in SeÍfoddini (1986)

group technology problem

I nput llatrix

Output Matrix

I'lachine Cel.Is : MC-1

Par! Families: PF- I

Overlappi ng Parts I {

0000000001 11
123456't 89012
1 1t 1

1 1 111 111
1 1 1f 1 1

'I 1 1 1

11f 1 111 1

000001101000
136780122459
t11111
1111111 1

11 11 11
I 111

1111

= {3,2,5}, MC-2 = ¡1¡

= {1,3,5,7,8,10,11}, PF-2 = {2J

12 14 15,91



Input and output natrix (solution 1) f rorn KBGT for the group

technology problem presented in Kumar and vannelli (1987)

0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 222222222 2 3 3 3 3 3 3 3 3 3 3 4 4

I 234s67A90 1 234567890 1 234567890 1 234567890 1

I 111 1 1

11 1 11 1 1

1 1 lf 11
1 11 1 1

1 1 1l
11

11
111 1

I I 11
lt 11 11 1l

11 I
111

11
1

111
11 1 1

11 1

11
1 r 111 1

1 I 1 1l 11
1111

1

I 1 11
1

1t
1'l 1

l1

1

2
3
41
51
61
7
I 1 11
9'l't0 1

t1
12
't3
t4 11
15

17 1
't8
19 1 r
20 11

23 1

24
25 1

26
27 1

28 1

29 11 1

30 1 1

13 1 1 1

29 1tt1tt
9 I 1l

19 11 |11
20 1't 1 1

30 11 r 1

I 1 t 11 1

28 111
2'Ì11
¿ 1l lllf
5 1111
7 1111

26 ',|11|
17 111 1

18 1 1f 1

15 1 1

14 1 111 I
25|
5 11

16 1 t
24 1

1 1 1 2234033 I 340001 2320231 01 331 23020 1 322021
12903902 12031 1 3931 0289555746577465884s781

12 1111111 1

10 1 111 1

23 1 lt 11
3 I 111 11

22 1 1r1 111
21 1 1 11f 1'I 't 11111
2 11 I 1 11 f

11 1 111

I npul uatrix

output Malr i x

8'1



Machine CeIls : 
"g-1 

= { 12 r 10 ,23,3,22 r21 ,1 ,Z r1j ,13]¡

Yç-2 = {29 ¡9 t19,20,30,8,28,2j ,41

Y¿-3 = {5,7.,26,17,18,15,14 r25 16 r161

Part Families : PF-1 = 111,12,19r20,23,39,40,2,31,32,10,33,41)

Pn-2 = [1 ,3 ,9 ,13,21 ,30 ,22,8,29 r35,j81

P¡-3 = { 5,17,3 4,36,16,27 ,37 ,4 126,6}

0verlapping parts ; {18r38124,25,7,28,141

If overlapping part 38 is subcontracted then machine 24 is redundan!.

-82-



Input and oulput natrix (solution 2) from KBGT for the group lechnology

problem presented in Kumar and vannelli (1987)

000000000 1 1 1'l 1 1 1 1 1 1 2222222222 3333 333 33 344
'I 23456?8901 234s678901 2345678901234s67890f

f 111 1 I
l1 1 11 1 I
1 1 1',| 11

Input llaLrix

oulpu! Matrix

11 1 1

1 11
1

1 1 11
1

1

11 I
1 11

11 11 11
11 I

111
1',|

1

111
111

11 1

11
1f1 1

1 1l 11
111

1

1 1 l',1
I

11
1f
11

I
1

1

1

'1 
1

1

11
11

1

1

10 1 1r 1 1

23 1 1 1 11
3 1 1 11 il

22 1 1 11 r11
21 1 1 1111
1 1 11111
21t r 1 111

11 I 111
13 1 11
24 1

4 1 f 111 I
16 1 1

27 1l
28 1 11

5 11
14 1 1111
25 I
15 11
5 11 1 1

29 111111
9 1 11

19 11 1lf
20 11 1 1

30 11 1 1

I 1 1 11 1

7 11 1 1

11 1111
26 11 1 I
18 11 11

1

3
41
51
bt
1

81 11
91

10 1
'I 

1

12
13
14 11
15
16 1't1 1

18
19 1 1

20 1 1

21
22
23 1

24

26
27 1

28 1

29 1l ',l

30 1 1

1 1 1 222340331 34 1 23 1 2302003 r 000 1 2321 203023 1

1290349021203 1858585564577 1 393 1 0267 7 68944
t2 11111111



Machine Cells: MC-1 = { 1 2 , 1 0 ,23 ,3 ,22 ,21 ,1 ,211j,13,
24,4 116 r2'1 r29,6,14 r25,15,51

Y¿-2 = 129 19t 19,20,30,8ì

ttC_3 = {7,1.j,26,jgl

Part Families : PF-1 = 111,12,19,20,23,24,39,4012,31 ,32,
1 ,33,41 , 19,25,39, 15,29 ,35,6 126,4 ,5,37 ,1'l I

PF-2 = {1,3,9,13,21 ,30,221

pF-3 = ['16,27J

Overlapping parts I l7 ,36,8,29,34,14\



Input and output matrix (solution 1) from KBGT for the group

technology problem presented in Chandrasekharan and Rajagopalan (198?)

I

I npu! Matrix

output MaÈrix



Machine Cells : MC-1 = 122,3'1,5,39,23,8,18,36J

fiC-2 = Í26 ¡38,6,40,12 12 110, 1 6,31 J

MC-3 = [1 1 , 13,14,35,17 ,24,29 ,27]

MC-4 = {1,32,7,31

t4c_5 = 14,9,20,30,25,19,28 Ì

Part Families : PF-1 = 16,17,27,28,5s,69 r70,j6,92,88,89,99,93ì
pF-2 = { 1, 14, 1 5,29,30,39,40,43,45,61,62,63,95,

78,13,64,90,541

PF-3 = {7,1 1 ,18,3'1 ,42,47 ,75 r'79 ,80,97 ,86 r21 ,22
52,94,8,1 6,25, 35, 69,97, g6 Ì

pp-4 = {4,5,9,24,33,A9,5'1,65,66,81 }

PF-5 = {3,10,19,20,36,48,50,100,71 ,72,84,85 r91 ,g2l

OverJ.apping Parts : {83,60,73,34,59r23,31 ,32,41 ,'74,44,51 ,77 ,26,
46 rgg,2,5g 11 2,53, 39, 67,55 Ì

I f overlapping parts 123,31 ,32,41 ,14,51 ,561 are subcontracted then

machines 33, 34, ànd 15 are redundant.
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Inpu! and output matrix (solution 2l from KBGT for the group

technology problem presented in Chandrasekharan and Rajagopalan (1987)

I nput MaLrix

oulput Matrix

lr

I



Machine Cells : MC-1 = {38r26 ,6,12,401

uc-2 = {37 ¡5 ¡22,39,23,g r1g,36J

l"lC-3 = {7,1,32,3,15,13,11,14,35J

MC_4 = {4,9,20}

t4C-E = 124,29,2j ,28,25,19,301

MC-6 = {2,10,31,21,16}

Part Families : PF-1 = ['1 ,14,29,30,40,43,45,62,63,95J

PF-2 = 16,1'1,2'1,28,55,7 0 169, 76.82,88,89,99, 93, 99 J

p¡-3 = {4,5,9,24,33,49,57 165,66,67 r91,55,7,11,19

p¡'-4 = {3r 10, 19,36,48,50, 1001

PF-5 = {8 r'1 6, 25, 35, 53, 68,87, 96,7 1,72,84,85,91,92}

pF-6 = {13,54,54,90J

0verlapping Parts : {38,44, 61, 58, 98,78,83, 1 5 r59,21 r22 r3'7,52,86,2
60 ,7 3 ,34 ,23 ,31 ,32 ,41 ,7 4 ,51 ,'7'7 ,26 ,46 ,47 ,'75 ,39
20,121

If overlapping parts 121 ,22,3'7 ,52186,2,23r31 ,32r41 ,74r51\ vr¿

subcontracted then machines 17, 33, and 34 are redundant.

-88-



I nput and output matrix

lechnology problem presented

(solution 3) from KBGT for the group

in Chandrasekharan and Rajagopalan (1987)

I

l?
l¡
r5

t3

20

22
23
2l

76

2¿

3Z
¡3
3l

36
37
33
39

I

I nput I'la t r i x

89



l'fachine Cel1s : MC-1 = {3r1 ,32 r'1 ,15,13,11}

I,\C_Z = 19,4,20\

MC_3 = {24,29,271

y¿-4 = [2,10 ¡ 31 ,21 ,i6,36]

MC-5 = {39,37,5,8,22,23 r18}

MC-6 = {38r26,12,6,40,1'Ì,35,14}

MC_7 = [25r30,i9,29]

parr Famities : pF-1 : {1¡u;3n;lr¿1?,s6,5?,65,56,81,s,6'7 ,7 ,11,

PF-2 ; {1,10,19,36,49,50,100J

PF-3 : {8,16,25,35,69,97,96}

PF-4 : {'13,54 ,64 ,77 ,901

pF-5 : [6, 1'7,29,55,69,70 r76,99r99 r93,99,27]
pF-6 : {1,14,29,30,40,43 r45162,63,95,21,22,52 tg|l
pF-7 : { 71 ,'72 ,84 ,BS ,91 ,921

Overlapping Parts : 123,31,51,7 4,3-1,80,86,47,7 5,39 r58,20, 46,S3, 34,
73,3q,15,59,32,41 ,44,82,12,61 ,.79 ,gg,6D , ,26,
83 12\

If overlapping parts {23,31 ,32,41 ,74,511 are subcontracled then

machines 33 and 34 are redundant.



I nput and outpu! mâlrix

technology problem presented

( soLu! i on 4) from

in Chandrasekharan and

KBGT for the group

Rajagopalan ('198i )

Inpu! Matrix

0utput I'latrix

6eer3373 r67{ 105136735431172 t 57
963623115¡S432376750679t f 1o?37

lltl

91



Machine Cells : yg-1 = { 5 ,3 7 ¡ 22 ,23 ,39 ,8}

yç-2 = {26,6 138,12,40}

Mc-3 = [ 1i ,13 ]

6C_4 = {1,32,.1 ,31

MC-5 = {30r25,19,281

MC_6 = {20,4,9}

Mc-7 = 124,29,271

Yg-g = {14,35, 1?,18,34,36,15,33}

yg_9 = {2,.1 0¡31,15,2.1 }

Part Families : PF-1 = {6r1'7 r21 ,28,55,69,70,76,89,93,99J

PF-2 = {1,14 r29,30 r40,43,45,62,63,95}
pF-3 = {7r'1 j,18,42,79,97lr

PF-4 = [4,5,9 r24,33,49,5],65,66,91 ]

pF-5 = {71 ,j2,84,85,91 ,92}

Pr-6 = {3,10,19,35,48,50,100J

PF-7 = [8r16,25,35,58,87,96]

pF-B = {21,22,32,52 r94,23,811

pF_9 = { 13, 54 ,64,90 }

Overlapping parts : {88, 59, 60,46,98 126 r82 r83,73, 34, 1 5, 61, 78,44, 38,
2 r59,37,95 167, 75, 90, 56, 47, 3 9,31 r41,7 4 r20 r12,
53,77 |
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0000000001 1 1 1 1 1 1 1 1 122222222223333333333444{444444ss
1 234561 8901 234567890 I 234567890 I 234567890 t 234567890 f(1) r 1 1 1 1 1

2111(l) 31 1 11 1111 11111 1 1 11 1 I1 1 '1 1 11111 1t1
41(1) 5 1 1 I 1 1(1) 6 1 r f 1 1

71 f 111(1) I 111111 1111 11 't 11 r11 1 1 1 111 1 t1
9 1 1 1 1 1111 11 11(t) 10 1 II 1

11 11 1 1 f I 111 11 1 1 1

12 f 1111 1 1 1 I
13 1 1 1

14 1

15 1(1) 15 1r tl 111 1 1 1 1

17 1 11(3) 18 1 111r rr11 1 1111111 1 1 1 1 1 1

19 1(1) 20 111111 r 111r 111111111 1 111 11 111 11 111
lll 21 11 i ti 1 I r t1 11111 1

22 I
23 11
24 f 1 1r 1 I 1 1

25 1 11 1 1 1 1 1 1

26 1

21 1

28 1

Input Matrix for Case SLudy 1

Note: (t) indicâtes ã m'iltiple copy ot the coJresponding machine(3) indicates 3 mulliple copies ot the corresponding machine

-94-



(1)
(1)
(1)
(1)
(1)

(1)

21
15tt

9
10

1

13
14

6
3

20
I

18
16
20
I

18
3

16
5
9
2

1't
4

19
26

28
1

6

'l

11
24
12

(1)
(1)

0o 1 1 1 3334444444 4033230200 1 1 22300 12242301 1 1 122334s52
89 1 450480 1 3456796 1 64570 1 307597 459 13882223682639201 1

1f11111111111111
1

'1

11'l 1111
1 111

1 1 11'I 11
1

1 1 11

1111 I 11f f 11',| 11 l1l11l11l
1 1 11 11 1111 11 11111 11111

1 11 1 1 1 11 11 1111 I
1 1 11 1111 111111
1 f 1ll

111f111111',| 1

111111111111
111111 111
1 11111 11

111 11 1'tl 111
1 1 1ll

111
111

1

1

l
1

1

'|

11
111 1

111
1t

1

I
11

111
11

1

11
11

1 1 11
111 11 1

1 11
1 1 11

output Matrix (solution l) for case Study I

maximum machine cêì1. síze equal 19 snd icm=1

( 1) indicâtes the 1-st multiple copy of the corresponding machine



00 r r 1 3 3 34444444 40 3 3230200 1 1 22300 1 22 423 1 1 1 1 2 33455220
89 r 4504801 34s6796 r 64s70 1 307s97 4591 38822368239201 1 622f 1 1 1 1 1 1 1 I 1 1 1 1 1 1 1 1

output Matrix (solution 2) for Cåse Study 1

' mãximum machine cell size equaì 19 and icm=3

Note: (l) indicates the 1-st multiple copy of the corresponding machine

lf
1

11
11
1

1t
1

t11111111t
111111f1t1
11111 f 1t
1 1111 11
11 1 1

111
111

1 f 1 11
1t1

I
I
1

1

1

15 1

9 111 1111
10 1 111
1 1 1 1113 1 1 'l

14 1't 11 f
3 1tt1 1't 111t1111 11111l11r

20 1 1 11 1l 1111 11 11111 f I t 11
I 1 11 1 1 1 11 11 1111 I

18 1 t 11 1111 111111
16 1 1 111
6 1 1 f 1

( 1) 20(r) I(1) r8(1) 3(l) 16
2

17
5(1) 9
4

19
26

28
23
11 111 1 11 1 1

12 1 1 I tf
24 11 1 1 1

25 11t 1 1

f1
f 1 1 I 1

I 11
1 11
1 11 I



5504 4 4 44 4 1 3 34 4 0 1 1 2322332 1 1 2 4 3230 1 2 30 1 004 00 1 2 3 3 I 2 f 20

õ i ã i i i e i i¿ À e o s ¡ 0 7 e 7 1 3 1 5? 68 58 3 I 26 1 6923 41 28es 4 0520 e 2 1

1

I
1

1

I
111

111

1l
1

1

I

11
111
11,|
11

17
5

12
9

21
3

20
I

18
't0

24(1) 18(r) 3(1) I
19
26
21
28

6
14

13
25
34

f
4
1

2
16
11

(2) 18
( 1) 20

111111
1111111I111
11111111 1111111
1't111 11 11 11

1 11 1 1

11 11

1

1111
11 111111
1 111 1

1

1

11 1 1

11
1111 1 | 1 1

11 1

111 f ',l 11 1 11 11 11

11 1 1',| 1111 11 111 1111
1

'|

1

1

111 11
1

111

11 1

11
111111
1111111
1111 1

11 1 1111111

11
1

1

l1
1

1

1

1l 11
11111

1 111111
1 11r111fi1 11111 ',t1 111 11

Output Matrix (sol.ution 3) tor cêse study 1

maximrjm machine cell size equal 9 and icn=3

Notê:(1)indícãtesthel-stmultiplecopyofthecorrespondingmãchine'-- iz¡ indicates the 2-nd multiple copy ot the correspon'lin9 machlne

9'1



233322010122312 f 344 444 44 4 01 134 2001 I 2 3 0 0 2 3 1 2 0 0 é s 1 3 3 5
82 1 62 7 1 930 1 31 7 9440 1 34 567956858 526 1 3 6981 4o2o 492058 3 16 11 11 I10 11 1 123 11

2 1 ltt5 1 1 111111 I 1111 1 11 t111111 1.! tlt8 1 11111f
I 1 lrf 11

20 I 111111 1

3 1 't 1l ltr I21 lf1tflll1l 1 .t 1 1 tl9 111 111 11 lt 11(1) 18 11111 11111 1 111 l124 tl II 1 I 1l19 126 1¿t 11 1 11 1 t12 t 1111 1 I 1 1(r) 8 1tl 111111 111111 11111115 f¿¿ 114 l13 1r1
4j

25 11111 1 1117 tll 1 .l

28i
5 1 111 1tt 11 1

l1l 3 11t111f 1lt 11 f .tl 1 1 1 1 lf lf(t) 20 1 1f l'tI1 1 1 t1 111111t 1111111 I 111 11 11t

Output l.latrix (solution 4) tor Cåse Study j

maxinum machine cel.l size equal I and icm=3

Note: (l) indicates the 1-st nuLtiple copy ot the corresponding machine
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(1)
(1)
(1)

331 133444444{412323010122200001 f 1 122234002351243503
ìË,iiieóiii6éiiziisz ts:o¡t zzsesr 236025e2s740085831 55

10 11 ! 1

åi rtrtrrtrrtll 11 1 1-i 111 111 1 1 111 1

't t 1 1 11
3 111 11111111111

20 11 11 1111
I 11 1

¿ 11 1 11

rì 11 1111111 1111 I
i¿ 1 1 1 111 1111'l r t1 I 11 1111 11 111 11

i ttrr 111 111111111 11111 111

,i liltlt lttlllll111l1 1 f 1 .111r
iä 111111 11 111111111 1 11 1 11

23 11
15 1

221
41

1

" 111
't3 f11

21 1

24 1 11 1 1 1',! 1.

zai. 1 1 11 I
"111

11
12 111 11 11 1 1.

1 11 1 1 1

2s 1 11 1 l11l I

output Hatrin (solution 5) tor Cåse Study 1

maximum machine ceIl size equal 6 ãnd icm=3

indicâtes the 1-st nultiple copy of the corresponding nâchi¡e
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APPENDIX III



;-------------
; KBGT I À KNOWLEDGE-BASED SYSTEM FOR GROUP TEcHNoLoGY 

I

;-------------

; *** *******************r* ** ********* ***x**************** ******x*******
l************* BEGINING 0F KNoWLEDGE_BÀSE ************x***********
;******rt****x***************x**x*************************************

( setq pre-processing-rules ' (

( rule- ru I( ( (equal t t))
( (proqn

( initialize-objects-in-db)
(List 'conrinue)))))

t rule- tuz( ( (zerop max-nc-k-size ) )

((progn
(setq max-mc-k .size (- (length machine-db) 1) )(list 'continue)))))

(rule-103
( ((> max-mc-k-size 0))

( (progn
(deJ.ete-parts-pp-large )(list'continue)))))

(rule-104
( ( (< (1en9th part-db) 20))

((progn
(setq icm 33 )(list'continue)))))

(rule-105
( ((and

(< ( tength part-db) 50)
(greater-or-equal. (Iength part-db) 20) ))

( (pr ogn
(setq icm 5)
(list'continue)))))
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( rule- 106
( ((> (tength part-db) 50))

( (pro9n
(setq icn 3)
(Iist'conrinue)))))

(setq curr-machi ne-rules '(
( rule-201

( ((and (zerop (length nc-k))
(> (+- (Iength candidate-nachines)

( tength temp-candidare-machines )
1) max-mc-k-size) ) )

( (progn (setq tenp-bottleneck-machines (append

(, t:;'?;::':i:l*;ii;:iiii
(setq matrix-t (append matrix-t (list curr-machine)))
(setq temp-candidate-machi nes nil )
(setq temp-pf-k niI)
(1is!'select-new-machine) ) ) ) )

(ruIe-202
( ( (and

(> (+ (length mc-k) 1) max-mc-k-size)
(> (setq num-shared (car (9et-shared-parts curr-machine pf-k)))

0)
(Iess-or-equaJ. (* (/ num-shared (length part-db)) 100) icm)

. . (setq shared-parts (cadr (9et-shared-parti curr-nachine pf-k)))))
( (pr ogn

(delete-p-in-candidate-machines shared-parts)
(delete-p-in-mc-k shared-parts)
(delete-p-in-curr-nachine shared-parts)
( delete-p-in-pf -k shared-parts)
( setq part-wai t ing-1 i st (append part-wa i ting-J- i st shared-parts ) )
( rernove-cand i da t e-mach i ne s)
(cond ((not (nuII curr-machine))

(seLq matrix-t. (append matrix-t (Iist curr-machine)))) )(setq tenp-bottleneck-machines nil)
(setq temp-candidate-machines niI tenp-pf-k nil

curr-machine niI num-shared nil shared-parts niI)(list'continue)))))
(ruIe-203

( ((and
(> (+ (length mc-k) f) nax-nrc-k-size)
(> (setq num-shared (car (get-shared-parts curr-machine pf-k)))

0)
(> (* (/ num-shared (Iength part-db)) 100) icn)) )

( (progn

))
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(setq bottleneck-machines (append bottleneck-machines
(Iist (car curr-machine))))

( rernove-cand i da te-machi n es )
(setq temp-bottleneck-machines nil curr-machine nil

lemp-pf-k nil tenp-candidate-machines niI num-shared niL )(1ist 'continue)))))
( ruLe-204

( ((and
(less-or-equal (+ (tength nc-k) 1) max-nc-k-size)(= max-mc-k-size (- (1ength machine-db) 1))(> (setq next-machine-simi larity ( ge!-next-machine-similarity) )

curr-machí ne-simi lar i ty )(> (setq num-shared (car (get-shared-parts curr-machine pf-k)))
0)

(less-or-equal (x (/ n¡m-shared (Length part-db)) 100) icm)
. . (setq shared-pârts (cadr (9et-shared:paris curr-machine pf-k))) ))((progn

(delete-p-in-mc-k shared-parts)
(delete-p-i n-candidate-machines shared-parts )(delete-p-in-curr-machine shared-parts)-
(delete-p-in-pf -k shared-parLs)
( setq part-waiting-1i st (abpend par!-waiting-Iist shared-parts ) )
( remove-candidate-nachines )
(cond ( (not (nuLI curr-machine))

(seLq matrix-t (append matrix-t (list curr-machine)))))
{setq tenp-bottLeneck-machines ni1 temp-candidate-machines nil

temp-pf-k niI curr-machine nil
num-shared niL shared-parts nil)(List'contínue)))))

( rule-zu5
( ((and (< (J.en9th mc-k) max-mc-k-size)

(> (+ (length mc-k )
( len9th candidate-machines)
(tength t ernp-c a n d i da t e-ma ch i n e s )
1) max-mc-k-size)

(> (setq num-not-shared (car (get-not-shared-pärts
curr-machine))) 0)(< (* (/ num-not-shared (tength part-db)) 100) icm)

(setq no!-shared-parts (cadr (9e t:n ot - sha red-pa r t s

((Progn curr-machine)))))

(delete-p-in-temp-candidate-m not-shared-parts)
(delete-p-in-candidate-machines not-shareã-parts)
(delete-p-in-curr-machine not-shared-parts)
(delete-p-in-tenp-pf-k n ot -sha red-pa rl s )
(setq part-waiting-Iist (append parl-waiting-1ist

n ot -sha r ed-pa r t s ) )(setq tenp-candidate-machines nil)
(seLq not-shared-parts nil. num-no!-shared nil.)(list 'continue) ) )) )
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( rule-206
( ((and (< (length mc-k) max-mc-k-size)

(> (+ (tength mc-k) (length candidate-machines)
(1ength !emp-candidaLe -machi nes ) 1) max-nc-k-size)

(> (setq num-shared (car (9et-shared-parts curr-machine pf-k)))
0)

l< ß (/ num-shared (length part-db)) 100) icm)
(selq shared-parts (cadr (get-shared-parts curr-machine

((prosn Pf-k ) )) ))

(delete-p-in-mc-k shared-parts)
(deìete-p-in-candidate-machines shared-parts)
(delete-p-in-curr-machine shared-parts)(delete-p-in-pf-k shared-parts)
(setq part-waiting-list (append part-rlaiting-list
(cond ((not (nulI curr-nachine), 

shared-Parts))

. (setg matrix-t (append matrix-t (List curr-machine)))))
(setq temp-bo!tleneck-machines (remove (car curr-machine)

( setq !ernp-candidate-machines nil )
( setg temp-pf-k nil curr-machine
(setq num-shared niI shared-parts(tist 'continue)))))

(rute-207
( ((and (< (length rnc-k) max-mc-k-size)

(> (+ (length mc-k) (ìength candidate-rnachines)
(length temp-candidate-nrachi nes ) 1) nax-mc-k-size)(greater-or-equal (* (/ (car (get-shared-parts curr-machine

(srearer-or-equar (- (/ (å:;kl¿.1Ï:::!'^i3å:;::ll'oo' icn)

curr-nachine)) (length part-db)) 100) icm)
(c hec k -rnul t iple-nachine currlmachine)
(setq not-shared-parts (cadr (9et-not-shared-parts

((Progn curr-machine) ))))
(setq matrix-t (append matrix-t (construct-multiple-machine

(serq remp-borrleneck-nachin., r,"Ïllå-'?:ll':"1::;::iledtparis) 
) )

( derete-p-in-curr-machi ne not-shared-palemp-bottleneck-machines 
) )

(delete-p-in-ternp-pf-k n ot -sha red-pa rL s )

{setq ternp-candidate-machines nil not-shared-parts niL)(Iisr 'continue)))))
(rule-208

( ((and (< (length nrc-k) max-mc-k-size)
(> (+ (tength rnc-k) (Iength candida!e-machines)

(1ength temp-candidate-machines) 1 ) nax-mc-k-size)
(greater-or-equal

. (* (/ (setq num-shared (car (get-shared-parts
curr-machine pf-k))) (length part-db) ) 100)

temp-bottleneck-machines ) )

nll)
nil)

ttb



icm)
( g r ea t e r -or - equa J.(* (/ (setq num-not-shared (car (get-not-shared-par.ts

curr-machine )) ) (1en9th part-db)) 100)
icm)

(not (check-nuLtiple-machine curr-machine))))
( (progn

(setq bottleneck-machines (append bottleneck-machines(Iist (car curr-nachine))))(setg temp-bottleneck-machines (remove (car curr-machine)
temp-bottleneck-machines ) )(setq curr-nachine ni])

(setq temp-candidate-machines nil temp-pf-k nil
num-shared nil num-not-shared niL )(tist 'continue)))))

( setq nachi ne-ceLl-rules '(
(ruIe-301

( ((and (not (zerop (cadar (cadar mc-k))))
( setq capac ity-víoLated-nachines

(vio).ated-capacity mc-k))))

))

( (pro9n
(setq parts-deleted (removed-parts-capacity-violation

(delere-p-in-mc-k parts-dll;ledcapacitv-violated-machines) 
)

(delete-p-in-pf-k parts-deleLed)
(setq part-waiting-lisl (append pa!t-waiting-list
(serq capaciry-viorared-macr.,in", nlî"'p3:l!!å3ìlr"u rtr,(list 'continue) ))))

(ruLe-302
( ({not (zerop nax-fr)))

((progn
(check-m-h-s mc-k pf-k )(1ist'conrinue)))))

))

;****x************** END 0F RULES ****rr**************x*******************

; ------------- ----------*
- 117 -



; PROCEDURES INVOKED BY RUTES *
; ------------- ----------*

(defun initiaLize-objects-in-db o
(setq mat r i x-t (bui1d-matrix-t machíne-db))
(setq curr-machine nil)
(setq bottleneck-machines niL temp-bottleneck-nachines nil)
(setq candidale-machines nil temp-òandidate-nachines nil)
(selqmachines-not-used nil part-waiting-list nil)
(setq pf-k nil tenrp-pf-k niI all-pf-k-nit)
(setq mc-k niI all.-mc-k nil)
(setq all-m-h-s niI m-h-s nil)
(setq expJ.aín nil part-pp-pairs nil))

(def un delete-parts-pp-large ( )
(1et ( (parts-deleted) )

(do ((parts part-db))
( (nu11 parts ) parts-deleted)
(cond ((> (length (cadr (assoc

max-mc-k-size)
(setq parts-deLeted

'primary-pp (cadr (car parts)))))

(append parts-deleled
(list (caar parts))))))

(setq parts (cdr parts)))
(cond ((not (nu11 parts-deleted))

(deleLe-p-in-matrix-t parts-deleted)
(setq part-waiting-list (Iist parts-deleted) ) ) )(print parts-deleted)

(pr i nt (Length parts-deleted))))

(defun delete-p-in-matr i x-! (parts)
(do ((machines))

((null parts) t) ;test(setq machines (cadr (assoc 'primarT-pp (cadr (assoc (car parts)

(do ((m)(temp-parts)(curr-part)) 
part-db)))))

( (nuLt machines) L) ;test(setq m (car (horizental-line (car machines)) ))
(setq matrix-t (remove m matrix-!))
( setq temp-parts (cadr m))
(setq curr-part (assoc (car parts) ternp-parts))
(setq temp-parts (remove curr-part temp-parts))
(cond ((not (n u11 temp-parts))

(setq m (1ist (car m) tenp-parts))
(setq matrix-t (append matrix-t (Iist m) )))(t

. (setq nachines-not-used (append machines-not-used
(Iist (car m))))) )

(setq nachines (cdr machines) ))
(setq parts (cdr parts ) ) ) )

(defun detete-p-in-candidate-machines (parts)
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(do ( (temp-candidates candidate-machines)
(machine-parts ) (st i 11-candidate ) (m) )((null temp-candidates ) t) ;test

( setq m (car temp-candidates))
(setq machir,e-parts (cadar (horizentaL-line m) ))(setq natrix-t (remove (car (horizental-line m)) matrix-t))(do ( (t.emp-machine-par!s machine-parEs ) )

( (null temp-machine-parts) t) ;test(cond ((member (caar lemp-machine-parts) parts)
(setq machine-parls (remove- (car !ènp-machine-parts)

( (member (caar renp-macnir"-ol?;:i";?1;it) 
) )

(setq sr i t1-candidare r)))-
. !rq!q temp-machine-parts (cdr temp-machine-parts)))
(cond ( (n u11 machine-paits)

(setq machines-not-used (append nachines-not-used (list m)))(setq candidate-nachines (ièmove m candidate-machines) ) )((null s t i 11-cand i da t e )
(setq candidate-machines (remove m candidate-nachines))
(setq matr ix-t (append matrix-t

(setq temp-candidates (cdr temp-candidates))))

(defun de let e -p- i n-tenp-candidate-m (parts)
(do ( (ternp-candidates temp-candidãte-machines)

(machine-parts ) (m) )
( (nu11 tenrp-candidates) t) ;test(setq m (car temp-candidates))
(setq machine-parts (cadar (horizental-tine m)))
(setq matrix-t (remove (car (horizental-Line m)) natrix-t))(do ( (temp-machine-parts machine-parts))

((nulÌ temp-machi ne-parts ) i) ;test(cond ((nenber (caar temp-machine-parts) parts)
(setq machine-parts (remove (car temp-machine-parLs)

. (.q!q temp-machine-parrs (cdr r.'o-i::lil:-¡ili:lìì'
(cond ( (null machine-paits)
. (setq nachines-not-used (append machines-not-used (líst m)))(setq temp-candida¡e-machinãs (remove nr

(t
(setq na!r i x-t

(i
( setq malríx-t

(setq tenp-candidates

(1i si (Iist m machine-parts)))))

(append natrix-t (Iist (Iíst m machine-parts))))
))

tenp-candidate-machines ) ) )

(append matr i x-t {List(tist m machine-parts)) )) ))(cdr temp-candidates) ) ) )

(defun delete-p-in-mc-k (parts )
(do ((temp-rnc-k mc-k) (machine-parts) (m))

((nul1 temp-rnc-k ) t) ;tèsr(setq n (ca r temp-mc-k))
(setq mc-k (renove m mc-k))
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(setq machine-parts (cadr m))
(do ( (temp-machine-parts rnachine-parts) )

( (nu11 temp-machine-parts) t)- ;test(cond ((member (caar temp-machine-parts) parts)
(setq machine-parLs(remove (car temþ-nachine-parts)

. !.ç!q !emp-machine-parrs (cdr r"^o-i::lìi:-Ë:::ììì'
(cond ((nu11 machine-paits )

(setq machíneslnot-used (append machines-not-used
(list (car m))))) ;<==e5j in DB(t

. (setq mc-k (append nc-k (list (list (car m) machine-parts))))))
(setq ¡emp-mc-k (cdr temp-mc-k) ) ) )

(de f un delete-p-in-curr-machine (parts)
(1e! ((machine-parts (cadr currlmachine)))

(do ((ternp-machine-parts (cadr curr-machine)))
((nu11 temp-machi ne-parts ) t) ;test(cond ((member (caar temp-machine-par!s) parts)

(setq nachine-parls (remove- (car temp-machine-parts)

. (serq rernp-machine-parrs (ccr t.'o-H:lil:-få:i:ììì'
(cond ((nuLI machine-parts) (setq curr-machine 

- nil))(t (setq curr-rnachine (Iijt (car curr-nachine) machine-parts))))))

(defun delete-p-in-pf-k (par t s )(do o
((nuIl parts) t)
(setq pf-k (remove (car parts) pf-k))
( se!q parts (cdr parts))))

(defun delete-p-in-temp-pf-k (pa rts )(do o
((nulL parts) t)
(setq temp-pf-k (renove (car parts) ternp-pf-k))
(setq parts (cdr parts))))

(def un remove-candidate-machines ( )
(do ( (parts)(nachínes candidate-machines) )

((nu11 nachines) (setq candidate-machines nil) t)
(seLq parts (cadr (get-shared-parts (car (horizental-line

(ca r machines)))

(cond ((zerop (Iength parts))
((> (Iengrh parts) icm)
(seLq matr ix-t (remove

pf-k)))
r)

(car (horizental-line (car machines)))
natrix-t))

(setq bottleneck-nachines (append bottleneck-machines

( (ress-or-equar (rength parrs) ,.*Ítttt 
(car machines)) )))

(setq part-waiting-list (append part-waiting-Iist parts) )(delete-p-in-candidate-machines parLs)
(delete-p-in-mc-k parts)
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(delete-p-in-pf-k part s )
(delete-p-in-curr-machine parts) ) )

(setq machi nes (cdr nachines))))

(defun greater-or-equal (a b)
(cond ((< a b) nil)(t r)))

(def un Less-or-equal (a b)
(cond ((> a b) niI)(r r)))

(defun get-next-machi ne-s ími lari ty o
(cadr (select-most-s imi lar-maèhi ne (append candidate-machines

! emp-c a nd i da t e -rnac h i n e s )
(add-temp-pf-k temp-pf-k pf-k))))

(defun check-multiple-machine (machine)
(1et ( (nultiple (assoc 'mu].tipte (cadr

(cond ((nul1 mult iple ) nil)
((> (cadr mulriple) 0) r)(r nil))))

(assoc (car nachine)
machi ne-db ) ))))

(def un construct-mult iple-machine (machine parts )(1et ((machine-atLributes (cadr (assoc (ðar machine) machine-db)))
(n))

(setq n (cadr (assoc 'mu).tiple machine-attributes)))
(setq machine-attribu!es (remove (assoc,multiple machine-attributes)

(serq machine-ârrribures (append i::iiffi-åiÏiiii::"(list (list 'muttipLe (- n 1)))))
(setq machine-db (remove (assoc (car machine) machine-db)

machine-db))
( setq machine-db (append machine-db(list (list (car machine) machine-attributes)) ))
(do ( (a11-parts (cadr machine) )

(new-machine-parts) )
( (nuLl parts ) (1i st (1i st (car machine) new-machine-parts)))
(setq new-machÍne-parts (append new-nachine-parts(Iist (assoc (car parts) all-parts))))(setq parts (cdr parts)))))

(defun sum-process-t ime (part s )
(apply '+ (mapcar #'(lambda (p) (cadr p)) parts)))

(defun violated-capac Í ty (mc-k)
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(do ((machínes))
((nuIl mc-k ) machines) ;test(cond ((> (sum-process-time (cadar mc-k))

(cadr (assoc'max-process-time
(cadr (assoc (caar mc-k ) nachine-db) ) ) ) )

. (setq machines (append machines (Iist (caar mc-k) )))))
( setq mc-k (cdr nc-k))))--

(defun removed-parts-capacity-violation (mc-k machines)(do ((parts))
((nuLI nachi nes ) parts) ;test(selq parts (appenã parts (lowest-tine-part-capacity

(cadr (assoc (cai machines) mc-k ))(cadr (assoc ' max-process-t ime
(cadr (assoc (caar nc-k)

(defun lor{est-t ime-part-capac i ty (parts max-process-time)
(do ((part-deleted) (nin-rimã mãx-process-i ime )

( sum (sum-process-tine parts) ))
((nu1J. parts) (1ist part-àeleted)) ltesr(cond ((and (Iess-or-equaI (- sum (cadar parts)) rnax-process-time)(< (cadar parts ) min-time))

(setq min-time (cadar parts))
( setg part-deleted (caar parts))))

(se!q parts (cdr parts ) ) ) )

(defun check-m-h-s (mc-k pf-k )(let ( (r-violation) (agv:violation) )

(setq r-vio).ation (> (sum-frequency 'fr pf-k) max-fr))(setq agv-violation (> (sum-fiequeicy 'fã pf-k) nax-fa))(cond ((and r-violat i on agv-violatioi)
(setq m-h-s ' (nonà is suitable)))

((and (nuLl r-violation) (nulJ. agv-violation))
..(setq n-h-s '(robot or agv))) -

( (null r-viotation) (setq-m-h-s '(robot)))
( (null agv-viotation ) (sátq n-h-s ' (agv) ) )) ) )

(setq machines (cdr machines ) ) ) )
machine-db) ) ) ) ) ) )

(p) (cadr
(assoc p part-db))))) pf-t))

1))

(defun sum-frequency (freq pf-k )(1et ((frequencies))
(setq frequenc ies (mapcar f,(lambda

(cond ( (member ,- '?::;:.i:i"n, Í'"u'(+ (max max-fa nax-fr )(t
(appty'+ frequencies)))))
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(defun match-mc-pp (mc pp)
(do ((temp (append mc bottleneck-nachines)))

((null pp) t)
(princ "mc-pp::> ") (print pp) {princ "mc-pp==t ") (print t.^p)

(cond ((not (nrember (car pp) temp))
(return nil)))

(setq pp (cdr pp)) ))

(de f un match-at).-mc-pp (part pp)
(do ( (tenrp all-mc-k ) )

( (nul1 temp) nil )
(cond ((maLch-mc-pp (cdar temp) pp)

(setq part-waiting-list (remove part part-waiting-Iist))
(setq part-pp-pairs (append part-þp-paiis (List

(ìi st part pp))))
(add-p-to-group part (car (cdaar lemp)))
(return t ) ) )

(setq ternp (cdr temp)) ) )

(de f un add-p-to-group (part k)
(do ((left) (tenp) (ri9ht alJ.-pf -k))((null right) (print "function add-p-to-group has

(cond ((= k (car (cdaar ríghr)))
(setq temp (append (car right) (Iist part)))
(setq all-pf-k (append lefr (1isr temþ) (cdr
(return t ) )

(t
(setq left (append lefr (tist (car right))))
(setq righr (cdr righr))))))

rigth=null" ))

right)))

(defun ma tc h-a I !-pp-groups (pI ist )
(do ((part) (pps))

( (nul1 pl ist ) t )
(seEq part (car plist))
{setq pps (cadr (assoc 'alterna!ive-pps (cadr (assoc part part-db)))))

(princ "alt-groups==> ") (print pps)
(do ((pp))

((nuII pps) t)
(setq pp (car pps) )
(cond ( (natch-alJ.-mc-pp part pp) (return t ) ) )
(setq pps (cdr pps)))

(serq plist {cdr plist))))

(defun use-att-pp-for-part-waiting-list o
(cond ((not (null part-waiting:lis!) )(princ "use=> ") (print part-waiÈing-list)

(cond ( (Iistp (car part-waiting-Iisb) )
(match-alt-pp-groups (cár part-waiting-List) ) )(t
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(march-aIt-pp-groups part-waiting-List ) ) )
(pr inr-resulrs att-mó-k al1-pf-k) )))

; *x**********x** ***** ** *x*************************************** ***********
;***************** END 0F KNOWLEDGE_BÀSE **********x********************
;******x***************************:t********************x******************

; * ----------- ------___*
;* INFERENCE ENG] NE *
;*----------- ---- _____*

(defun carry-out-ruLe-actions (act ions )(eval (car act ions ) ) )

(defun eval-ruLe-conditions (conditions)
(do o

((nult conditions) t)
(cond ((not (eval (car conditions))) (return niI)))
(setq condi t ions (cdr conditions))))

(defun try-f i re-rule (ruIe)
(Ìet ((temp-rule) (ruIe*number) (conditions) (actions)

(msg ) (cond-result ) (action-result))

(setq rule-number (car rule))
(setq !emp-rule (cadr rule ) )
(setq condi t i ons (car temp-rule))
(setq act i ons (cadr temp-rute))
(setq cond-result (evallrule-conditions condítions))
(cond ((equaJ. cond-result t )

(setq ac!ion-result (carry-out-rule-actions actions))
(setq msg (list rule-nurnber (car action-resuli )) ) )(t
(setq msg (tist ruLe-number,does-not-apptv))))))

(defun kbs-inference-engine (rules)
(do ((msg))

((nulL rules) (setq msg ' (continue) ))
(setq msg (try-firé-rule (car rules)))
(cond ((equal (cadr msg)'select-new-machine)

(return (cons'select-new-machine nsg))
. (setq explain {append explain (tist (car msg))))) )(setq ruJ.es (cdr rules ) )J )
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;* REOUEST PROCESSOR *
: *------------ -------------*,

(de f un kbs (request)
(cond ((equal request 'pre-process )

(kbs-inference-engine pre-processíng-ruLes) )

( (equal request'check-curr-machine)
(kbs-inference-engine curr-machine-rules))

( (equal request'check-curr-group)
(kbs-inference-engine nachine-ceIl-rutes))))

; x------------ ____________*
;* ALGORITHM *
; *------------ ____________*

(defun bui Ld-matr i x-t (nachine-db)
(do ( (current-machine) (matrix-t ) )

( (nu11 nachine-db) matrix-t )
(setq current-nachine (ca r machine-db))
(setq rna!rix-t (append matrix-È (tist (list (car current-machine)

(cadr (assoc'parts (cadr current-nachine)))))))
( setq machine-db (cdr nãchine-db))))

(defun get-machines-remain o
(do ((machines-remain) (m matr ix-t ) )

( (nuI1 m) machines-rernain) :test
(cond ( (not (or (nenber (caar rn)'candidate-machines)

(member (caar m) temp-candidate-nachínes)))
(setg machines-remain (append-machines-remain

(Iisr (caar m))))) )
( setq m (cdr m))))

(defun machine-with-most-p ( )
(do ((nachine)(machine-parts)(maximum 0)

(temp-nachines-remain (9et-rnachines-remain) ) )

((nu1Ì temp-machines-remain) (flst machine))
(cond { (not (member (car temp-machines-remain)

(serq machine-parrs (cadr ru..o. rllTprH;:*:Hii;i1::åli;ì'
(cond ((> (lensth machine-parrsl 'å5iiå;åì))

( setq machine (car temp-machines-remain))
(setg maximum (length machine-parts) ) )) ) )(setq tenp-machines-remain (cdr temp-machines-remain) ) ) )

; te st
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(defun seLect-machines o
(machi ne-wi th-most-p) )

(defun g e t -n ot -sha red-pa rts (machine )
(do ((number 0) (machine-parts (cadr machine))

(not-shared-parts)
(parts-in-temp-candidate-m (p-pr oc e ss ed-on -mac h i n es

((nurl machine-parrs) (lisr number r"r-rh::lå:::li:1it'-*:få::t"'
(cond ((and (not (menber (caar machine-parts) pi-k))

(member (caar machine-parts) partslin-tenp-candidate-m) )(setq nunber (+ number 1))
(setq not-shared-parts (append not-shared-parts

(1i st (caar nachine-parts))))))
( setq machine-parts (cdr rnachine-parts))))

(defun p-processed-on-machines (machines)
(do ((parrs))

( (nulI machines) parts)
(se!q parts (add-ne'o-parLs 

?ååå1, tnorrrenrar-rine (car machines)))))(selq machines (cdr machines ))))

(defun get-shared-parts (machine pf-k )(do ((number 0) (parts-shared)
(curr-machi ne-parts (cadr rnachine) ))

((nulL curr-machine-parts) (list number parts-shared))

(cond ((member (caar curr-machine-parLs) pf-k)
(setq number (+ number 1)) '
(setq parls-shared (append parts-shared

(Iist (caar curr-machine-parts) ) ) ) ) )(setq curr-machine-parts (cdr curr-machine-parts ) ) ) )

(defun select-most-simiLar-machine (machines pf-k)
( Iet ((num-parts (Ienqth part-db)))

(cond ((nuLI mc-k) (List (car machines) 2000) )(t
(do ((max-similarity 0) (curr-s irni Ia r i ty )

( simitar-nachine (car machínes)) -
( num-shared) ( num-not-shared) (machine-parts ) (m ) )

( (n uI1 machines)
(list sinilar-machine max-simiLarity)) ;test

(setg m (car machines))
(setq machine-parLs (cadar (horizental-line m) ))(setq num-shared (car (9et-shared-parls

(ca r (horizentat-tine m)) pf-k)))
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(setg num-not-shared (- (length machine-parts)

(setq curr-simitarity (-tTi;:¡3:;:) )

(+ num-not-shared (- (J.ength pf-k)
num-shared))))

(cond ((> curr-similarity max-similarity)
(setq simi Iar-machi ne m)

(..is,i:;!"q.i"i;åi';l:; i :å, ) i Ti ítT """r 
i'Lv ) ) )

(defun hor í zental-line (nachine)
(List (assoc machine matrix-t)))

(defun get-temp-pf-k {machi ne )
(do ( (machine-parts (cadr machine)) (t-pf-k))

((nuIl machine-parts ) t-pf-k) ;tesi(serq t-pf-k (append t-pf-k (list (caar nachine-parts))))
(setq machi ne-parts (cdr rnachine-parts))))

(def un get-pf-k (rnc-k pf-k)
(let ((curr-machíne-parts (cadar (last mc-k))))

(setq pf-k (add:nev-parts pf-k curr-machine-parts))))

(defun add-new-parts (pf-k curr-rnachine-parts)
(do o

((null curr-machine-parts) pf-k) ;got aI1 parts of curr-machine

(cond ((not (member (caar curr-machine-parts) pf-k))
. (setq pf-k (append pf-k (list (caar curr-machine-parts))))))
(setq curr-machine-parti (cdr-curr-machine-parts) ) ) )

(defun delete-candidate-from-tenp (candidates tenps)
(do o((null candidates ) tenps) ;tes!(cond ((member (car candidates) temps)

. (setq temps . 
(remove (car candidaLes ) temps ) ) ) )(setq candidates (cdr candidates ) ) ) )

(defun crossed-once (pf-k candidate-machines)

(do ( (temp-machines (get-nachines-remain) )
(curr-machine-parts ) )

((nullternp-machines) candidate-machines) ;test
(setq.curr-machine-parts (cadr (assoc (car temp-machines) rnatrix-t)))(do o

((null curr-machine-parts ) t) ;test
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(cond ((nember (caar curr-nachine-parts) pf-k)
(seuq candidate-machines (append cãndidate-machines(list (car tenp-machines) ) ))(return t ) )

(t (setq curr-machine-parts (cdr curr-machine-parts))) ) )

(setq temp-machines (c dr temp-machines))))

(defun add-ternp-pf-k (temp-pf-k pf-k )
(do o

( (nuÌ1 tenp-pf-k ) pf-k )
(cond ((not (member (car tenp-pf-k) pf-k))
. (setq pf-k (append pf-k (list (car lemp-pf-k))))))
(setq temp-pf-k (c dr temp-pf-k))))

(de f un add-curr-machine-to-nc o
(cond ((not (nuIl curr-machine))

(setq mc-k (append mc-k (list curr-machine)) )
(cond ((member (car curr-machine) tenp-bottleneck-machines)

(setq ternp-bottleneck-machines (rernove (car curr-machine)
temp-bottleneck-rnachines)) ) )) ) )

(defun add-mc-k (all-mc-k mc-k k)
(1et ((curr-mc-k (list (list 'nachine-cell k))))
(do o

((nu11 mc-k) t) ; aLl machines included
(setq curr-mc-k (append curr-nc-k (list (caar mc-k))))
(setq mc-k (cdr mc-k ) ) )

(setq aJ-l-nrc-k (append aLL-mc-k (list curr-nc-k)))))

(tiefun add-pf-k (alI-pf-k pf-k k)
(1et ((curr-pf-k (append (list (list 'part-family k)) pf-k)))

(setq all-pf-k (append aJ.t-pf-k (tlst curr-pi-k))))) -

(defun add-n-h-s (all-m-h-s n-h-s k)
(cond ( (not (null n-h-s))

(setq all-rn-h-s (append aIl-m-h-s (list (list
'm-h-s-alternative m-h-s))))

( setq m-h-s nil)
all-m-h-s )(t nil)))

(defun print-results (al1-nc-k alI-pf-k )
(do o

((nulI alI-mc-k) t)
(print (car aLl-mc-k))
(print (car atL-pf-k ))
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(cond ((not (nu1L a11-m-h-s) )(print (car at l-m-h-s ) )) )(print " ++++++++++++ ")(print " '')(setq all-mc-k (cdr all-mc-k ) )
(setq all-pf-t< (cdr all-pf-k ) )
(cond ((not (nuLl a1t-m-h-s))

( setq aIl-m-h-s (cdr aL1-m-h-s)))))
(pr i nt ' ------ ----------------- )(print (list'parts-on-waiting-1is¡=====¡ part-waiting-1ist))(prínt (list'nachines-not-¡5g!-list====> machines-no[-used))(print (list'bot!leneck-nachines=======> bottleneck-machines) )(print ' ----------)(print (1isl'maxirnum-machine-cell-size==> max-mc-k-size) ))

;------------- -------------*
; ÀLGoRITHM ì.1ÀI N-Li NE *
; ------------- -------------*
(defun gt-algorithrn o

(pro9 ((kbs-ms9))

STEPO
( kbs 'pre-process )(setq k 0 )

STEP 1

(setq candidale-machines (append candidate-machines
(seLect-machines)))

STEP2
(setq curr-machine (select-nost-sinilar-machine candidate-machines

pf-k ) )(setq curr-machine-similarity (cadr curr-machinã))
(setq curr-machine (car currlmachine))
(cond ((nuIl curr-machine) (go presult)))
(setq curr-nachíne (car (horizenial-Iine curr-machine)))
(setq ternp-pf-k (get-temp-pf-k curr-machine))
(setq matrix-t (rerncve curr-machine matrix-l))

STEP3
(setq candidate-machines {remove (car curr-machine)

candidate-machines ) )
( setq temp-candidate-machines

(setq t ernp-când i da t e-rnac h i nes

(crossed-once
temp-pf -k tenp-candidate-machines) )

(delete-candidate-f rom-temp
candidate-machines
temp-candidaLe-machines ) )

STEP4
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( setq kbs-msg (kbs rcheck-curr-machine))
(cond ((equaI (car kbs-rnsg) 'continue) t)((equal (car kbs-msg) 'select-new-machine) (go stepl ))(t

(print "*** algoriLhm does nùt undersland kbs message")
(9o stop)))

STEP5
(setq pf-k (add-temp-pf-k temp-pf-k pf-k))
( add-curr-machine-to-mc )
(setq candidate-nachines (append candidate-machines

(setq temp-candidate-machines nrilto-tunuiuate-machines) 
)

(cond ((nuI1 candidate-machines) (go formgroup))(t (90 step2)))

STEP6
forngroup

(cond ( (not
(setq
(l¡us
( setq
(setq
(setq

(nulI pf -k))
k (+ k 1))

'check-curr-group)
all-mc-k (add-mc-k all-mc-k rnc-k k))
aII-pf-k (add-pf-k all-pf-k pf-k k ) )
aIL-n-h-s (add-m-h-s aLI-m-h-à m-h-s k))))

(setq mc-k niJ. pf-k ni). temp-bottleneck-machines ni t )

STEPT
presult

(cond ((nuL] natrix-t) (print-results alL-nc-k all-pf-k)(9o stop) )((= (lenSth matrix-t) (length !emp-bottleneck-machines))
(setq bottleneck-machines (append bot t len ec k-mac h i n es

temp-bottleneck-machines ) )(print "too many bottleneck machines" )(print "change machine cell size")
(9o stop))

(t
(go stepl )))

stop ) )

; ******************************rr**** ***************************x************
;***************** END 0F ALGoRITHM ***********************************
;******************************************************x********************
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; t ------ ------ -----___________*
;* FUNCT]ON TO INVOKE THE KNOWLEDGE-BÀSED SYSTEM *
;*------------ -_______________*

(defun kbst o
(gt-atgorithm)
(print " ")(print " ")(print "*****x**x*** END OF PROCESSING ************"))

;****x***********************************************x**********rr*****x*****
;* PRoCEDURES FoR USER INTERFACE * * * * * * * * * * * * * * * * * * * * * * * * * * * * * x * * * * * * * *
;*x******* ************x******x*************************x***** * *** ********* **

(defun create-machine-db (machine-numbers)
(do ((parts) (machine-db) (machine-parts) (m))

((nult machine-nunbers) machinã-db)
( setq machine-parts ( ))
(setq parts part-db)
(setq m (ca r machíne-numbers))

(do o
((nuIl parts) t)
(cond ((nernber m (cadar (cadar parts)))

(setq machine-parts (apþend machine-par!s(Iisr (tisr (caar parrs) 0))))))(setq parts (cdr parts ) ) )
(setq machine-db (append rnachine-db (List (list m (l.ist

(serq machine-numbers r"ultållnrlSl::,,i3::iTit*rts) 
) ) ) ) )

(defun pr i nt-group (1 num)
( let ((12))

( setq 12 (do o
((null 1) nii)
(cond ( (equaI num (car (cdaar l)))

(return (cda r l))))
(setq I (cdr t))))

(do ((blank " "))((nul1 i.2) (print "*i.x'ts¡d***'r ))
(pr i nc (car 12) )
(princ blank)
(setq t2 (cdr t2) ))))

** * ** * ** * * * * * * it* * * ** * * * * * * * * * ** * * *** * * * * * * * * * * * * * * * * * * * ** * ** * * * * * * ** * * ** * x**************** ENÐ 0F CODE *********************************************************************************************x****************
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