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PREFACE

The Center for Tnformation Systems Research (CISR) is a research center

located and manaqed in M.I.T.’s Sloan School of Management; it consists of a

group of Management Information Systems spec ial ists , including faculty members ,

full—time research staff and part—time students. The Cen ter ’s general research

thrust is to devise bettor means for designing, generating and maintaining

applications sof tware , information systems and decision support systems.

Within the context of the research effort sponsored by the Naval Electronics

Systems Command under contract N00039-77-C-0255, CI SR proposed to conduct basi c

research on a systematic approach to the early phases of complex software

systems design , one of the main goals being the development of a well defined

methodology aimed at explicitly f i l ling the gap between system requ iremen ts

and program specifications that characterizes most traditional system design

strategies. At the heart of such a methodology is the structuring of the

initial set of requirements so as to make apparent the design trade-of fs existing

am ong its elements; the decomposition of that set into subsets of strongly

interdependent requirements which would define a meaning ful framework Icr system

design is the main focus of the proposed methodology . The research project ~s

organized so as to investi gate the following four  areas :

1) Graph—like representation of requirements sets and suitable decomposition
techniques ,

2) Design and development of a set of software tools to support the set
decomposition activity,

3) Identi f i cation of a methodology for the assessment of interdepende ncies
among requirements , as well as quideuine~ for the interpretation of the
obtained decompos itions and for the coordination of design subproblems ,
and

4) Exp eriment~~ app li cat ion  of the  me th odo l-~riy and supporting tools to a
specif ic  case , w i t h  emphasis on recommnendadtions for their practical use
and comparison with more traditional design approaches.

This document focuses on the activities carried out at CISR to investiga” e

the second area outlined above.

t
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CONTRACT N00039-77-C-0255

Technical Report #2

EXECUTIVE SUMMARY

This Report describes an interactive sof tware package which incorporates

the decomposition techniques discussed in Technical Report #1, along wi th a

number of faci lities that permit checking the initial set for consistency ,

convenient user in terfacing , evaluating partitions , saving and restoring problems ,

and performing traditional cluster analysis with three different algorithms .

The different capabilities of the package are illustrated by means of

simple examples , and its usage in the context of a non trivial decompc~ ition

problem discussed in some detail .

The package was written in FORTRAN and is currently operational on the

Sloan School’ s PRIME minicomputer.
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SOLVING DECOMPOSITION PROBLEMS : ALTERNAT [VE

TECHNQIUES AND DESCRIPTION OF SUPPORTINC; TOOLS

I. Introduction

This report has two main purposes:

a) To describe a software package which incorporates most of the algor—

lthms presented in [Andreu 7 7 J  and allows its users to work interactive ly ;

and

b) To illustrate the usage of this package for solving a non—trivial

graph decomp osition problem.
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2. The Package

In th is se cti on we descr ibe the f a c i l ities ava i lable in a “graph

decompos ition ” software package that incorporates most of the algorithms

described in [An dreu  7 7 ]  and p e r m i t s  t h e i r  i n t e r a c t i v e  usage . I t  has

been implemen ted  on the  PRIME m i n i c o m p u t e r  at the  S loan School.  Here

we emphasize the basic available facilities; their use is illustrated

by means of simple examples in Section 3. A non—trivial graph decompos i-

tion problem is then solved using the package in Section 4, which thus

illustrates its usefulness in more realistic settings.

2.1. Basic facilities

The package was designed to incorporate the algorithms described

in [Andreu 77]. Basically ,  it allows its users to perform the following

opera tions :

(a) Enter the structure of a graph in a convenient manner; the

associated adjacency matrix is generated by the package .

(b) Compute a distance matrix for the graph under analysis , using

the strategy described in [Andreu 77 —— Section 5.2.2]. A

value of p = 1 is assumed , and preclustering (collapsing

nodes) is automatically performed as needed. If preclustering

occurs , the user has two options for computing a distance

matrix: either treating the groups of collapsed nodes as

single n odes , or not. The resulting distance matrix can be

used in traditiona l cluster ana lytic algorithms to partition
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the graph. Three agglome rative cluster analytic algorithms

are provided in the package.

(c) Compute a similarity matrix from a distance matrix as described

in [Andreu 77 — —  Appendix IV].

(d)  Use the al g o r i t h m  desc r ibed  in S e c t i o n  5.3.3 of [Andreu 77]

to identify an initial parti tion of the graph under stud y ,

given a percentage parameter.

Compute a distance matrix from a non—binary similarity

it rix (such as that derived in (d) above), and use th is

iteratively, as proposed in [Andreu 77 —— Sect ions 5 . 3 . 2  and

5.3.2.1].

(f) Evaluate a given graph partition by means of the measure

introduced in [Andreu & Madnick 7 7 ] .

(g) Upda te a given grap h b y add ing or dele t ing links among nodes ,

or by deleting nodes .

(h) Save and restore graphs , par ti tions and distance ma trices to

and from secondary storage .

Usage of the package is interactive ; a total of 28 commands are

currently available to the user to request the operations listed above ,

to print the different matrices or graph partitions as required , and

~ to perform certain checks on the data defining the problem under analysis

(e.g., to check for isolated nodes in a graph).

-

~~~~~

, . . . . - —  . 
~~~~~~~~~ -—  -- -  . -
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A brief summary of thtse commands is presented in Section 2.3

below.

2.2. Structure of  the package

The package is characterized by a basic design feature which

mus t be understood in order to be able of using it effectively. It

was des igned to work with a decomposition problem at a time ; this

implied a concept of “curren cy ’ regarding the different entities that

may exist at any point in time , and to which the user can refer to.

The most fundamental entity with which the package deals is a

graph. At any point in time , there is a “curren t graph”  on whose

decomposition that package is working. A number of commands are

available to change the current graph as needed. This currency

concep t is extended to other entities that may be generated by the package

at the user request. Most notably, a current adjacency matrix , distance

matrix , similarity matrix and partition may exist. Any user request

which requires one of these entitles is processed using its current

version if it exists; an error message is issued otherwise. For

examp le , a request to print the similarity matrix results in its

current version being printed. The current version of any entity is

the one last computed or specified .

Furthe rmore , since the package allows the usage of the different

available analy tic tools in no predefined order , a notion of “curren t

status” Is :dso needed. The reason is that some requests can ’t be

processed unle ss o thers have been processed previousl y for the current

grap h. For example , a cluster analytic algorithm :~n
’t be used unless

a di stance matrix is available. In other words , the order in which
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the user can issue r~ quests is not completel y ar h it r~ir~i; rather , the

requests tha t can h~ processed  at a g iven point i n  tine are a f u n c t i o n

of wha t  has been done so f a r .  The n o t i o n  of “ c u r r e n t  S t a t u s ” ~ S

useful to summarize what is c u r r e n t ly  a v a i l a b le  to the  p a ckage  and ,

consequ. n t l y , w h i c h  commands can be meaningfully processed. Changes

in the  c u r r e n t  s t a t u s  n i -c come abou t  a f t e r  t h e  p r o c e s s i n g  of c e r ta i n

user requests tha t change the e n t i t i e s  w i t h  w h i c h  the package  deals

(e.g., distance matrix , et c.). The “current status ” can be saved

and later re—activat ed ; thi s allows the user to explore different

solutions to a given decomposition problem while minimizing processing.

For the purpose of the d i scuss ion  here , it is sufficient to

think of the current status as a variable that can take five values

(status levels), with the following associated meanings :

Level 0: Nothing is available; the package has just been

invoked and no graph has been s p e c i f i e d  y e t ;

Level 1: A cra~ h has been specified and the associated

adjacency matrix is available;

Leve l 2: In addition to what is availabl e at level 1, a

graph partition has been computed or specified;

Level 3: A distance matrix is also available;

Level 4: A similarity matrix Is available.

In the descri pt ion of the 28 available requests contained in

the next section , we indicate , for each of them , both the minimum

status leve l required for the request to he processahic and the

status leve l resulting after its execution . Whe r~ ver a request is

issued which can ’i be processed at the time , the message “UNABLE TO

_ _ _ _ _ _ _ _ _  ~~~~~-- -- - -~~~~~~~~~~~~~~~ -—.----— - .-~~~~



— 6 —

DO IT t is p r i n t e d  in the  user ’ s t e r m i n a l .

2. 3. Request command oummar’-

The package is invoked by e n t e r i n g  t h e  c~~~man d “ RUN *GRD EC ”~~~~.

Upon i n v oc a t i o n , the  user  is asked  it he needs a n e s c r i p t i o n  of the

a v a i l a b l e  command ’s codes (codes  are  mo re ore l ess  mnemonic f o u r  l e t t e r

w o r d s ) .  I f  the answer is affirmative , these are d i sp layed  and a

promp t (“ REQ : ”) issued fo r  the  f i r s t  r eques t , as shown below .
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At this point , t he  c u r r e n t  s t a t u s  level  Is 0.

Each command is described at  some l en g t h  below . Examp les of

their usage can be found  i n  Sec t ion  3.

1) ENGR.

Minimum status leve l required (MSL) : 0.

R e s u l t i n g  s t a t u s  level (RSL) : I.

Upon t y p i n g  “ E N G R i n  response to the  “REQ :” promp t , the system prompts

the user to enter graph data by printing “ :“ . Graph data must be

entered according to the following format:

/ . . . / $  (embedded blanks allowed) ,

wher e “N” is the number of nodes in the  graph , and a group of the form

“/ni;nj1, . . .  /“ ind icates that there are links between node number

“ni ” and nodes “nj
1

1’ , “nj2” , etc. “$“ is used to indic ate end of

da ta .  Data can be e n t e r e d  in mo re t h a n  one l ine as long as the last

character in each line is “/“ (except for the last line , which must

end wi th “S” ; the system will keep prompting the user after a line

ending with “/“ is entered). Input data is checked fo r  correct  fo rma t

and to ensure  t h a t  no node number  i~ g r e a t e r  than the spec i f ied  number

of nodes ( t h e  sys tem assumes t h a t  nodes are assigned the consecu t ive

numbers 1, ... , N); if an error Is detected , the user is notified and

the input process must beg in starting at the first line.

Note that since the package deals with undirected graphs whose

adjacency matrices are symmetric , links need to he specified only in

one direc tion . An orderl y and often convenient way of entering da ta

_____ 
-g
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is to spoci  I v  ‘ m i  ; n~ , n j , , . . . I” groups in i nc re asi zig o~ der of “n i ”

values;  o n l y  “n j ’ v a l u e s  such  t h a t  n j > n i  need then to  be i nc luded

in each gr o u p  ( r ~~z in d iacona I entries of t he  ad j acency  m a t r i x  are

automatically set to I).

2) REST.

MSL: 0.

RSL: 1, 2 or 3. (See “SAVE” below.)

The user w i ll be asked to specif y a f i l e name f r om where to read

grap h data; such a file must have been specified previously in a

“SAV E” command .

3) PRNO .

MSL : 1.

RSL: Unchanged.

The dimension of the curren t graph is printed.

4) PRAD.

MSL : 1.

RSL: Unchanged.

5) ISOL.

MSL : 1.

RSL: Unchanged.

Any iso la te d node in the current graph (a node with no links associated

wi th it) Is printed.

6) NOLK .

MSL: I.

RSL: Unchanged.

-~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~ _  _ _ _
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A listin g i s  p r o d u c e d  where  each node in the curr ent gr aph is shown

w i t h  t tit ~ nodes it is linked to. A measure of the “link density ” of

the c u r re nt  c r ’ ; - h , the  “average  number  of l i n k s  per  node ” is also

prin ted.

7) DEL K .

MSL: 1.

RSL: 1.

The u s e r  is p r o v p t e d  ( ‘ :“) to en te r  the l inks  to be del e t ed .  Input

data fo ri-~at is as that for “ENG R ”. with the exception that no

par t  is r e q u ir e d .  N o t e  t h a t  t he  resulting status level is 1, since

the adjacency m a t r i x  is m o d i f i e d .

8) DENO .

MSL: 1.

RSL: 1.

The user is prompted (“ : ‘) to enter the node numbers to be deleted. Input

data forma l should  be of the  fo rm

/n 1, n2 , .  . .
where n ,.. . ,n . are the node numbers to be deleted. i1utL~~dded b lanks1 1

are all owed and da ta can be en tered in more than one l ine as long as

each one ends wi th “ , “ ( the las t one should end w it h “I”). If the

nodes being dele ted are other than the last I nodes , the remaining

ones are renumbered ; the newly assigned numbers are printed out.

Attempts to remove all the nodes or nodes whose number is greater than

the current number of nodes will fail.

-I 
_ _ _ _ _
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9) ADLK .

MSL: 1.

RSL: 1.

System promp t and input dat i forma t as in “DE LK .”.

10) CLON.

MSL: 1.

RSL : 2.

A “partition” is identified where members of each subgrap h are co l lap sed

nodes. Usually th is partition won ’t have prac tical in teres t as an

end result , but it will give insight about the structure of the graph

under analysis.

11) NWP A.

MSL: 1.

RSL: 2.

The user is prompted to enter a partition. Input data format should be

of the form

m i , . . . m n ~,. . .l .  . . / $

where the node numbers between a pair of consecutive “I” ind icate

a subgraph. Embedded blanks are allowed as well as multi—line input ,

as long as each line ends wi th “/ “ or “ , “ . Every node sho u ld appear

in the inpu t d ata , otherwise it won ’t be accepted. Note that the

result ing status level is 2: otherwise , since the partition is exter—

nally specified , i t mi ght create inconsistencies with preclustering

derived from ~‘d1ap sing nodes. Note also tha t this means that any

available distance or similarity matrix will be lost after exec’iting

this  command; these should  be saved for  f u t u r e  r e f e~- e n c e  (see “ SAVE ” ) .

d
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12) DI M S .

MSL: 1.

RSL: 3.

13) DIMN .

As DIMS .

14) MDI .

MSL: 4 .

RSL: 3.

15) ITER.

MSL: 3.

RSL: 3.

16) SIMA .

MSL: 3.

RSL: 4.

17) INPA.

MSL : 4 .

RSL: 4.

18) HCM1 , HCM2 , I I CM3 .

MSL: 3.

RSL : Unchanged.

These commands all  use t h e  cu r r en t  d is tance  m a t r i x  to per form

agg lome ra t ive  c l u s t e r  a n a l y s i s .  They genera te  a “c l u s t e r i n g  t race ”

in the form of a hierarchical tree which shows how nodes are successively 

- - --~~~~~~~~~~
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c lus t e red  t o g e t h e r ;  t h e  t r e e  may he optinal ly printed. The successive

p a r t i t i o n s  produced  by t h i s  t r a c e  are  e v a l u a t e d  and the  best  one

re t a ined  as “c u r r e n t  p a r t i t i o n ” .

The commands d i f f e r  on t h e  cluster analytic method employed ,

regarding the criteri~ used , at a given p o i n t  in the  node merging

process , to decide what clusters to merge next , as fo l lows :

Method 1 (IICM1 ) merges the “closest ” pair of clusters ,

measuring the distance between  two clusters A and B by the

mean of t h e  ~l i s tan c e s  be tween  nodes of A and nodes of B; that

is ,

d(A ,B) s (a ,b)
B

where and are the number of elements in A and B

respectively , and the summation is ove r all the  e l ement s  a C A

and b C B.

Method 2 (HCI-12) merg es  t h e  pair of clusters that lead to the

m inirum mean of the distances between all pairs of nodes in

the clust er resulting from the merger. That is, a t each

step it ch1 ,,~ises t o  me rge  the two clusters that , once merged ,

produce the minimum x:

1 ~-x —~---~~~s (a , a )

wher e 
~A 

is the number of nodes in the merger A; a ,a’ C A and

the summation is over  a l l  p a i r s  of nodes (main  d iagona l  en tries

of the d i s t a n c e  m a t r i x  S are i n c l u d e d  In i t ) .

_ _ _ _ _ _ _ _ _ _ _ _   
_ _ _  - - - —
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Method 3 (HCM3), finally , mer ges the two clusters A and

B that lead to the minimum ~~:

y = 1s (a,a’) — Es(a,a ’) — —
~~
-- Es(b ,b’)

A B  A B

where the first summation is over all pairs of nodes in

A and B , the second o~’er all pairs in A , and the third over

a l l  pairs in B.

19) EVAL .

MSL : 2 .

RSL: ~nc h an g e d .

The current g;zrtition is measured and the result printed out , along

with its c o m p o n e n t s , “ s t r e n g t h ”  and “coupling ”.

20) PRLK .

MSL: 2.

RSL: Unchanged.

The links joining nodes belong ing to d i f f e r e n t suh grap hs in the current

partition are printed out. This is helpful to figure out how the

componen ts of the current partition interact.

21) PRCL.

MSL: 2.

RSL: Unchanged.

22) PRDI.

MSL: 3.

RSL: Unchanged.
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23) PRSI.

MSL: 4.

RSL: Unchanged .

24) SAVE .

MSL: 1.

RSL: Unchanged.

The user is prompted to specify a file name where the  current

status will be sav~~d. The file name nay be up t o  6 characters long,

beginning with a let ter. Depending upon the current s t a t u s  leve l , the

following is saved a’~ aV in t h e  specifi ed file:

Status leve l 1: Current adjacency matrix

Status leve l 2: Current adjacency matrix plus current

partition .

Sta tu s  level  3 C u r r e n t  a d j a c e n c y  m a t r i x , p lu s  c u r r e n t
or 4:

distance ~~ttr ix , p l u s  any preclustering chat

mig ht h zv . oc cLz rr .- (I wh i  I e comput lag t he

distance r iat r i x. The similarit y matrix is

neve r saved because 4 ts recomputation

(“SIMA ”) is very fast.

25) DEFT.

MSL: 0.

RSL: Unchang e l .

The spec i f ied  f i l e  is d e l e t e d .

-~~~~~ -
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26) QUIT.

MSL: 0.

Work session is ended. Current s ta tus  is lost if not previously saved.
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3. ~~~~~~~ le Session

This s e c t i o n  i l l u s t r a t e s  the  usage of the package with a simple

graph. We work with the graph depicted in Figure 1.

4~~~~~

Fi gure 1

The f i r s t  t h i ng  we do is to enter the g rap h structure through a “ENGR ”

command :

~~~~~ ~~~~~~~~~~~~~
~ i W t - i ~ ( L h  I 1 1 L F - L

At t h i s  p o i nt , a c u r r e n t  i dj a c c n c y  rn - i t r i x  is a v a i lab l e .  I t  is o f t e n

sa fe  to d i s p l a y  i t  (“ PRA D ”) and to reques t  i n f o r m a t i o n  about  the  c u r re n t

g raph  so as to check t h a t  t h e  ent red graph i s  indeed the  c o r r e ct  on e :

F-

CUF~F L . N T  J i ~I’ l -
~I.. r’ M ’ T F - i ’- ( :

1 7 4 5 /~

1~ 1 ~l I I t)  0
2 1 ()  (~ 1 1

0 I I )
4~ I 0 1 1 , 0

~~ s:  0 1 o () 1 1
I 0 1 0 0 1 1 

- _ _ _-r -~~~~~—- - -  - -- - — - -
~~~
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H

I •I

_ ( U - : 1 I  r~ l I’ J L ~~ 1T ~~ t.~ ~~~~~~~~~ -~- - ~~~

RE i l :

I I -  IIl:~~I I~ I
Hi ~ 1 . 1 )  r~H i ’ t :  ( ~ )

I ( ~ “ 7. ~. i ,
( ~~u 1.  ~1 ’. 6.

~ : .  i ,  ~~
4 ( ~~ 1, ~
‘ ( ) •
6 ( 7) 7. 1 ”

t A~.)j ~~~ (~ ij i —  N I ) .  HF L ~~~ ER N’Th[ 2.~~33)

F’ l u :
I ~ i 1J

NC) I~~i.1L. ’! 1  I U H U h  ~~~.

Using “ CLON ” , we next  s p e c i fy  t h a t  we wish  to p e r f o r m  p r e l i m i n a r y

c l u s t e r i n g  (a va lue  of p = 1 is ass umed by t h e  sys tem ) :

f•~ £
C I... I n N

PF I [I.U- -][~~ 1HH rI- I-~~- i:w:t1r II I I  l i-I --
~~~~~~ I .

To d i sp lay  the  c u r r e n t  c l u s t e r i ng  ( p a r t i t i o n ) ,  we use “PRCL ” :

F-: 1 : :

CLUSI I  I: r -J H )  i1-: I~~I~~J g

J ( :1 ) J-
7 ( I )
3 ( 2 )  .3 4
4 ( 2 )  ~ 6

We can also evaluate  i t  (“ EVAL ” ) :

R I O :
I VA L

S I I • I  r H : c • ‘ ‘~ ‘OO • 

I N I , :  ~ • H o ) .

11E~~~. ( . f l :L .  : - -- A • ( ‘ ~

F- .I ( I ’

_______________ 
‘S
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Next , we can  c o m I ) u t t ’  a d i st an c e  m a t r i x  t r e a t i n g  col  lapsed nodes

not  as s i n g l e  nodes  ( “ J) I~-~~”) , d isplay it (“ P RDI ”) , compute  a s i m i l a r i t y

ma t r ix  f r o m  i t  “ SI ~-~\ ”) , d i s p l a Y  t h i s  m a t r i x  (“ RPSI ”) , co mp u t e  an

initial pa rtition w i t h  a p e r cen t age  pa rame te r  of 80% (“ iN P A ”) wh i c h

can t h e n  be cv du at e d  (‘‘ UVAI , ’’)

ii LiI H
( F ; : LHJ 7 J I F - L t  CH f l~ ’ I i J L ’

I I t _ I - 1 ,~ - ‘~~FJ I.~ l ’~- I ~ l-- ’~- i - ~ ~~~~~~~~~~ ~-l( t I::II~ L~~ hi- ’ I J fE _ i’  I 1i - ~ F _ :

C L 1 ~ -~ I~~i - fl~ T i - I ~ i ~ ~~~~~ :~ . L h  

F 1 0
- - I i 1

H I P I 1 ‘ii’- 1 1 - h - ’ I i i x :

1 .. ~ -~ 4

1 o • ~~
‘ • -~ 

- .
‘- (. • ~~

0 , ’’! .: H , - ’ ,7 ~ ,
.~~ : ‘, , , . ‘ :~

, () ,~~ —~~ i , ,) ! ,~~~~ ‘.

/‘
~~ ~~ 1 ’ , ’~ ~~~~~~~

o

~ ; ~I

‘ ; t h  I L  ( I ’  I 1 r N~ ’ U’ ~ L~ d i ‘ I I L

1’ - ‘;i

LUk1d-H~ h~~I M I L , ( h - I 1 Y  i - i ’ I ~ ::

1 2 A 4

1~ 1,0 .’ 0. 0 , !5 0 , 1~~
2~ H • A~ 1 • 2~ 1 , j 7 - ‘) , 7 ,
3~ 0 .7 P  ‘ , I ?  1 . -;’ .’ ,~~~~~,,

~ 0~ 1/’ 0 • • (‘~H [ •

R I O :
I rH- A
EN IL:’ f Ulo 1- a i f t E  F ’ I - ’ r~ 1 1 - - :

U ’,) .

INI I I  AL F H L  I ri (d i: Ill - U ri ii ~ J i l l  F’ = 00, HO %

_  
S
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U F I

F i  I L

rJ~) I . ’ i : ’ ’ i ’ :

1 C 7’ 1.
2 ( 2 , ’, 2 h

F - i  o :
I .:

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~

(~ 1(J~’L I I f lJ : 0. I 1 L I ,,
~~~ :~I I -  : ~‘ • ~~~~~~~~

(:0 :

To save the current status , we use “SAVE ” (note tha t a checking

is performed so as not to destroy an existing file if the user doesn ’t

want to):

F t i  I- ’ i L _ I ~ 7- ’!
S < t o

FJE .F ¶~l~~I~~~II ( - I I.: 1 (-, 1 Y  EX I~~~T : : ,
t I C ) V i  I I - I ,’ IJ I I i )  th 1; -: iJ T [I ’

H .1
F dl (T I  I 1 J i ML

Nr J~~(:  L.

S T A b ’ , 
~~~~~~ Ii IN F- CI £ ~i I .h’ ’,I U

A distance matrix can also be computed by taking collapsed

nodes as single nodes (“DIMS ”):
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f- I 4
1 ILl -

F- ’ F ’ : I : ( I f ’ ’ ~~I 1 ~~t~~’ ~ i. ’ L l 1 ’ I I b L )

~~~~~~~~~~ ‘~l r i I I~~I~ ” (_ , t I~~i ’ t J l I _l’  L d l ! : i  1 ’

~T I I I ~~ 1 I  I ’ ~ 1 ’ ’ - ’ ~ -
‘ 

~ 
, I , i i l ~~

I )~
f l  - I i  I

i I _I : ’ i - : I_ r~ I l I I _ ~_ 1 1 _ ’ (~!__ .‘— ‘ : ‘ l I~~i ’ ~’~

I ~_ A ‘I

i : ‘~~ • OH 0 .  !7’~- P * 7 H , ;‘
~~

2 O . F - ( ~ • (‘ 1” 
~:~~~~~

‘‘ ) .~~~~ 
-:

3 1’ , - ‘ • 7 - , • ‘ “‘ ‘ i • 
-

4 : (j  • “~~ ‘7, 1~ 1 • ‘) * 
h )

We now use the distance matrix saved p r e v i o u s l y to p er f or -

cluster analysis. Fisrt , we restore t he  s t a t u s  saved above (“ P [h1’) :

i’r I:’ :

1 (4 i L l - ’ I I  - I. - r ’ ’
N H!, ” I
(~J I I - ~,i C 1 I ’J I , ’! ‘ i C I l - I ‘ .~~ F’ ld  ‘ ‘I II~

, J I - : i u i l~ i”,’- J b ;  ! I : - , 1 T I J I Ni(~l F ~J~ I - L I t  F- i- - ) -
~ 711. L Nu, i’iLL

F-I .  (4
I I  ‘ I i i

C 1 .J !” I ’ i i’II t T ’ - ,Ii’~ J: ’i M c , ) I - ’ I X

i ., z

I o.o( ;~ 0. ’.”  (‘ ,2  i . O
() ., - ,~/ H , H 0 . ) , H ’ ,

3: 0.:.::: 0.L’~ ‘) , n’ , , i ’ ,

~~: C . C l  u.: ’~’ :1 .O ( )  , ‘:

I 

--_
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With Vie d i s t , n i ,  e ma t  r i x  shown above , we p e r f o r m  h i e r a r c h i c a l

c l u s t e r  ana l vs is  hv neans ~‘f t h e  command s ‘‘ HCM1 ’’ , ‘‘ liCtid ” and HCM3” .

Note  t h a t  t h e  s, - s t ~~’i informs the user of the measure associated with

the best identified partiti on , and gives him a chance to p r i n t  the

h i e r a r c h i c a l  c l u s t e r i n g  t r s c~’ ( t r e e ) ;  the  best  i d e n t i f i e d  p a r t it i o n

becomes t h e  “ c u r r e n t  p a r t i t i o n ” , wh i c h  can t h e r e f o r e  be p r i n t e d  t h r o u g h

‘ PRCL ” :

I,. i~

L I .  i—i I - i ’ : 1 I I I ’ — ,_ .~ - I .I H I  - 
() • 7 ’ .

I l l _ I y’ I I  ‘ I ’ :r I t__ I I- l - : i r ’ l  s -i
0 )

01 H:

f - i , )  L.

C L I  7 1 T I ’ ’ : H I  ) I 7j ~_ Cl

( - I”  j  -~ 2
C A )  7 7

F’ L t 1
II I f1

.1 E-1i I F’ I I I  -r - I H’ C ’  I - -U: ‘ C ,
I . ’ Y f L . l I)(~r- I l I t I  S C I O l  ) N E  r I d iT ,-

i- Jr - i

1 - 1 : 1  I

CI 1J7 H- ‘ 
~r-J H) P II: H i t’

1 C ~ ) 1 3 4
7 C A ) •.~ N

• i I i~t :

I L - I  - ( F ~’T ’ ! 1 I I 1 ’ I  ‘ 1 , ’, ’ : I H ~ ! :
I’ ll y ) : i ,.I I 1 I -~~I III F U l f I l ~Iii:

Y L N
r ’ I ’ :  I- - ( 1 1 1 1 I ’ l l ~, - l  i~i 1j l ’ t ~

- - - - -— — -  - -—-~~~~~~~~~ -- S_ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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if the user wants to print the tree , it cones out as shown below :

1 - ‘ ‘~~~~~~~~ ,~~~~ 7 i  ‘) 10 1 IH 1-i 1’~ 1~ I )  1( ~ 1” :‘ -‘_ •:. .~~~ : 3  r i

( $  ~~ — - -

( * ‘* *

C” i,L(- L :t :’ or ~E i : T G:

~* i * :  ~‘ 6
( •  2*~~ 3 4

— 1 . 0 0 0  ~~~~~~ 0. 133

Note that objects (nodes) collapsed while computing the distance

matcix are treated as single nodes during the clustering process , as

de termined by the fact that only one entry in the distance matrix

exis ts for  each gro up of nodes , but tha t in forma tion is given regard in g

what nodes belong to each group .

The measures shown below the tree corr spond to the partitions

resul ting at each clustering step, f rom lef t to righ t in the pr in ted

tree. In the example above , for  ins tance , —1.00 is the measure

- 

associated with the partition ~2,5,6} ,(l},{3 ,4}; 0.536 wi th (2,5,6}j ],3,4}

and 0.133 wIth {l,2,3,4,5,6}.

-~~~~~~ ~~ - •~~~~~~~~~~~ ‘---—~~~~~~~~ - - -
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At this point , the f o l l o w i n g  o b s e r v a t io n  mus t  he made regarding

the  f o r m a t  of t i l t ’ p r i n t ~ed t re ’ . Asterisks (“*“) are printed to indicat e

when a cluster ends , so as to facilit ate the reading of the- part ition

as soc ia t ed  w i t h  a g i v e n  level in the clustering trace , as f o l lows :

Given a level  in t he  t r i e  (s,i .’ l ’-v e l  10 in the  t ree  shown above) ,

the partition associated with this level has as many components

(sub g r aph s )  as h o r i z o n t a l  li f l e s  wou ld  be crossed by a ve r t i ca l  l ine

j o i n i n g  the level n u m b e r s  a t  t he  top and bottom of the diagram (two

in the case above); to read off the nodes belong ing to each subgrap h ,

one backtracks from the point at which each horizontal line is crossed

(from right to left) and looks for the bottom—most asterisks in any

previous cluster. This strategy would result in the partition

{2,5,6},fl ,3,L~ for the example above .

Another  o b s e r v a t i o n  r e g a r d i n g  the  p r i n te d  tree is t h a t  only

25 c l u s t e r i n g  l e v e l s  arc printed in any case , due to space constraints.

Level values  d e t e r m i n e d  by t he  c l u s t e r i n g  level employed are rounded

of f  and assi gned to the  c lo ses t  level of the 25 p r i n t e d .  This  can

resul t  in c l u s t e r i n g s  i n v o l v i n g  more than  two subclusters for output

purposes , which  would seem to contradict the basic assumption of any

h ie r a r ch i ca l  c l u s t e r i n g  method;  i t  should  be unders tood tha t  such

con t r ad i c t i on  is only apparen t , the  c lus te r ing  process proceeds always

one step at a t ime .

& “PRLK ” allows to p r i n t  the  l inks e x i s c in g  among sub groups in

the cu r ren t  p a r t i t i o n :

1

—~~ - 
___ _

~, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —— ‘  -
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F’ S: II:
I - ‘ - ‘‘ 

‘ I.

L L, . I I~: I  I:: ( L ’~ ) ~~ II IC I ~ -

1 ( A ’  1 3 1
2 ( 7 )  :7 1

I- [i -I

i l l, - )-: 1 l - I I J ’ ’ :’I ( I (  ~I I - ’ 1 - ‘~
5~%

(See Figure 1 and check  t i t a t  the  printed link —— f rom node 1 to node

2 —— is the only one between t he  sub graph s {l,3,4) and {2,5,6)).

To illustrate the use of “SIDI ” we recompute the similarity

matrix associated with the  current distance matrix (recall that the

similari ty ma tr ix  is never saved ) :

- ‘ - - _ ~~~~~~~~~~~~~ -~~~~~ _~~~~~~~~ S S~~- ~~~~~~~ ., -J
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I - f  U
I I ]

r’’ - ’- - I I ’ LX  L : ’ ) t ’ l I ’ S ! I ; b i +

F’ I - - I ’ ’
S I T ’  i

-c I ) - ~- 5 - - I I J fl I-J- I I - - - j L C F M I 1 L. O i ’ J T Y  M A i R J X +
H I L l 7 f I : L H H  I - I ’ H i I I ’ II ( I

-
’ .

F’ -~: F ’ 1

(T’ (iI ’ I~ I N I r,L, I~~, e - ( I  ,i,iI: i~ ::

1 2 4

I ~“ .O() :‘~ : ‘ j  ~) . -r~
1 0. T”l C) • H I) , :-- I. ‘ ‘  , ,‘- ~

~~~ ~~~~~~ 
( i . , r I  ‘:“ . ‘)

~~~‘,‘ :

4 :~ :I. :-  • ~- C ~ ‘.1 • ‘-
~~‘)  ‘“ • c i )

The iterative procedure proposed in [Andreu 77] can be performed

by means of “IT ER ”, and clustering performed:

‘~

______________ __________
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L I ’  I~ 7’ I L i H ~ L I I  I I I  I r r ~ T I ’  ~I’ :

I F - H  I L  UN
I - ‘ i j

r ~ i.,’ :  ; i i ’ : ~J ’  I I : : I - -r ( T (:1 4 1. ,. :

~~~
) , : i  (~~

l 1 : _ C ’ ,

( A )  I ‘
~ 4

II .1 C

1:1 i

- ‘I

i : I I I - :i.. - ~-~ I T i j ’  :, ‘?;)‘L M~~T l ’ I)’::

1 1’

I : ‘ “ . “ 0 .  -
~ C

I) • - ‘
~ 0 . ‘ -‘0

We now save the current status in file “SIXNOD”. Since this

file flready exists (see above), we first delete it through “DEFI ”

(alternativel y, we cou ld sp e c i f y  tha t we wish to des t roy it s curren t

version a f t e r  i s su ing  a “SAVE ” command , see above) :
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I - f  !I~1, 1: 1~
E L-l i E d’  I LL I i C t ’ ~L

H i  - , J H ’l

F 1 1 . 1  T ’( : t~~1 1 1:1 I __ i - T i .: 1 ,

F- ’ I - i s  :

F L i i  I I ’ ’ 1-- 1 l_ . E N- ’ r’C:

¶ C ( ’ i I I : : _, ‘ - :,~ f) I : I :  I i  I _ I_ l I::_

i-o-: ~ I

We now illustrate how the structure of the current graph can be

changed. Recall that our current grap h i s  t h a t  dep icted in Figure 1.

To transform it to that shown in Figure 2,

~~~~~~~~~~~~ 2~~~~~~~J
4~~~~~~

FIgure 2

We add the l ink 2 — 3 by means of “ADLK ”:

- ~~~~-- ‘ - ~~~
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(i l

/ 71  3 / I —

O I- ,”-~ ’ I  l I f ’ i , ’ I 1’ .

N - ’ I

I — i  I 11I , T .~ , I , , I _ 3 ,
F 1- U~ ( - 7 t 1 : i  I I  t h : I H  ‘ S )

I. 3 7~’ ,3~ 4 .

~7 ( ~ ) H 7•
,3 ‘. 3)  I -  ~~
4 ( 2 )  ! •
ti ( 2 .  2 .  ~~
6 ( 2 :‘ 5’

C O ” ’ k I ” ~ , ’ L  Ni,). ill L~,’hiH.; ‘1 , - ‘ ~H C l -  ; ::- , - ~~-~~
;‘ ) ,

Nex t , we investigate how the resul tin g distance matrix differs

f rom tha t  ob t a ined  above t h r o u g h  “ I TER ”. N o t e  t h a t  s ince we u p d a t e d

- the  current graph , the initial distance matrix must be recomputed; we

do i t thr ough “ LiIMN” bel ow and see tha t a different prec lustering

than tha t o b t a i n e d  b e f o r e  r e s u l t s :
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1’ [  o :
I T~~ i ,

U N C i I I I _ I Ii.) ( I ’ l I I
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L IE I - I

r F - I ~~- I I . I :- - I ; -  I - I L ” ,; H’ ’ r i I - ’L I F . )
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C’LUNH I-H NUl l I - - ’I’~I t 1  r iU l  • :‘ l i ’ I ’ _ U . ~,II:Ii 7 ,

F-~ ,‘
‘I

L 1 Ii’ ’ I ‘ I-: ( I -li.) II (

1 C 2’ I 3
:7 C H

( 1 )  ‘i
A - ‘ 5’  C /—, -~-

, ,J

0 1
I ‘ F r i . ’ I

l:: .! I r I ~ [ S -S I I:I . i L r  ~,- - ,NC  - U , T N1 ’ X~

I :~ -~

1 1 (‘ , - C ‘ , ‘- 
~ ‘5 ‘c.

C) , ~ o 0~ 0’) • 6 — ‘ 
. - . u

3 : (, ‘ • :75 C) • - - , ‘) . ‘ -  ‘ I. c-  -

4 0.05 (i ,I~ ,)  I .00 H , - ) ’ ’

F ’ C

Now we can use “ I TER ” (note that intermediate clusterings diffe r

from those obtained previously, but that the end partition is the same

and that the final distance matrix reflects the fact that the “coupl ing”

between the two subgrap hs in the final partition Is now higher):

________ 
-g
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Nex t , we illustrate the use of “DELK ” and “DENO ” to transform

the current graph (Figure 2) Into that shown In Figure 3.
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_ _ _  _ _ _  
I

Fi gu re 3 Figure 4

First , we delete the unneeded links and add the new ones :

I - i  ii

/ 1 1 .’ ,, ~~4 . -’ ‘~~A~~’ ,~~-’ ,”1~

I l l  ‘, } ‘l ~ I I I - ’ :  I U,

F L :  S I t
(IT~I l~ Ic

/3 ;  ‘. . ./4 ~ / - - 5-

I I T S  - i ’ , ’ 1:’ *

To obtain the graph in Figure 3, we must delete nodes 1 and 2.

We first check that they are currentl y isolated nodes (“ ISOL”), and

then delete them (“DEN U” ) :

-~~~~~~__ _  ~~~~~~~~ -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -  - -~~~~~~~~~~~~~~~~~~~
-
~~
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F - !  1 3 1
I ’ l l

~~~~~ I! LI L ’ i i J : S  ‘ 1
1

RE (3:

T ’ I  U~ )

/ 1  “ 2 ’

T I I [  S I l L  HI,~i :  7r ,’’~ c.~ d H I - - s  I (-1 - ‘5  O ’c~lI L I I

1 :7

1 , 3  - ‘ ‘ - - —I;. _ l :  ,~~~~ _; I I I j
05. I i  L I ’  • IUL -i I ’d

:~

6 -1

N O t L -  t h at  t h e  re,s, 1 101 n g  nodes were r u — n u m b e r e d ;  the  sys t em

always fiur~,l ’er s  nodes s t a r t i ng  - i t 1. So, our current graph is now that

shown in F i g u r e  3 , w h i c h  i~; structurally equivalent to that in Figure 3

except for node lahelli’i g . The structure can be visually checked

t hroug h “P RAD” and “ NOLK ”:
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I 7 1
F’! - ‘i S ’

1_~~- - I r 5  L ’~ I c ~ J r ’ i ~~~~ _ ~

4

1: I_ I I C”
i I U I

3 1  i c” [ I
C ( I, I I

1.. 1.1’ I t
1-J I I _ _ 5 - -

i - F - . i i)r - ’ 1 I 1  _ j : -’5\ - - ,

f’ : - ~~~~~ - ‘ 1 , 7 1 1  I P N( ir L C S )

1 ( ~ r 0 ”  C3~
7 C ~~~~ 1
3 C , ‘ I -

~ 
‘ v

4 C 2 ) :.‘ “ 3

L U .  ‘ i i  F L i L I - ’~ FL k S J I I I I r ’ t : 1 , 0 C C ) ,

Any available a l g c ’r i t h r :  can now be applied to this graph. For

example , we can compute  a distance matrix:

i i :
I,’ - .  LI -  I
(F~F~[LL,( L : l I I - - ‘ ~‘~Sd I : 7 I L I I ’ l  - ‘ U: )

i’~fJ f’I ’F ( S l’ , t i- -r E ”- !’ ; I ’ ! I - H I  ‘ ‘ ;~~ .I ~~ ‘ ‘ ‘ T ” , L S I _ I : .  M , ’) l” I - r f X  Ci ’t i I - - S ’ T I t ’  I- I l F F 1  1,

14 rJ

F L  ~‘I

I’UI- :f’t rJ T ; ‘55T (- -~ ’ I’,:. Mc~~I R F ’ r

1 ‘ 3 4

1 0,00 ‘C. ’, -’.’ 0 . 1 - -I c ’ ,~~O
2 0 .U ’ O 0, CP . ‘ , ( ‘) ,~ - , r

3 0.50 0, ’ , ’.I 0.0’) ~~~~~
4 1  0,5~ 

f l , ’ , ( )  ‘‘ ,‘ , - , 0.(,;()

I
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This sample session has i l l u s t r a t e d  the  use of all  the available

commands . We thus quit (“QUIT ” ) :

F- ’ F: l I t
C)L ,I .[ T’

11111 *

Il



— 35 —

4. So lv ing a N o n — t r i v i a l H r a ,p h hecom,p,o s it i o : i  P rob l em

In this section we attack a less trivial graph decomposition

problem.  The g raph  employ ed  is that presented in [Andreu & Madnick 77],

wh ich f o r  c o n v e n i en c e  is reproduced  in F igu re  5.

21

/~~ 77~

Figure 5

!r ~~—’ ,,— --~~~~ - - . -  -- “
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With the aid of the package introduced above , we compu ted a

distance m a t r i x  as shown below:

~ ‘ I .  
~

L 7 -15-;

t i-i _ 5 ’ , , 5 - ’ j S

i- - c
I i  - II I-,

I F . ’ I I  iI5 II L I NI- ‘ 1 ,
14-I ’M i I’ I H~ - i Ll 1 H5 : [  07)

1 7 1 7’ 5,. :, • 21
1~ ~~

3) 1, 1’ . Cv
4 C 4 ”  1/ ,  I I I .  ‘ 5 . . ‘ ‘ ‘ s

S ( C ”  1~ 2. , i ,  ,‘ ,. 15.
6 ( U I 9. 7 1,
7 ( ) I

, , ,3 1, 4 , 1, 5
8 C :7) l I ,  I ? , .
‘-? C -) ) , 11, • 1 ‘5 :11,

1 0 “ 4 ) 1 1. ‘ 1 2 I v 2 - )
11 C k- , )  7,  9~ l0~~~ 1’/ ~ ~~~~ ,y :s ,
12 C 3)  I i , 9 . 11) ,

13 ‘ 2)  7 ’ 14,
14 ( C )  “ ,  1 ~~. ! U v
15 C 3) .5. 7. 1 4 , .
16 C 3) 17, J O ,  :,s- s~
17 ‘ 7 - )  4 ,  16, I l l , .
18 4 )  4 ’  1~ ,,  1,7 ,  22,
19 C 7)  10, f _ I ,
20 C 2) 10. tI ~.

21 ( ~‘ )  1, 4 ,  6, 9, 22,
22 C ~~) 4, 11, l~~, 10. 2 1,

~VERA0E NO • OF L I  NKS F [ F~ M O r E  3, 54~i

- —--— ._———‘ ‘— — - —— — _ - - —--—-- , - — - - .—~~- — —‘~~‘~~ ——--‘— ~~~~ - 
~
:—,
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Li I MN
( F: .t~1 (’ L f ,,Is ’T E J r I L - J I ’ , ( LOrIS ‘C E- ET C )

5 - I  ~- -i~ r [ I : ; ’ I  ![~Mf ~It 35— it ’ t I I L ;T ’ ’lN[E: MA TRIX CO MF 1J’tEL’ WITH P 1,
CL, LJS I I . I \U ;  L ” : - i  tC ! , L S - ,-:,‘ , . 1 LL 1r , I , L . L - ; T I T l I E r ,,.

R E  0

F’S ; ’

c L ’ S L , ; l s . I r  ( 7 5 1)  ‘ 5 ’  l5 ’ 5 H

1 C 1)  1
2 C : ‘)  .‘ 3
3 C 1 ) 4
4 C 1) 5
5 C 1) ~~

6 ( 1 ) 7
7 C 1)  8
8 C 1 1  9
9 ( 1) 10
10 C 1) 11
11 C 1 )  12
12 C 1 I -~

13 C 1)  14
14 C 11 15
1~~ ( 1)  16
16 C 1) 17
17 C 1)  18
1,8 ( 1) 19
19 C 1)  7’)
20 ( 1) 21
21 C 1) 2 0

REO :

k
p
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$

The rows and columns of the distance matrix on page 38 are

numbered according to t h e  assigned cluster nodes shown on page 37.

We use two main approaches for partitioning the graph , as

follows:

1) The three hierarchical cluster analysis methods (available

in the package tb rou g ’ i “HCMl ” , “ II C-t2 ” and “HCM3 ”) are

used , and

2) We employ the iterative procedure available through “ITER ”

to successively partition the graph.

The r e su l t s  are presented in the  next two sections .

• 4.1. Cluster analysis approach.

The results obtained with “HCMI” , “}{CM2” and “HCM3” ar e shown
- 

in the next three  pages , where  the hierarchical clustering t r e e s  ( tr a c e s )

are dep ic t ed .

As can be seen , all three methods produced t he  same graph

part it ion (F igure  ‘5) , which coincides with that presented in [Andreu

& Madnlck  7 7 ] .  

— - - _, —~~~
--
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4 .2 .  I t e r a t i v e  aj~pr o ach.

Starting with the distance matrix shown on page 38, we used

“ITER ” and “DENO ” to successively partition the graph. The first

stepb of this procedure are illustrated below:

1’ T 1
F N I I ‘~ II ’ l I E  f ,‘~ I IO~N

0. ”
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19 ~ i~ . ‘;
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CONT U’flJE’!
Y!~~3

I
—~~~ - ~~~~ - ‘ —
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Fi gure  7 s u m mar i ? e s  t he  s u c c e s siv e  ‘ I -u t s ” made to the  g r a p h ;

the number s  n e x t  t o  each cut indi cat e the chronological order in which

they ‘~‘cre made . Tile restilt in~ par tition coincides with the one

obtained previou s Iv (Fi, -u r~ 
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