


A b s t r a c t

O b ject-or ien ted  m eth ods for  analysis, design  and p rogram m in g are com m on ly  used by 

softw are engineers. Form al description  techniques, how ever, are m ainly  used in a research
I

environm ent. W e  have investigated  how rigou r can be in trod u ced  in to  th e analysis phase o f  

the softw are d evelop m en t process by  com b in in g  o b ject-o r ien ted  analysis (O O A )  m eth ods 

with form al description  techniques. T h e  m ain  top ics o f  this investigation  are a form al 

interpretation  o f  the O O A  con stru cts usin g L O T O S , a m ath em atica l defin ition  o f  the 

basic O O A  co n ce p ts  using a  sim ple d en otation a l sem antics and a new m eth od  for o b je c t -  

oriented analysis that we call the R igorou s O b ject-O rien ted  A nalysis  m eth od  (R O O A ).

T h e  L O T O S  interpretation  o f  the O O A  con cepts  is an intrinsic part o f  the R O O A  

m eth od . It w as designed in such a way th a t softw are engineers with  no exp erien ce  in 

L O T O S , can still use R O O A .

T h e  d en otation a l sem antics o f  the co n ce p ts  o f  ob je ct-o r ie n te d  analysis illum inates the 

form al syn ta ctic  transform ations within R O O A  and guarantees that the basic o b je c t -  

oriented con cep ts  can be u n d erstood  independen tly  o f  the specification  language w e use.

T h e  R O O A  m eth od  sta rts  from a  set o f  in form al requirem ents and an o b je c t  m od el and 

produ ces a form a l ob ject-o r ien ted  analysis m odel that acts  as a requirem ents specification . 

T he resulting form a l m od el integrates th e s ta tic , dyn am ic and fun ction a l p rop erties  o f  a 

system  in con tra st to  ex istin g  O O A  m eth od s  which are inform al and p rod u ce  three separate  

m odels that are  difficult t o  integrate  and keep consistent. R O O A  provides a system atic 

developm ent p rocess , by p rop osin g  a  set o f  rules to  be follow ed durin g th e analysis phase. 

During the app lica tion  o f  these rules, auxilia ry  structures are created  to  help in tracin g 

the requirem ents through t o  the final form a l m odel.

A s L O T O S  produ ces execu ta b le  specification s, p ro to ty p in g  can be  used to  check  the 

con form an ce o f  th e  specification  against th e  original requirem ents and to  d etect inconsis 

tencies, om issions and am bigu ities early in th e developm ent process.





A c k n o w l e d g e m e n t s

Dr. R ob ert Clark was m y su perv isor in this thesis. I w a s  very lu ck y  to  have th e  op p ortu n ity  

to  w ork  with him . It was Dr. C la rk  who suggested  th e  ideas th at w ould  grow  in to  the 

w ork  I am  presenting now . I h a ve  to  thank him for th a t. B u t, m ore th an  th at, I have 

to  thank him for being always r e a d y  to  read and com m en t on  w hat I was w riting, be it 

n otes , exam ples, technical papers, and  finally this thesis, and fo r  being alw ays available 

for ou r discussions over these th ree  years. T h a n k  you . B ob , I h o p e  you m a y  find th at the 

tim e you  spent helping m e was n o t  wasted.

P rof. Pedro G uerreiro is m y co lleagu e  and dear friend in L isbon . I learnt with  him 

how  to  program , I w rote m y M .S c . thesis under his su pervision  and w orked with him in 

the D ep arta m en to  de In form ática  o f  U niversidade N ova de L isb oa  for four years. He is the 

person  I have to  thank in the first place for  having th e  op p ortu n ity  to  co m e  to  Stirling. 

O n to p  o f  all this, I ow e him all th e  tim e he spent reading my technical rep orts , m y papers 

and this thesis. T hank you , P e d ro , for being always there when needed.

Dr. Peter Ladkin was m y co lle a g u e  at th e  D epartm en t, here at Stirling. He to o k  an 

interest in m y w ork , and b ecom e a cq u a in ted  with  it, a lth ou gh  th is was som ew h at o f  a new 

su b je c t  for him. In the process, w e  had m any discussions that helped m e clarify m y own 

ideas. He taught me m any th ings a b o u t  den otation al sem an tics , and we w orked togeth er 

on  th e ideas that led to  the th eory  presen ted  in C h apter 5 , in particu lar the ideas presented  

in S ection  5.3 and Section 5 .5 .3 . T h a n k  y o u , Peter, w ith ou t y o u r  help th is thesis would 

have taken m uch longer to  co m p le te .

P ro f. Kenneth  Turner and M r . Charles R attray also help ed  me to  accom plish  this 

thesis. T h ey  were always available t o  com m en t on  my papers and  technical reports  during 

these years. A lso , M r. Steve M arsh  helped b y  reading an earlier dra ft o f  th is thesis. T hank  

y o u , K en , C h ic and Steve for y ou r patien ce w ith  me.

Lim Pink w rote  her M .S c. d isserta tion  on  an assessment t o  th e R O O A  m eth od . Th is 

gave m e the insight on how  a n ew com er can  learn and apply  R O O A . T h a n k  you . Pink, 

for bein g a g o o d  friend, and for rea d in g  a previous d ra ft o f  th is thesis.



T h e  com p u ter  officers in the d epa rtm en t had to  endure m y com pla in ts a b ou t softw are 

th at did n o t seem to  w ork , e-m ails that d id  not arrive, w orkstations beh avin g  strangely. 

T h a n k  y o u , Sam , G rah a m  and C ath erin e , for p u ttin g  up with  m y questions.

M y friends in Stirling helped in the m om en ts  I felt lonely and far from  h om e. T hank  

y o u , A m elia , A n ton io , A shley, C laire, D a v e , G ary, G;ill, Julie, M a n fred , M ike, Paul, Pink, 

Steve and T oya ! T h an k  you  to  all p eop le  in the D epartm ent for  m aking m e feel w elcom e. 

W ork ing  in Stirling was a  great exp erien ce . I will m iss you all.

M y p arents, F ernando and Lucinda, deserve all m y love for  everyth in g  th ey  always d o  

for m e. “ B igad a , P a p in h o e M am inha, p e lo  vosso carinho, com p reen sa o  e a p o io .”

T h e  J u n ta  N acional de Investiga^áo C ien tífica  e T ech n ológ ica  (J N IC T ) financed  this 

P h .D . th rou gh  P rogra m a  C IE N C IA . T h e  D epartm en t o f  C om p u tin g  S cience and M ath e 

m atics , U niversity o f  Stirling, p rovided  financial su pp ort tow ards travelling expenses for 

con feren ces.

I V



C o n t e n t s

1 I n t r o d u c t i o n  1

1.1 T h e  S cope and O b je c t iv e  o f  the T h e s i s .................................................................  2

1.2 T h e  C on tribu tion  o f  the T h e s i s ..............................................................................  2

1.2.1 In tegrating Form al Specification  Languages with O O A .......................  3

1.2.2 Su itability  o f  the L O T O S  Specification  L a n g u a g e .................................  5

1.2.3 Form al In terpretation  o f  the O O A  C on stru cts in L O T O S  ................  6

1.2.4 D cn ota tion a l Sem antics for  O O A  M odels ..............................................  6

1.3 Related W o r k ...................................................................   7

1.4 T h e  S tructure o f  th e T h e s i s ....................................................................................  9

1.5 T h e  T opics o f  the T h e s i s ...........................................................................................  11

2 F o r m a l  O b je c t - O r i e n t e d  S p e c i f i c a t i o n s  12

2.1 Softw are D e v e lo p m e n t ..............................................................................................  12

2.1.1 Softw are L i fe -C y c le .......................................................................................  13

2.1 .2  Softw are D evelopm en t M o d e ls ....................................................................  14

2 .1 .3  R ela tionsh ip  Betw een A nalysis  and Design ...........................................  15

2.2  O b ject-O rien ted  A p p r o a c h e s ....................................................................................  17

2.2.1 W h ich  A p p roa ch  in the A nalysis P h a s e ? .................................................  18

2.2 .2  O b ject-O rien ted  A nalysis  M e t h o d s ...............................................................21

2.2 .3  D ifferentiatin g O O A  from  O b ject-O rien ted  D e s i g n .................................. 22

2.2.4  T h e  O rig in s o f  O b ject-O rien ted  M eth od s .................................................. 24

2.3 Form al M eth od s and E xecu tab le  S p e c i f i c a t i o n s .......................................................25



2.3.1 C la ssifica tion  o f  A p p r o a c h e s ....................................................................... 25

2 .3 .2  T h e  B en efits  o f  C om bin in g  O O A  and Form al M e t h o d s .......................29

2.3 .3  R easons fo r  C h oosin g  L O T O S  .................................................................... 30

2.3.4  P r o t o t y p i n g .................................................................................................... .....

2.4 C o n c lu s io n s .................................................................................................................. 37

3  M o d e l l in g  F u n d a m e n t a l  O O A  C o n c e p t s  in  L O T O S  3 8

3.1 I n tr o d u c t io n .................................................................................................................. .....

3.2  O b ject-O rien ted  D e f in i t io n s ........................................................................................ 39

3.2.1 Class T em p la tes  ............................................................................................... 39

3.2 .2  Classes ........................................................................................................... .....

3 .2 .3  A b stra ct  C lass T e m p l a t e s ...............................................................................40

3.2.4 O b jec ts  ........................................................................................................... .....

3 .2 .5  A t t r ib u t e s ........................................................................................................ .....

3 .2 .6  O b je c t  I d e n t i t y .................................................................................................. 4 I

3 .2 .7  State ( o f  an O b j e c t ) ........................................................................................ 4 I

3 .2 .8  E xternal O b j e c t s ........................................................................................... .....

3 .2 .9  E n v iron m en t ( o f  an O b j e c t ) ........................................................................... 42

3.2 .10  S e r v i c e s ........................................................................................................... .....

3.2.11 M e t h o d s ........................................................................................................... .....

3 .2 .12  B eh av iou r ( o f  an O b je c t )  ...............................................................................42

3.2 .13  E v e n t s ................................................................................................................... 43

3.2.14 M essage C o n n e c t io n s ........................................................................................ 43

3.2 .15  I n h e r i t a n c e .........................................................................................................43

3.2 .16  C o n ce p tu a l R e la t i o n s h ip s ...............................................................................45

3.2 .17  C o m p o s it io n  and D e c o m p o s i t i o n ..................................................................47

3.2 .18  A g g r e g a t e s ..........................................................................................................

3 .2 .19  S u b s y s t e m s ..........................................................................................................

3 .3  M apping O b je c t -O r ie n te d  C on cep ts  in to  L O T O S ................................................... 50

3.3.1 A u to m a te d  B anking System  E x a m p l e ....................................................... 50

vi



3.3.2 C lass T e m p la t e ..............................................................................................51

3.3.3 S e r v i c e s ...............................................................................................................57

3.3.4 A t t r ib u t e s ........................................................................................................... 59

3.3.5 C lasses ...............................................................................................................60

3.3.6 O b je c t  I d e n t i t y ...................................   63

3.3.7 O b j e c t s ...............................................................................................................65

3.3.8 M essage C o n n e c t io n s ........................................................................................ 69

3.3.9 Specify in g Inheritance with  L O T O S ........................................................... 72

3.3 .10  A b stra ct C lass T e m p la t e s ...........................................................................  78

3.3.11 C on cep tu a l R e la t io n s h ip s ...........................................................................  79

3.3.12 C om p osition  and D e c o m p o s i t i o n ..................................................................84

3.3.13 S u b s y s t e m s ........................................................................................................ 84

3.4 C o n c lu s io n s ...................................................................................................................... 85

4  F u r t h e r  C o n c e p t s :  C o m p l e x  O b j e c t s  8 7

4.1 In tr o d u c t io n ..................................................................................................................... 87

4.2 T h e R ole  o f  A g g r e g a t io n ...............................................................................................88

4.3 C om bin ation  o f  O b je c ts : A n oth er V iew  ..................................................................89

4.4 T r a n s i t iv i t y ..................................................................................................................... 91

4.5 C lassifying A g g r e g a t i o n ............................................................................................... 92

4.5.1 A ggregation : Hidden C o m p o n e n t s .............................................................. 93

4.5.2  A ggregation : Shared C om p on en ts  .............................................................. 96

4.5.3  C a ta log  A g g r e g a t io n ........................................................................................ 99

4.6 Properties o f  A g g r e g a t io n .......................................................................................... 100

4.7 M anaging C o m p l e x i t y ................................................................................................ 102

4.8 M odelling A ggrega tion  in L O T O S  ..........................................................................103

4.8.1 A ggregation  w ith  H id in g ................................................................................ 105

4.8.2  A ggregation  w ith  S h a r in g ............................................................................. I l l

4 .8.3  Sharing C on cep ts  but not O b j e c t s .............................................................114

4.8.4  H iding and Sharing: M ov in g  A r o u n d ..........................................................115

vii



4.9 C o n c lu s io n s .................................................................................................................... 116

5 F o r m a lis in g  O b je c t - O r i e n t e d  A n a ly s is  W i t h  L O T O S  1 1 7

5.1 I n t r o d u c t io n ....................................................................................................................117

5.2 T h e  R easons For this W o r k .......................................................................................118
I

5.3 Basic C on cep ts : Set o f  Values and Variable^ j ........................................................ 119

5.4 D efin ing th e  C on cep ts  o f  O b ject-O rien ted  M o d e ls ................................................. 120

5.4.1 Clciss T e m p l a t e ................................................................................................ 121

5 .4 .2  T h e  G eneric B eh aviou r D escrip tion  C t - B ....................................................122

5 .4 .3  T h e  V isib ility  F unction  I ............................................................................. 123

5.4 .4  C lass T em plate  in L O T O S ............................................................................. 125

5 .4 .5  A t t r ib u t e s .......................................................................................................... 128

5.4 .6  S e r v i c e s ..............................................................................................................128

5.4 .7  O b je c t  G e n e r a t o r ............................................................................................. 130

5.5 Defin ing th e C on cep ts  o f  O b ject-O rien ted  S y s t e m s ............................................... 131

5.5.1 O b j e c t ................................................................................................................. 131

5 .5 .2  B ehavioural C on stra in ts  vs. Behavioural H i s t o r y ..................................... 132

5 .5 .3  D eriv in g the B eh aviou r o f  an O b je c t  from  the C la ss  T em plate  . . . .  133

5.5.4  D eriv in g the B eh aviou r o f  an O b je c t  in L O T O S  ................................... 134

5.5 .5  I s —in s t a n c e ,  C lasses and O th er C o n c e p t s ....................................................135

5.6 C o n c lu s io n s .................................................................................................................... 136

6  T h e  R i g o r o u s  O b je c t - O r i e n t e d  A n a ly s is  M e t h o d  1 3 7

6.1 In t r o d u c t io n .................................................................................................................... 137

6.2 T h e  R O O A  M ethod  ....................................................................................  139

6.3 T h e  R O O A  P rocess .................................................................................................... 143

Task 1: Build  an O b je c t  M o d e l .............................................................................. 143

Task 2: R efine th e O b je c t  M o d e l ........................................................................... 144

Task 2 .1 : C om p le te  th e O b je c t  M o d e l ........................................................... 145

T ask  2 .1 .1 : A d d  In terface  O b je c ts  ............................................................. 146

V lll



Task 2 .1 .2 : A d d  S tatic R e la t io n s h ip s ...................................................... 146

Task 2 .1 .3 : A d d  A ttr ib u tes  and S e r v ic e s ................................................ 146

T ask  2.2: Initial Identification  o f  D ynam ic B e h a v io u r ................................ 147

Task 2 .2 .1 : Define In terface  Scenarios ................................................... 147

Task 2 .2 .2 : Define E T D s  and Start O b jec t  C om m u n ication  Table . . 148

Task 2 .2 .3 : M essage C o n n e c t i o n s ............................................................... 149

T a sk  2 .3 : S tru ctu re the O b je c t  M o d e l ......................................................... 152

Task 3 : Build th e L O T O S  Form al M o d e l .............................................................153

T a sk  3 .1 : C rea te  an O b je c t  C om m u n ication  D iagram  ( O C D ) ................155

T ask  3 .2 : S pecify  Class T em plates .................................................................. 159

Task 3 .2 .1 : Specify  P r o c e s s e s ..................................................................... 160

Task 3 .2 .2 : Specify  A D T s ............................................................................ 163

T a sk  3.3: C om p ose  the O b je c ts  in to  a Behaviour E x p re s s io n ................... 164

T a sk  3.4: P ro to ty p e  the S p e c i f ic a t io n ............................................................... 166

T a sk  3 .5 : Refine the S p e c i f i c a t io n ..................................................................... 166

Task 3 .5 .1 : M odel S tatic R elationships ....................................................167

Task 3 .5 .2 : In trodu ce O b je c t  G e n e r a to r s .................................................. 167

Task 3 .5 .3 : Identify new H igher Level O b je c t s ...................................... 168

Task 3 .5 .4 : D em ote  an O b je c t  to  be Specified on ly  as an A D T  . . .1 6 9

Task 3 .5 .5 : P rom ote  an O b je c t  to  be Specified as a P r o c e s s ............ 170

Task 3 .5 .6 : Refine P rocesses and  A D T s  ................................................ 170

6.4 T h e  R O O A  D ocu m en ts ............................................................................................ 172

6.5 C o n c l u s i o n s ...................................................................................................................173

7 T h e  D e s ig n  R a t io n a le  o f  R O O A  1 7 5

7.1 H istory  ......................................................................................................................... 175

7.2 M a jo r  P roblem s and T h eir R e s o l u t i o n .................................................................. 176

7.3 R O O A : M ain P revious V e r s io n s ............................................................................... 186

7.3.1 R O O A : F irst V e r s io n ......................................................................................186

7 .3 .2  R O O A : Second Version  ............................................................................... 187

IX



7.3.3  R O O A : T h ird  V e r s i o n ................................................................................... 188

7.4 C o n c lu s io n s .................................................................................................................... 189

8  A s s e s s m e n t  o f  t h e  R O O A  M e t h o d  191

8.1 In t r o d u c t io n ................................................................................................................... 191
I

8.2  W h y  a R igorou s O b ject-O rien ted  A n alysis  M eth od ? ......................................... 192

8.3  W h a t A b o u t  R igorou s M e t h o d s ? ............................................................................. 192

8.4 S trength s and W eaknesses o f  the R O O A  M e t h o d ................................................194

8.4.1 T h e  R O O A  Process ...................................................................................... 194

8 .4 .2  Im p orta n ce  o f  Techniques U sed within R O O A ....................................... 196

8.4 .3  A ssessing th e  Resulting L O T O S  S p e c i f i c a t io n ............................................. 197

8.5 Su itability  o f  L O T O S  ................................................................................................ 199

8.6 R O O A  A pplied  to  C ase S t u d ie s ................................................................................ 201

8.6.1 T h e  A u tom a ted  Ranking S y s t e m ............................................................... 201

8.6 .2  T h e  W arehouse M anagem ent S y s t e m ......................................................... 202

8.6 .3  T h e  C ar R enta l S y s t e m ................................................................................ 204

8.6.4  R O O A  A p p lied  by O t h e r s .............................................................................204

8.7  R O O A : D om ain s o f  A p p l ic a t io n ................................................................................ 206

8.8  C o n c lu s io n s ................................................................................................................... 206

0  C o n c l u s i o n s  a n d  P r o s p e c t s  2 0 8

9.1 Sum m arising the G oa ls  o f  the T h e s i s ......................................................................208

9.2 R esults o f  the T h e s i s ................................................................................................... 209

9.3  Future W ork  on  R O O A  .............................................................................................211

9.3.1 Im provem en ts in the R O O A  M e t h o d .............................................  211

9 .3 .2  U seful T o o ls  to  Support R O O A ...................................................................212

9 .3 .3  B roader A p p lic a t io n s ......................   213

9.4 C on clu d in g  R e m a r k s ................................................................................................... 213

B ib l i o g r a p h y  2 1 4





L i s t  o f  F i g u r e s

2.1 W egn er ’ s classification  s c h e m a .................................................................................  17

2.2  R O O A ’s h orizontal d evelopm en t .............................................................................. 36

3.1 A  relationship  between o b j e c t s ..................................................................................46

3.2  A  C oa d  and Y ou rdon  o b je c t  m odel for the banking s y s t e m ................................... 51

3.3  'I 'w o  o b je c ts  o f  the sam e class com m u n ica te  via  a c h a n n e l .............................  72

3.4 S p e c i a l - A c c o u n t  as a con cre te  class tem plate  o f  the a bstract superclass

A c c o u n t  ....................................................................................................................  78

4.1 A g g r e g a t io n ..................................................................................................................... 93

4.2  A ggrega tion  with  tw o h idden  c o m p o n e n t s .............................................................. 94

4.3  a ) H igher level o f  a bstra ction : aggregate ; b ) Lower level o f  a b stra ction : the

com p on en ts  and the a ggrega te ’ s ex tra  fu n c t io n a lity .............................................. 95

4.4 A ggrega tion  with  hidden com p on en ts  m arked as a single class tem p la te  . . 95

4.5  S ta tic  a ggregation  with o n e  shared com pon en t and on e  hidden com p on en t . 96

4.6  Sharin g the class tem p la te , but n ot the o b j e c t s .....................................................97

4.7  S harin g the class tem p la te  and the o b j e c t s .............................................................. 98

4.8  C a ta lo g  aggregation  and physica l a g g r e g a t io n ......................................  99

4.9  O n e  person belon gs to  tw o  research grou ps ......................................................... 100

4 .10  B eh aviou r o f  th e video p layer exa m p le  defined as a fin ite  state  a u tom a ton  . 105

4.11 V id e o  player a g g r e g a t e ................................................................................................ 106

4 .12  O b je c t  C om m u n ication  D i a g r a m .............................................................................106

4 .13  O b je c t  C om m u n ication  D i a g r a m .............................................................................112

xii



6.1 T h e  m od els  built by m an y o b je ct-o r ie n te d  analysis m e t h o d s ............................ 138

6.2 C on tex t o f  R O O A  in th e  developm ent life  c y c l e ...................................................140

6.3 C ore  o f  R O O A ............................................................................................................. 141

6.4 O b je c t  m od e l p rod u ced  by the O M T  m e t h o d ...................................................... 144

6.5 E T D  for  d epositin g  a  cheque belon gin g t o  another b a n k ...................................148

6.6 M essage con n ection s betw een A  and B ................................................................... 149

6.7 Refined o b je c t  m o d e l ................................................................................................... 154

6.8 Initial o b je c t  com m u n ication  diagram  ................................................................... 158

6.9 R evised  o b je c t  com m u n ica tion  diagram  ................................................................170

6.10 D ocu m en ts  produ ced  durin g th e a pp lica tion  o f  R O O A ...................................... 173

7.1 C lass tem p lates  o ffer in g  all their services in a single g a t e ...................................181

7.2 G iv in g  ga tes  accord in g  to  the stru ctu re ................................................................182

7.3 P rocess A c c o u n ts  is on ly  accessed by a  single g a t e ............................................ 182

7.4 A  first version o f  the bankin g system  in a  first version o f  an O C l ) ....................187

xiii





C h a p t e r  1

I n t r o d u c t i o n

O b je c t-o r ie n te d  approach es and  form al m eth od s have both  been p rop osed  as w ays o f  

a llev ia tin g  prob lem s in the developm en t and m ain ten ance o f  reliable softw are system s. 

O b je c t -o r ie n te d  approach es are  gradually  b ecom in g  m ore and m ore a ccep ted  in industry, 

d u rin g  all phases o f  softw are d eve lop m en t. Form al m eth od s are also gradu ally  becom in g  

m ore  used in indu stry , but th ey  are not usually in trod u ced  until the design  phase. T h is  is 

b eca u se  the con stru ction  o f  an initial form al specification  durin g early stages o f  d eve lop 

m en t is d ifficu lt. In fa ct, little  previous w ork  has been  don e in the area o f  o b je ct-o r ien ted  

analysis and form a l m eth ods.

T h e  startin g  p oin t in the use o f  form al m eth od s in the softw are d evelopm en t process 

is a  form a l requirem ents specification  o f  w hat th e  p rop osed  system  is t o  achieve. O n ce  

a form a l specifica tion  has been  given , it is possib le , at least in th eory , t o  verify a design 

and eventual im plem en tation  w ith  respect to  that specification . T w o  im p orta n t questions 

rem ain , how ever. H ow  is th e in itia l form al requirem ents specification  created  from  a  set 

o f  in form al requirem ents and h ow  can it b e  va lidated  with  respect to  th ose  requirem en ts? 

It is clear that these can n ot b e  form al processes.

T h e  pu rp ose  o f  this thesis is to  investigate  how  form al m eth od s can be  used w ith in  

th e co n te x t  o f  o b je ct -o r ie n te d  analysis, d u rin g  the requirem ents analysis phase o f  the s o ft 

w are life cycle . T h e  result o f  th is investigation  is th e R igorou s O b jec t-O rien ted  A nalysis 

(R O O A )  m eth od . T h e  R O O A  m eth od  specifies th e required behaviou r o f  a system  by con -
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stru ctin g  a m odel using the form al description techn iqu e L O T O S  (L angu age O f  Tem poral 

O rderin g S pecification ) [B B 87, IS 0 8 8 ]. As L O T O S  has a form al sem antics, the m odel has 

a  precise m eaning and can be used as a form al requirem ents specification  o f  the system ’s 

intended behaviour.

i

1 .1  T h e  S c o p e  a n d  O b j e c t i v e  o f  t h e  T h e s i s

T h is  thesis is prim arily concerned with investigating how  L O T O S  can be used to  add 

rigour to  th e ob ject-or ien ted  analysis process. T o  a ccom plish  th is, it was necessary to ;

• assess the existing ob ject-or ien ted  analysis m eth od s  and identify  which characteris 

tics w ould  be useful to  con sider, to  extend or  t o  m od ify ;

• stu dy the L O T O S  specification  language and iden tify  in which way it cou ld  be used 

to  m odel the m ost com m on  ob ject-orien ted  co n ce p ts ;

• analyse how L O T O S  could  be brought to  co -ex is t  with in form al ob ject-or ien ted  

analysis m ethods;

• develop  a m eth od  which w ould  integrate the L O T O S  form al language with  the ex 

isting ob ject-o r ien ted  analysis m ethods;

• p rop ose  a form al definition o f  the basic ob je ct-o r ie n te d  con cepts.

T h e  result o f  this investigation  is the R O O A  m e th o d , together with b oth  a m apping 

which show s how each ob ject-o r ien ted  con cept can b e  specified in L O T O S  and a simple 

d en otation a l sem antics form alising basic con cepts  such  as class tem plate , class, o b je c t , 

beh aviou r, state , a ttribu tes and services.

1 .2  T h e  C o n t r i b u t i o n  o f  t h e  T h e s i s

T h is  section  sum m arises the con tribu tions m ade by th e  thesis, which are:

• p rop ose  a m eth od  which integrates form al specification  languages w ith  ob ject-or ien ted  

analysis (O O A ) m eth ods;
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• explore  th e su itability o f  the L O T O S  language to  create an initial form a l require 

m ents specification ;

• prop ose  a form al interpreta tion  o f  o b je c t -o r ie n te d  analysis con stru cts  in L O T O S ;

• develop  a sim ple d enotation al sem an tics  describing basic o b je c t -o r ie n te d  con cep ts.
I

1 .2 . 1  I n t e g r a t i n g  F o r m a l  S p e c i f i c a t i o n  L a n g u a g e s  w i t h  O O A

T h e  m a jor  con tribu tion  o f  this thesis is th e investigation  o f  how form al m eth od s  can be 

used during th e requirem ents analysis p h a se  to  develop  ob je ct-o r ie n te d  system s. T h e  

advantages o f  this integration  are to  bring fo rm a l specification  languages closer to  the e v 

e ry d a y  work o f  softw are engineers, helping th e m  to  lose th e  fear o f  using form a l languages. 

A ls o , by using form al m eth ods early in the d eve lop m en t life -cycle  w e can crea te  an initial 

form a l requirem ents specification  which we ca n  then use as the startin g  p o in t o f  a m ore  

form a l developm ent.

T h e  result o f  this stu dy is the R O O A  m e th o d . R O O A  proposes a system a tic  d eve lop 

m en t process to  create an initial form al requ irem en ts specifica tion . It brings togeth er tw o  

d ifferent fram ew orks which have been p rev iou sly  kept a p a rt: O O A  m eth od s and form a l 

specification  languages.

O b je c t - o r i e n t e d  a n a ly s is  m e t h o d s  such as those by (lo a d  and Y ou rd on , by J a cob son , 

by R um baugh  e t  a l., and by Shlaer and M e llo r  create an in form al analysis m odel o r  set 

o f  m od els  [C Y 91a , Jac92, R B P ‘*'91, SM 92]. T h e  o b je c t  m o d e l ,  based  on an extension  to  

en tity -re lation sh ip  d iagram s, describes the s ta t ic  p rop erties o f  a system  while the d y n a m ic  

m o d e l ,  norm ally  expressed  in term s o f  state  tran sition  d iagram s, describes its beh aviou r. 

S o m e  m eth ods, such as those by R um baugh e t  a l. and b y  Shlaer a n d  M ellor, a lso p rop ose  

a f u n c t i o n a l  m o d e l ,  which uses d ata  flow  d ia gra m s to  d escrib e  the o p era tion s  in the o b je c t  

m o d e l and the actions in the dyn am ic m o d e l [RB P '* '91 , SM 92]. In m ost m eth od s, th e 

o b je c t  m odel is central w ith  the dyn am ic and fu n ction a l m od els  b e in g  o f  lesser im p orta n ce .

Entities in th e  real w orld  exist con cu rren tly . A  m a jor  adva n ta ge  o f  the o b je c t -o r ie n te d  

a p p roa ch  is that it su pports the d irect m od e llin g  o f  real world entities as a  set o f  au-
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ton om ou s  o b je c ts  which com m u n ica te  w ith  one an oth er by sending m essages. An o b je c t -  

oriented  analysis m od el sh ou ld  therefore represent the requirem ents as a  set o f  com m u n i 

cating con cu rrent o b je c ts  even  when th e eventual ip ip lem entation  is to  be sequential. A  

form al language used to  form alise  the analysis m od el should therefore su pp ort parallelism .

I

L O T O S  is co m p o se d  o f  a  p rocess a lgebra  and a bstract d a ta  types and it does n ot di

rectly in corp ora te  any ob je ct-o r ie n te d  con stru cts . T h is  was not on e o f  the goals o f  its 

designers, and u n derstan d ab ly  so: when L O T O S  was designed , o b je c t  techn ology  was not 

a m ain stream  con cern . H ow ever, the language is su itable for writing specifications in an 

ob je ct-o r ie n te d  style  [R ud92]. D iscoverin g ways t o  accom plish  this was one o f  ou r main 

con cern s while develop ing  R O O A .

L O T O S  d irectly  su pp orts  encapsu lation , a bstra ction  and in form ation  hiding. C o n 

current o b je c ts  m ay be m odelled  as process instan ces, com posed  by using the parallel 

o p era tors , and m essage passin g is m odelled  as tw o  processes synchronising on  an event. 

This stra igh tforw a rd  m a pp in g  makes L O T O S  ca p ab le  o f  representing a system  as a set o f  

com m u n ica tin g  con cu rrent o b je c ts .

T h e  R O O A  m e t h o d  show s how  L O T O S  can b e  integrated  with ob ject-o r ien ted  analysis 

m eth od s. R O O A  com p lem en ts  existing ob je ct-o r ie n te d  analysis m eth ods (such  as th ose  by 

R um baugh  e t  a l ., C oa d  and Y ou rd on  and S h laer-M ellor), enabling precision  and form ality  

in developm en t w here requ ired , for exam ple  in safety-sensitive system s [C Y 9 1a , RI3P‘'’ 91, 

SM 89].

P ro d u c in g  an o b je c t  m od e l from  a  set o f  in form al requirem ents is a  com plex  process. 

O O A  m eth od s  p rop ose  strategies for th e identification  o f  o b je cts  and their attributes, 

services and relationships so  that a su itable o b je c t  m od el can be created . M ost O O A  

m eth od s  are m uch  b etter at describ in g the s ta tic  aspects o f  a problem  than they are  at 

d escrib in g  the e x p ected  d y n a m ic behaviou r. T h e  R O O A  m ethod  builds on  the o b je c t  

m odel p rod u ced  b y  any o f  th e  inform al O O A  m eth od s  and on  the d yn am ic and functional 

prop erties given  in the in form al requirem ents.

T h e  m odel p rod u ced  by R O O A  integrates th e  sta tic , dyn am ic and functional m odels ,
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unlike inform al ob je ct-o r ie n te d  analysis m eth ods, such a« the on e by R um baugh  e t  a l . ,  

which create three separate m odels [RB P'*'91]. It is prim arily  a  dynam ic m odel, b u t  it 

keeps the stru ctu re o f  the static o b je c t  m odel. T h e  o b je c t  com m u nication  table and th e  

o b je c t  com m u n ication  d iagram  are in term edia te stru ctu res which help us in the d ifficu lt 

tran sform ation  from  the sta tic  to  th e  dynam ic m od el and in tracin g the requ irem ents 

th rou gh  to  the final form al m odel.

A n im portan t part o f  th e R O O A  m eth od  is to  g ive  a form al interpretation  in L O T O S  

o f  o b ject-o r ien ted  analysis con stru cts  such as: class tem plates, o b je c ts , inheritance, re la 

tionsh ips betw een o b je c ts , m essage passing betw een  o b je c ts , aggregates, and su b system s.

A s a L O T O S  specification  is execu tab le , we use p ro to ty p in g  to  help the d eve lop ers  

to  understand the user requirem ents, to  discover om issions, con trad iction s, a m bigu ities  

or inconsistencies early in the developm ent process , t o  validate the resulting specifica tion  

against those requirem ents, and at the sam e tim e, to  help the users to  evaluate th e ir  

own needs. A set o f  too ls , such as syntax checkers, sem antic checkers and s im u lators , 

is available with  L O T O S . T h e  S M IL E  sim ulator su p p orts  value generation and a llow s  

sym b olic  execu tion  o f  a specification  where a set o f  possible  values is used rather th a n  

particu lar values [E W 93]. In the analysis phase, non-determ in ism  can be exp lo ited  to  

m odel behaviour so  that prem ature design  decisions are n ot m ade.

R O O A  uses a stepw ise refinem ent approach  for th e developm ent and for va lidation  o f  

the specification  against the requirem ents. T h e  d evelop m en t process is iterative and p a rts  

o f  th e m eth od  can be re-applied to  subsystem s. D ifferent o b je c ts  can be  represented  at 

different levels o f  a bstra ction  and th e  m odel can be refined increm entally.

1 .2 .2  S u i t a b i l i t y  o f  t h e  L O T O S  S p e c i f i c a t i o n  L a n g u a g e

O ur goa l was to  in trod u ce  rigour to  the ob je ct-o r ie n te d  analysis process by crea tin g  an 

initial form al specifica tion , and, on  the oth er h an d , to  develop  a m ethod  which co u ld  

be given  to  softw are engineers to  use in real p ro je c ts . T o  satisfy this goa l, the fo rm a l 

specification  language chosen  has to  in corp ora te  a certa in  num ber o f  ch aracteristics. For 

exa m p le , the language should  be w ell-established and standardised , if  possible; it h a d  to
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be able to  prod u ce  specifications in  an ob ject-o r ien ted  sty le ; it h ad  to  be su pp orted  by 

too ls  which  then could  be used for  p ro to ty p in g ; it had to  in co rp o ra te  con cu rren cy , since it 

is im portan t, in the analysis phase, t o  see the resu lting specifica tion  as a set o f  concurrent 

o b je c ts .

L O T O S  satisfies these requ irem en ts. ^

1 .2 .3  F o r m a l  I n t e r p r e t a t i o n  o f  t h e  O O A  C o n s t r u c t s  i n  L O T O S

C urrently , R O O A  offers a m a p p in g  betw een each  con stru ct used b y  m ost o f  the existin g 

ob ject-o r ien ted  analysis m ethods a n d  L O T O S . Th is is an im p orta n t part o f  o u r  m eth od , 

as it helps softw are engineers less sk illed  in form al specification  languages t o  use R O O A .

A m on g  the O O A  con cepts s tu d ie d , we w ould  like to  h ighlight the con trib u tion  o f  the 

thesis tow ards the understanding o f  aggregates. A ggrega tion  has been studied  for som e 

years, but even so there is not a gen era l agreem ent on th e exact m eanin g o f  th e con cep t. 

W e d evoted  a long tim e to  rev iew  oth er a u th ors ’ views on  aggregates and decided to  

p rop ose  our ow n idea, which is m o r e  generic and closer to  reality, w e believe. W e describe 

tw o  m ain kinds o f  aggregates: a ggrega tes  with  hidden co m p o n e n ts  and aggregates w ith  

shared com pon en ts . W e indicate  th e  set o f  p roperties w hich each kind o f  a ggregate  should 

have. Finally, we show how a ggrega tes  can be specified in L O T O S .

1 .2 .4  D e n o t a t i o n a l  S e m a n t i c s  f o r  O O A  M o d e l s

H aving developed  the R O O A  m e th o d  and show n how each  O O A  con stru ct cou ld  be sp e c 

ified in L O T O S , it was im portan t t o  abstract from  L O T O S  and d escribe  ou r view s o f  each  

con cep t in a m ath em atical form  s o  th a t it w ou ld  be b e tter  u n d erstood  by o th ers .

A s a  result, we developed  a s im p le  d en otation a l sem antics w hich  describes, in term s o f  

tuples and fun ction s, the basic o b je c t -o r ie n te d  con cepts. D u rin g th is  stu dy it was im p o r 

tant to  separate the O O A  con cep ts  in to  tw o k inds: those w hich  a p p ea r in the specification  

and th ose which on ly  exist when a n  execu tab le  specification  runs. Th is led us to  d ecide  

th at while class tem plates are c o n c e p ts  which exist in the sp ecifica tion , o b je c ts  on ly  exist 

while a specification  is executin g. B y  using the principle o f  su bstitu tion  and th e  notion  o f
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(log ica l) ind ivid ual variables, w e show h ow  o b je c ts  can  be derived  from  generic descriptions 

such as class tem pla tes. Th is im plies deriv in g th e  behaviour o f  o b je c ts  from  behavioural 

expressions in cl2iss tem plates.

1 .3  R e l a t e d  W o r k

C lark , in earlier w ork , p rop osed  an o b je c t -b a s e d  style to  w rite L O T O S  specifications 

[C la91, C la92a, C la 9 2 b , C J92]. There are  three m ain  differences betw een  ou r w ork  and 

C la rk ’s. F irst, he was con cern ed  with th e  design  and im plem entation  phases o f  th e  so ft 

ware d evelop m en t, while we are  con cern ed  with th e  analysis phase. S econ d , he proposed  

an o b je c t -b a s e d  sty le to  w rite L O T O S  specifica tion s, while we are interested  in finding 

an o b j e c t - o r i e n t e d  style where the con cep ts  o f  inheritance, class tem p la te , class (o b je c t  

gen era tor ), o b je c t ,  aggregation  and sta tic  relation ships betw een o b je c ts , for exa m p le , play 

an im p orta n t role . Clark had already p rop osed  w ays to  m odel classes as L O T O S  process 

defin itions, o b je c ts  as process instances and com m u n ica tion  betw een o b je c ts  as a  pair o f  

L O T O S  processes synchronisin g on an even t. O u r work  goes further and extends th e  for 

m alisation  o f  ob je ct-b a se d  con cep ts  to  inclu de inheritance and the con cep ts  used b y  O O A  

m eth od s, in tegrating also som e o f  the con cep ts  p roposed  b y  the O p en  D istribu ted  P ro 

cessing (O D P )  m od el. T h ird , together w ith  the o b ject-o r ien ted  style  we have d eveloped  

to  w rite L O T O S  specification s, we are p rop osin g  a  com p lete  m eth od  to  create an ini

tial o b je ct -o r ie n te d  analysis requirem ents specification  and we integrate our ideas within 

existing O O A  m eth od s. Th is has no cou n terpa rt in C lark ’ s previous w ork.

M an y oth ers have been p rop osin g  w ays to  sp ec ify  o b ject-o r ien ted  con cepts  and  L O 

T O S  [B la89, C R S 9 0 , M ay89, R ud92]. T h e  focu s o f  their w ork  is different from  ou rs , as 

th ey are usually con cern ed  w ith  exten d in g  L O T O S  to  in corp ora te  o b je ct -o r ie n te d  con 

cep ts. T h is  is th e  case with R u dkin ’s work w h ere he proposes ex ten d in g  L O T O S  to  

in corp ora te  inheritance  [R ud92]. W e h ave a d op ted  the ISO standard L O T O S  language, 

w ith ou t con siderin g  any o f  its exten sions.

Jungclaus and his colleagu es, while in tegratin g  form ality  w ith  o b ject-o r ien ted  con cep ts , 

develop ed  a  form a l o b ject-o r ien ted  specification  language ca lled  T R O L L  [JSH S91]. Our
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w ork  differs from  theirs in that we have developed  a m eth od  which in tegrates a  standard  

form a l specification  lan gu age with  ex istin g  O O A  m eth ods. (O th er specifica tion  languages 

w h ich  in corp ora te  o b je ct-o r ie n te d  con cep ts  are O b je c t  Z  [SB C92], O B J3 [G K K '* '88 ] and 

O b jL o g  [B ri94].)

Bahsoun e t  a l. [B M S93] p rop osed  ways t o  form alise ob ject-or ien ted  co n c e p ts  using 

L a m p o rt ’s T L A  logic [Lam 94], w hile form alisations using universal a lgebra  a n d  ca tegory  

th e o ry  have been  rep orted  by E hrich  and his colleagues [E G S93, E G S91, E S S 89 ]. H owever 

th ese  approach es are different from  ours (as we further explain in C h apter 5 )  «is we g ive  

p rim a cy  to  th e con cep ts  as they ex ist in the O O A  m eth ods.

Jones [Jon93], L a ora k pon g  and Saeki [LS93]. and Cusack and Lai [C L 91 ] have been  

w ork in g  on  form alisin g  o b je ct -o r ie n te d  specifications. These approaches in tro d u ce  a new 

m eth od o log y , but th ey  d o  not seem  to  build on  existing practica l a p p roa ch es , as R O O A  

d oes .

T h e  team  d evelop in g  the O D P  m od el [IS 09 4 ] are proposin g  ways to  m od el th e  con cepts  

o f  class tem p la te , o b je c t ,  class and service  in specification  languages such as L O T O S , Z  

a n d  SD L. H ow ever, th eir goa l is to  p rod u ce  a  m odel for te lecom m u n ication  n etw orks, n o t 

t o  add  rigour to  O O A  m eth od s, w hich  is the prim ary o b je ctiv e  o f  R O O A .

T h e  p ro je c ts  R A IS E  [GHH"*'92] and S P E C S  [Gen92] were proposed  to  form alise  re 

qu irem ents analysis. A n oth er a u th o r , Li, a lso proposes a  way to  form alise requ irem ents 

[L i93]. H ow ever while we were interested  in bringing form ality  to  the e x is t in g  o b je c t -  

or ien ted  analysis p rocess , they w ere p rop osin g  com plete ly  different a p p roa ch es , not tak in g 

in to  con sideration  ex istin g  O O A  m eth od s.

H edlund rep orted  som e  work o n  in tegrating L O T O S  with ob ject-o r ien ted  d eve lop m en t 

m eth od s  [H ed93]. H e does n ot, h ow ever, deal w ith the analysis phase and  his stu dy is 

restr icted  to  th e  J a c o b s o n ’s m eth od  [Jac92]. O ur approach  haa sim ilarities w ith  that o f  

Z a v e  [Zav91], a lth ou gh  a m a jor  fea tu re  o f  R O O A  is its integration  with o b je c t -o r ie n te d  

analysis m eth od s.
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1 .4  T h e  S t r u c t u r e  o f  t h e  T h e s i s

This thesis has nine ch a pters  and fou r appendices. C h ap ter 1 is this in trod u ction . W e 

now briefly present th e rem aining chapters  and  the appendices.

C h a p t e r  2 . F o r m a l  O b je c t - O r i e n t e d  S p e c i f i c a t io n s .  T h is  ch a pter gives the softw are 

engineering backgrou n d  t o  the R-O OA developm en t. It* starts  w ith  a  brief in trod u ction  to  

softw are developm ent life -cycle  m od els , em phasising the re lationsh ip  betw een the analysis 

and design phases. It th e n  discusses th e o b ject-o r ien ted  p arad igm , exam in in g in particu lar 

ob ject-or ien ted  analysis m eth ods and their rela tion  to  o b je ct-o r ie n te d  design . Finally, it 

identifies the different k in ds o f  specification s, groups them  a ccord in g  to  th eir p rop erties , 

analyses the benefits d erived  from  com bin in g  ob je ct-o r ie n te d  analysis m eth od s with  form a l 

m eth ods, states the reason s for L O T O S  as th e form al d escription  technique to  be used 

within R O O A , and g ives a general overview  o f  p ro to ty p in g , em phasising its use during the 

analysis phase.

C h a p t e r  3 . M o d e l l in g  F u n d a m e n ta l  O O A  C o n c e p t s  in  L O T O S .  Th is ch a pter gives an 

inform al definition o f  ea ch  o f  the m ost com m on  o b ject-o r ien ted  analysis con ce p ts , such 

as inheritance, class tem p la tes , o b je c ts , services, a ttribu tes , relationships and m essage 

connections betw een  o b je c t s . W e use the prob lem  o f  specify in g  an a u tom a ted  bankin g 

system  as an exam ple  t o  show how  t o  m odel each  o f  these con cep ts  in L O T O S , inclu d in g 

inheritance.

C h a p t e r  4 . F u r th e r  C o n c e p t s ;  C o m p le x  O b je c t s .  Th is ch apter focuses on  com plex  o b 

je c ts , usually known as aggregates. It briefly  describes how  aggregates a re  u n d erstood  

by other authors, then presents ou r ow n view s by classifying aggregates a ccord in g  t o  the 

properties o f  their co m p o n e n ts , and b y  defin ing the properties we believe aggregates should  

have. Finally, it uses a  sim ple exa m p le  to  sh ow  how R O O A  m odels each k ind o f  aggregate 

in L O T O S .

C h a p t e r  6 . F o r m a l i s i n g  O b je c t - O r i e n t e d  A n a l y s i s  W ith  L O T O S .  T h is ch a pter prov ides 

a simple d enotation al sem antics to  describe th e  basic o b je ct -o r ie n te d  con cep ts  in term s o f
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sim ple m ath em atica l form alism s such as tup les, sets and fun ction s. It divides th e con cepts  

in to  tw o  types: the ones which app ear in the specification , such as class tem pla tes and 

services, and th e ones w hich on ly  com e in to  existence in the running system , such as 

o b je c ts . T h e  m ain focu s here is t o  explain  how the behaviour o f  o b je c ts  at ru n -tim e is 

specified  th rou gh  the gen eric b eh aviou r d escription  j;iven in the class tem p late .

C h a p t e r  6 . T h e  R ig o r o u s  O b j e c t - O r i e n t e d  A n a ly s i s  M e th o d .  T h is  ch apter describes the 

R O O A  m eth od . It presents R O O A  in the con tex t o f  the softw are life cy cle , sh ow in g  how 

it in teracts w ith  the requirem ents ca p tu re  and with  the design phase. It discusses the de 

ve lopm en t m odel a d op ted  within  R O O A . T h e  m ain part o f  this ch a pter describes in detail 

each task  and subtask  o f  R O O A . W e illustrate this description  by using the au tom ated  

ban k in g system , w hose requirem ents were presented in C h ap ter 3. Som e interm edia te  

stru ctu res are used and exp la ined while app ly in g  R O O A  to  this exam ple .

T h e  tw o prim ary in term ed iate  structures used are the o b je c t  com m u n ica tion  table 

and o b je c t  com m u n ica tion  d iagram . T h ey  are used to  develop  the final o b ject-o r ien ted  

analysis L O T O S  m odel and to  help trace th rou gh  the original requirem en ts to  th e LO 1 OS 

specifica tion . A n  a lgorithm  is presented that helps us to  create th e  o b je c t  com m u n ication  

d iagram s.

F inally , th e ch apter discusses th e  various d ocu m en ts  created  durin g app lica tion  o f  the 

R O O A  m eth od .

C h a p t e r  7 . T h e  D e s i g n  R a t i o n a le  o f  R O O A .  Th is ch apter exp lores  the p rob lem s we 

found and th e solu tions tried  durin g  the developm en t o f  R O O A . It justifies th e solutions 

we a d o p te d , and it a lso discusses th e reasons why we d iscarded  som e o f  the in term edia te 

so lu tion s.

C h a p t e r  8 . A s s e s s m e n t  o f  th e  R O O A  M e th o d .  T h is  ch apter discusses th e need for a 

rigorou s ob je ct-o r ie n te d  analysis m eth od , assesses th e R O O A  m eth od , h igh lightin g its 

stren gth s and weaknesses, exam ines the su itability  o f  L O T O S  as the chosen specification  

lan gu age, and finally, review s the R O O A  m eth od  while applied t o  case studies by  ourselves 

and b y  oth ers .
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C h a p t e r  9 . C o n c l u s i o n s  a n d  P r o s p e c t s .  This chapter s ta te s  the conclu sions o f  this work 

and identifies possibilities for further developm ent. F in a lly , it identifies the tra n sform a 

tions in R O O A  which can be perform ed autom atica lly  a n d  outlines th e too ls  w h ich  cou ld  

be developed  to  su pp ort R O O A .

I

A p p e n d i x  A .  L O T O S  O v e r v ie w .  Th is appendix  co n ta in s  a brief in trod u ction  to  the 

L O T O S  specification  language. It describes processes, a b s tra ct  d ata  types and th e  stru c 

ture o f  a L O T O S  specification , and presents the syn tax o f  the m ost im p orta n t L O T O S  

operators.

A p p e n d i x  B . H o w  to  S p e c i fy  O b je c t  Id e n t i f i e r s : A d d i t i o n s  to  th e  L ib r a r y .  Th is a p 

pendix conta ins the specification  o f  the A D T s  which we in trod u ced  to  th e ex istin g  L O T O S  

libraries. These A D T s  were created  to  deal w ith  o b je c t  identifiers.

A p p e n d i x  C .  P u b lic a t io n s .  This appendix shows a list o f  our technica l rep orts  and 

publications, in conferences and jou rnals, under the to p ic s : ob je ct-o r ien ted  m eth od s , and 

form al description  techniques.

A p p e n d i x  D .  A c r o n y m s .  T h is appendix lists the a b b rev ia tion s  used in this thesis. W e 

tried to  keep acron ym s to  a m in im um , to  m ake read in g easier, and m ore p leasan t, we 

hope.

1 .5  T h e  T o p i c s  o f  t h e  T h e s i s

T h e thesis discusses three m ain top ics: the R O O A  m e th o d , the ph ilosoph y beh in d  R O O A  

and a sim ple den otation al sem antics. T o  learn a bou t th e  R O O A  m eth od . C h a p ter  3, 

C hapter 4 and C h apter 6 should be read in sequence. T o  understand the ph ilosoph y  

behind the m eth od , its strengths and weaknesses, C h a p te r  7 and C h ap ter 8 sh ou ld  then 

be read.

For those interested  in a sim ple denotation al sem an tics  to  define the b a s ic  o b je c t -  

oriented con cepts, we advise that C hapter 5 should be rea d  after C h a p ter 3.



C h a p t e r  2

F o r m a l  O b j e c t - O r i e n t e d

S p e c i f i c a t i o n s

2 .1  S o f t w a r e  D e v e l o p m e n t

D eve lop in g  an efficient and reliable  softw are system  is a d ifficu lt task. A s B ooch  says 

[Boo87]:

D ev e lop in g  softw are  system s is an a ctiv ity  that dem an ds m uch intellectu al 

ca p a c ity . C om p letin g  an e fficient, reliable, m ain ta in able, and understan dab le  

sy s te m  on tim e is o ften  an even  m ore H erculean task , especia lly  in th e  case o f  

la rge , rea l-tim e p rogra m m in g  p ro je cts .

W hen  so ftw a re  system s were sm all by to d a y ’ s stan dards, p rogram m ers believed  that b u ild 

ing so ftw a re  was syn on ym ou s to  w riting program s, som etim es in a very a rtistic  way. T o 

day, s o ftw a re  system s are m uch m ore  com plex  and so  softw are engineers are required to  

use m ore skills than ju s t  p rogram m in g  artistry  when d eve lop in g  the system . T h ey  need 

techn iqu es, m eth od s, and too ls  th a t help them  progress th rou gh  a set o f  required  stages.

Since th e  sixties, m any techn iqu es, m eth ods and too ls  have been  p rod u ced  to  su p p ort  

softw are d eve lop m en t. H ow ever, th e su b ject rem ains an active  area  o f  research , since the 

system s w e  want t o  develop  are still grow in g  in com p lex ity  and  size. F u rth erm ore , the 

clients w h o  want th ose  system s are m ore and m ore dem an din g .

12
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In this thesis we are especia lly  interested  in tw o areas o f  the softw are technology 

evolu tion : o b je ct-o r ie n te d  analysis and form al m ethods.

2 .1 .1  S o f t w a r e  L i f e - C y c l e

T h e  softw are life -cycle  begins w hen a softw are p rod u ct is con ceived  and ends when the 

p rod u ct is retired [IE E91]. T h e startin g  poin t is usually the set o f  user requirem ents. Part 

o f  these requirem ents define w hat the system  m ust achieve (th ese are called fu n c t io n a l  

r e q u i r e m e n t s ) .  O th er part o f  the user requirem ents deal w ith  con strain ts such as efficiency, 

available hardw are, respon se-tim e, etc . W e refer to  these constraints as n o n - fu n c t i o n a l  

r e q u ir e m e n ts .

T h e  softw are life -cycle  consists  o f  several phases. T h e standard  approach  considers 

five phases: analysis, design, im plem en tation , testing and m aintenance. T h e  boundary 

betw een each  phase is n ot always clear. A  sim ple definition o f  each phase could  be:

• A n alysis  is the stu dy o f  a  p rob lem , prior to  taking som e a ction  [D eM 79]. During 

this phase we w ork  ou t the user requirem ents in order to  establish  the properties the 

system  should  possess. A s e v ery b od y  says, analysis defines w h a t  the system  must 

d o . T h e  result o f  this phase is the r e q u ir e m e n ts  s p e c i f i c a t io n .

• Design is con cern ed  with h o w  the system  is goin g to  accom plish  what was defined 

durin g  analysis. In the design  we con cen trate  on  determ in in g which are the useful 

com p on en ts  (d a ta  structu res and fu n ction s) and on  how th ey are goin g to  be im ple 

m en ted . T h e  requirem ents specification  obta in ed  at the end o f  the analysis phase 

is th e starting poin t for th e  design  phase. H owever, it is n ot always clear where 

analysis finishes and design starts.

• Im plem en tation  is the process o f  transform in g the results o f  the design phase into 

instru ction s fo r  the com p u ter , by using a program m in g language. Im plem entation  

should  deliver program s th a t are correct and efficient.

• T estin g  “ d em on strates”  th a t the program s w ritten in the im plem en tation  phase sa t 

isfy th e requirem ents specification  and correctly  transform  the input data. Dur-
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ing this phase we correct im plem en tation  errors and elim inate  u n exp ected  program  

states.

• M aintenan ce represents all the op era tion s th a t are necessary to  ensure th e continuous 

w ork in g o f  the system . This is an im p o r ta n t  phase even w hen th e softw are  system  

is w ork in g  accord in g to  the user requirem ents.. W e m ust a ccep t con tin u ou s and 

con sta n t evolu tion  as a natural law o f  so ftw a re . A fter  the system  has been  delivered, 

requirem ents can be m odified , the en v iron m en t in which the system  op era tes  can 

ch ange and an increase in the efficiency  a n d  quality o f  th e system  can b e  required.

O ur work  is concerned with the analysis ph ase .

2 .1 .2  S o f t w a r e  D e v e l o p m e n t  M o d e l s

T h ere  are several ways to  g o  from on e  phase t o  a n oth er, that is, there are several life-cycle  

m odels . S om e o f  those m odels  are sim ple, o th e rs  are m ore com p lex .

T h e  orig in al s e q u e n tia l  w a te r fa l l  or s t a g e w i s e  m o d e l , was first presented  in [B en56, 

Ben83]. H ow ever, this m odel is always applied  w ith  feedback , based  on  the ch anges p ro 

posed by R o y ce  [R oy70]. T h e  five phases are app lied  sequentially durin g the d evelopm en t 

and use o f  th e  softw are p rod u ct. A t the end o f  ea ch  phase we can  g o  back to  th e previous 

phase, in trod u ce  a change and then p rop a g a te  th e  effects  o f  th at change. C on sequ en tly , 

we can on ly  step  back to  an earlier phase to  co r re c t  errors. T h is is also called th e i te r a t iv e  

w a te r fa ll  o r  c a s c a d e  m odel. Sw artout and B a lzer showed why the w aterfall m od el with 

well defined phases could  not w ork, by sh ow in g  th a t the specification  and im plem en tation  

o f  a system  are  inevitably intertwined [SB82].

T h e  p rob lem s o f  sequential orderin g and  strictly  separated  phases can b e  overcom e 

by p ro to ty p in g  m odels , such as the s p ir a l  m o d e l  popularised by B oeh m  [B el86 , B oe88 , 

B B 89 , B G S84] and the ones in [Fai85, P et88 , S om 92j. Th ese m odels  basica lly  have the 

sam e phases as the waterfall m od el, but th ey  p erm it us to  interleave the phases during 

the deve lop m en t. Th is follow s from  S w artou t and  Balzer. I f  the im p lem en ta tion  phase 

shows that w e need to  g o  back and m od ify  th e  specification , we reopen  th e design  phase 

con cu rrently  with  the im plem entation  phase, a n d  perform  the necessary ch an ges. T hen
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w e  p ropagate the e ffects  o f  the changes to  the im plem en ta tion , until th e  design and  the 

im p lem en ta tion  com e t o  a  poin t w here they m atch  again .

T h e p ro to ty p in g  m od els  use form alism s for analysis and design  phases which lead to  

e x e cu ta b le  specifica tion s, p rom otin g  p ro to ty p in g  durin g th e early stages o f  the d eve lop 

m e n t . T he spiral m od el has been a ccep ted  by th e US A ir F orce  as their m od el for softw are 

d eve lop m en t [Gre89].

W e em brace  rapid p ro to ty p in g  in the R O O A  d evelop m en t process. W e use L O T O S  

[IS 0 8 8 ] as an execu tab le  specification  language and th e L IT E  too l [E W 93] as the p ro to 

t y p in g  tool.

2 . 1 . 3  R e l a t i o n s h i p  B e t w e e n  A n a l y s i s  a n d  D e s i g n

In  every b o o k  on the s u b je c t , th e classic defin ition  for  analysis and design  is always there: 

a n a lysis  states w hat th e  system  should  d o , while design  states h o w  the system  accom plishes 

w h a t  was defined  durin g  analysis. B u t, does this tell us ex a ctly  what is analysis and w hat is 

d e s ig n ?  D oes it help us to  decide w hen analysis finishes and design  starts? As Davis notes, 

t h e  division in to  w h a t  and h o w  can  be su b ject to  individual perception s [Dav88]. If we are 

u s in g  functional m eth od s, we can say th at in analysis we con stru ct d ata  flow  diagram s and 

en tity -re la tion sh ip  d iagram s and in design  we con stru ct stru ctu re ch arts, apply th e third 

n o rm a l form  to  the d a ta  stru ctu res and transform  th e entities in the entity-relationsh ip  

d ia g ra m  in to  data  base tables (skeleton  tab les). Lettin g the techniques drive us a lon g  the 

d ev e lop m en t works fo r  som e kinds o f  p rob lem s. H ow ever, o th er  prob lem s exist where the 

fro n tie r  betw een analysis and design requires m ore precis ion .

W e cou ld  say th at analysis deals w ith  the p rob lem -sp a ce  while design  deals w ith  the 

so lu tio n -sp a ce . In an o b je c t -o r ie n te d  view , analysis m odels  the world b y  identify in g the 

cla sses  and o b je c ts  th a t form  th e vocab u la ry  o f  the p rob lem  dom ain and  design invents 

t h e  m echanism s that p rov id e  th e  behaviou r required by th is m odel [B oo9 1 ]. H ow ever, 

d e c id in g  w hen  design should  start is o ften  a p rob lem . I f w e start to o  early, we risk not 

k n o w in g  en ou gh  a b o u t th e p rob lem  to  m ake a  g o o d  design . If we start to o  late , w e risk 

w a stin g  to o  much tim e  in d o in g  deta iled  analysis which can  overload  th e  designer with
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lots  o f  unnecessary in form ation .

T h e  level o f  a bstra ction  is also im p orta n t, because we d o  not want to  overspecify  the 

p rob lem . S u ppose  we have an a u tom a tic  bankin g a pp lica tion  and we want ou r system  

to  be  able to  handle several clients sim ultaneously . Sh ou ld  the concurrency b e  shown 

in analysis, or  n ot? Is th e p rotection  required for con cu rren t access to  the d a ta  a non 

fu n ction a l requirem ent? Should  n on -fu n ction a l requirem ents be ignored  in the analysis 

phase and on ly  included in the design , and i f  so , can we th en  say th at the final d ocu m en t 

p rod u ced  d u rin g  the analysis phase m eets  th e  user requirem en ts?

D epen din g  on  the m eth od  used w e m ight have different levels o f  abstraction  in the 

specification s. In som e m eth od s we can  easily avoid  h avin g to  specify  con cu rrency or data  

a ccess -p ro tection , in o th ers  it m ight be  m ore  difficult. I f  we specify  a system  by on ly  

defin ing its external beh aviou r, rather than b y  m odellin g its  behaviour, then cases such as 

the bankin g exam ple  can  initially be defined w ith ou t in clu d in g  parallelism or d a ta  access- 

p rotection  in th e m odel, w ith  the e x tra  n on -fu n ction al requirem ents being held inform ally 

in a  separate  d ocu m en t.

W h en  clients write a requirem ents d ocu m en t, they use their know ledge o f  the system . 

As their kn ow ledge  m ay b e  lim ited , th e  original requirem ents can be  unnecessarily detailed 

when describ in g  parts o f  th e  system  th ey know  well, but can have am bigu ities, inconsis 

tencies and con tra d iction s, and can om it in form ation  a b o u t  parts that they know less 

well. C erta in  kinds o f  clients like to  im pose  n on -fu n ction a l requirem ents which m andate 

im plem en tation  o f  the system  in a certa in  way.

N on -fu n ction a l requirem ents should  not constrain  the analysis. T h e  design m ight either 

be restricted  o r  n ot, depen d in g  on w h at the n on -fu n ction a l requirem ents look  like. T h e  

im plem en tation  will a lw ays be restricted . In other w ord s , non -functional requirem ents 

ca n n ot b e  ign ored  in the so lu tion , b u t th ey should  on ly  b e  considered in the right place.

T h e  q u estion  o f  w h eth er or not a  requirem ents analysis specification  docu m en t m eets 

the orig in al requirem ents is fundam ental. H ow ever, i f  gaps are found  in the original 

requirem ents d ocu m en t, th ey  m ust b e  corrected . O n ly  then we can assum e that the 

specification  m eets the orig in al requirem ents.
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A n  exact defin ition  o f  w h at a n a ly s i s  i s  and w h a t d e s ig n  is  seem s to  depen d  on  a par 

ticu lar con tex t; every “ h ow ” is a so lu tion  t o  a  higher level “ w h a t”  and a “ w h a t”  m ay be 

part o f  an even higher level “ how ” . T h a t  is, as soon  as the con tex t changes the scop e  o f  

analysis and the scop e  o f  design also ch a n g e .

2 .2  O b j e c t - O r i e n t e d  A p p r o a c h e s

T h e  con cept o f  class, in softw are, is n o t  new. Sim ula 67 was the first p rogram m in g 

lan gu age to  in troduce the con cept o f  c la ss  as a m echanism  to  encapsu late  d a ta  and the 

related  operation s [B D M N 80, DN 66]. T h e  next im portan t o b ject-o r ien ted  lan gu age was 

Sm allta lk  [G K 7 6 , G R 83].

W egner gives a definition for the te rm  o b j e c t - o r i e n t e d .  In his op in ion , an o b je c t -  

orien ted  approach  m ust in corporate  th e  con cep ts  o f  o b je c t , class and inh eritan ce  (see 

F igure 2 .1 ) [W eg87].

Figure 2 .1; W e g n e r ’s classification  schem a

T h e  late eighties and early n ineties saw  the developm en t o f  m any different o b je c t -  

orien ted  analysis and design m eth ods [B er8 8 , B er89, B G H S 91 , B oo9 1 , C Y 9 1 a , C Y 9 1 b , 

C o l8 9 , C A B "''94 , Jac92 , R G 92, R B P '* '9 1 ], as well as an increase in the use o f  o b je c t -  

orien ted  and o b je ct-b a se d  p rogram m in g  languages. Perhaps th e m ost im p orta n t aspect 

is th e  integration  o f  analysis, design a n d  p rogram m in g in a single fram ew ork , using the 

sam e con cepts.

T h ere  are tw o  m a jo r  advantages in d eve lop in g  o b ject-b s^ ed  softw are [B M 85]:
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• to  reduce the tota l life -cycle  softw are cost by increasin g p rogram m er p rod u ctiv ity  

and reducing m ain tenance costs ;

• to  im plem ent softw are system s that resist both  accid en ta l and m alicious corru p tion  

attem pts.

»

T h e prim ary goa l o f  m odern  softw are developm ent is to  en cou rage th e use o f  softw are 

m odules to  provide specific fu n ction a lity  and whose in tera ction s are th rou gh  well-defined 

interfaces. T h is results in a  redu ction  o f  the com p lex ity  o f  system s, w h ich , in turn , results 

in system s which are easier to  u n derstan d , and easier t o  build , test and m ainta in . As 

a further benefit, the use o f  m odu larisation  togeth er w ith  abstraction  and in form ation  

hiding results in greater sharing o f  softw are and “ less re invention  o f  the w heel” , p rom otin g  

reusability. O b ject-o r ien ted  m eth ods cla im  to  prov ide these benefits b e tter  than other 

m eth ods [Bha83].

O b ject-o r ien ted  m eth od s are con cern ed  with  m od ellin g  real world entities  as o b je c ts . 

T h erefore , th ey fo llow  one o f  the m ost fundam ental rules o f  m odern  S oftw are Engineering 

practice , nam ely “ form  follow in g  fu n ction ” , i.e . m aking the solu tion  resem ble th e  orig 

inal p rob lem . Such solu tions are inherently easier to  test, m odify , and debug [Ber88]. 

This is especia lly  the case with con cu rrent system s w hich  can be m odelled  as a  set o f  

com m u nicatin g  concurrent o b je c ts  [C la90, C la92b].

2 .2 .1  W h i c h  A p p r o a c h  in  t h e  A n a l y s i s  P h a s e ?

If we decide to  use o b ject-o r ien ted  m eth od s during d esign , the question  rem ains as t o  which 

approach  to  ch oose  for analysis, especia lly  if a requirem en ts d ocu m en t d oes  not ex ist yet. 

This is because m ost O O A  m eth od s su ppose the ex isten ce  o f  an in form al requirem ents 

d ocu m en t ( fo r  a furth er d iscussion o f  this problem  see [H S93]).

D uring the early nineties there was m uch debate  a b o u t  the necessity  o f  having o b je c t -  

oriented analysis m eth ods [B ro91 , Fir91, H S92, Shu91, W al91]. Perhaps because o f  the 

expertise a lready acqu ired , the pow erfu l su pport to o ls  (especia lly  C A S E  too ls ) created  

for fun ction al analysis, and the exp erien ce  already ga in ed  w ith  fun ction a l m eth od s such
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as S tru ctu red  A nalysis , som e authors have p rop osed  that functional analysis a n d  o b je c t -  

oriented  design  are com p a tib le  [C on 89a , C o n 8 9 b , Shu91, W ar89). These a u th ors  try to  

m inim ise the prob lem  o f  p erform in g  analysis and  design w ith  different kinds o f  app roa ch es 

by say in g  that since requirem ents analysis (sa y in g  w h a t)  and design (saying h o w )  have 

d ifferent purposes and serve different m asters, it shpuld n ot be surprising to  see different 

m odes o f  expression .

T h e  reasons for m akin g fun ction a l analysis m eth ods com pa tib le  w ith o b je ct-o r ie n te d  

design m ake sense from  an  m anagerial p oin t o f  view , as expertise on  fu n ction a l analysis 

and a u tom a ted  su pp ort to o ls  a lready exist a n d  so less retraining would be necessary.

T h ere  are o th er authors w h o believe that fun ction a l analysis and o b je ct -o r ie n te d  design 

are n ot com p a tib le  and state  that since th e  difference betw een the tw o a p p roa ch es is 

p ro fou n d , a ttem p ts  to  b en d  fun ction al m eth od s  to  ob ject-o r ien ted  m ethods are bou n d  to  

fail [B ro9 1 , Fir91, W al91].

Believers in the m arriage o f  th e tw o  app roa ch es p rop ose  ways to  identify o b je c ts  in 

a d a ta  flow  diagram  (D F D ) . W e believe th a t o b je c ts  which d irectly  represent rea l world 

o b je c ts  are  easily identified , but oth ers are usually  m ore arb itrary. W hile D F D s em phasise 

p rocesses, o b je ct-o r ien ted  approach es em ph asise  o b je c ts , which is a very d ifferent con cept. 

A lso , a  D F D  process does  n ot corresp on d  to  an o b ject-o r ien ted  op era tion . W h ile  a  process 

tran sform s input data  in to  new o u tp u t d a ta , an ob ject-o r ien ted  op eration  “ w o rk s ”  on an 

a bstra ct o b je c t .  T h e d a ta  is con ta ined  in th e  o b je c t  and does not m ove indepen den tly  o f  

the o b je c t .  A n d  so , iden tify in g  o b je c ts  from  a  D F D  seem s to  be the w rong w ay to  d o  it, 

because it leads us to  Identify  o b je c ts  by m ean s o f  D F D  processes, instead o f  prim arily  

iden tify in g  o b je c ts  w hich “ ow n ” op era tion s . W e can n ot say that a S tructu red  Analysis 

d a ta  item  is an o b je c t ,  because an o b je c t  is m uch m ore than ju s t  data . T h e  use o f  

fu n ction a l analysis in an oth erw ise o b je ct -o r ie n te d  approach  com plicates the tra c in g  o f  

requ irem ents, by  forcin g  th e  softw are en gineer to  look  first to  a D F D  and then sw itch  his 

or  her line o f  th inking t o  o b je c ts .

T h e  in com patib ilities  betw een fu n ction a l analysis and ob ject-o r ien ted  design  cau se sig 

nificant prob lem s o f  qua lity , p ro d u ctiv ity  and costs  [F ir91]. Th ese in com p atib ilities  result
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from  the differences in the a bstra ction s used. Firstly, functional analysis relies prim arily  

upon  functional abstraction  w ith  minimal d a ta  abstraction , while o b je ct-o r ie n te d  design 

prim arily uses o b je c t  a b stra ction  (bu t also u ses data abstra ction , fun ction a l a b stra ction , 

process abstraction , exception  a b stra ction ). S econdly , functional analysis localises (and 

d ecom poses) accord in g to  fu n ction a l a b stra ct ion , whereas ob je ct-o r ie n te d  design  m eth od s 

localise (and  either d ecom pose o r  com p ose ) a ccord in g  to  o b je c t  a b stra ction .

W e believe that the d ifficu lty  o f  com bin in g effectively  tw o  fundam entally  d ifferent ap 

proaches is unnecessary. T h e  b e st  approach  fo r  an ob ject-o r ien ted  design begins with  an 

ob ject-orien ted  view o f  the p rob lem  dom ain  created  durin g analysis [W al91]. I f  a  require 

ments docum ent does not exist, w e can alw ays use m eth ods which in tegrate  th e ca p tu re  o f  

the requirem ents within the b u ild in g  o f  the m od e ls , such as the m eth od  O b je c t  B ehaviour 

Analysis proposed by Rubin a n d  G oldberg  [R G 92]. W e believe in O O A  m eth od s , but 

we also know that ob ject-o r ien ted  analysis m eth od s  are not suited t o  m odel all kinds o f  

problem s, just as functional m eth od s  are not w ell suited to  all kinds o f  p rob lem s.

H ow ever, if the problem  can b e  m odelled  b y  follow in g the con cep t o f  o b je c t ,  an o b je c t -  

oriented analysis m ethod  p reced in g  a com plem en tary  ob je ct-o r ie n te d  design m eth od  p ro 

m otes a consisten cy o f  con cept a n d  expression th a t helps to  m inim ise th e trad ition al errors 

that o ccu r  in the m ove from  analysis to  design .

W e agree that software engineers must be a b le  to  change their p reconceived  ideas when 

som eth ing new and better app ears. But, we u nderstand  that this requires hard eviden ce 

that the new m ethods d o  p rov id e  m ore reliable and cost-e ffective  so lu tion s. W ith  “ always 

arriving new ” technologies, each  on e  prom ising t o  solve the softw are crisis, we understand 

why softw are engineers m ight fee l sceptical a n y  tim e a  new fashion appears.

In spite o f  the fact that a g re a t  effort is b e in g  invested  in develop ing  ob je ct-o r ie n te d  

technology, a com plete  a ccep ta n ce  o f  this parad igm  will on ly  be p ossib le  a fter the m eth 

ods and languages prove their usefulness, and  efficient, reliable and pow erfu l su pp ortin g  

tools have been created. F ich m an  and K em erer [FK92] sta te  th at, a lth ou gh  little  em pir 

ical eviden ce exists to  support m a n y  o f  the cla im s m ade in favour o f  o b je ct-o r ie n ta tio n , 

organ isations that are able to  a b so rb  this ra d ica l change m ay well find them selves in a
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stron ger position  than those incapable  o f  m aking the tran sition  from  th e  trad itional fu n c 

tional m eth ods to  the ob je ct-o r ie n te d  m eth od s. A  fu ller d iscussion  o f  these poin ts is given  

in [M C 92].

2 . 2 . 2  O b j e c t - O r i e n t e d  A n a l y s i s  M e t h o d s
I

T h e  m ain goal o f  an ob je ct-o r ie n te d  analysis (O O A ) m eth od  is to  iden tify  o b je c ts  and 

classes which m ake up the p rop osed  system , to  u nderstand  the stru ctu re  and b eh aviou r 

o f  each o b je c t , t o  gath er in on e  place  all th e in form ation  relating to  a  particu lar o b je c t  

and class and, at the sam e tim e , show how  the o b je c ts  in th e system  interact sta tica lly  

and dynam ically .

In general, ob je ct-o r ie n te d  m eth od s  share the fo llow in g  set o f  co m m o n  tasks:

1. U nderstand user requirem ents.

2. Identify and classify o b je c ts .

3. Define classes.

4. Identify relationships betw een  o b je c ts .

5. Identify inheritance relationships betw een classes.

6. C on stru ct d ocu m en ta tion .

T o  understand the user requirem ents we read th e in itial requirem ents d ocu m en t and 

any oth er source o f  in form ation  which m ay describe th e  p rob lem , o r  part o f  it. M o re 

over, we should  in terview  the users or clients o f  the system  so  that w e can  have a b etter  

understandin g o f  the prob lem  b e in g  stu died.

In order to  iden tify  o b je c ts , several m eth od s [C Y 9 1 a , R B P ‘*'91] recom m en d  we look  at 

nouns, p ron ou n s, noun phrases, ad jectival and adverbial phrases in the in itial requirem ents 

d ocu m en t, while oth ers [R G 92] suggest that a  b etter w ay o f  iden tify in g  o b je c ts  is to  focu s 

on  their behaviou r. A fter we iden tify  the o b je c ts , we g rou p  them  in to  classes.

A class is defined in term s o f  its sta tic  and its d y n a m ic aspects. T h e  static a sp ect is 

given by a  list o f  its a ttribu tes and services. T h e  d y n a m ic  b ehaviou r is usually d escribed
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by using state transition diagrams, but it plays a secondary role in most methods. The  

set of state transition diagrams is Ccdled the d y n a m ic  m od el.

R ela tionsh ip s betw een  o b je c ts  can  be static or dynam ic. T h e  s ta t ic  relationships are 

represented  by their nam es and th e ir  cardinality. T h e dynam ic on es are represented by 

arrow s con n ectin g  th e calling t o  th e called ob ject, and are know n as m e s s a g e  c o n n e c 

t i o n s .  T h ese  relationships are represented in the o b je c t  m o d e l  w hich  is supported  by a 

d iagram  based on  E n tity -R ela tion sh ip  diagram s [Che76] where enhancem ents  have been 

in trod u ced  to  su pp ort aggregates, inheritance and m essage con n ection s . Som e m ethods 

add  s c e n a r i o s  [R B P + Q l] (o r  u s e  c a s e s  [Jac92]) to  the dynam ic m od el and show the inter 

a ction s betw een o b je c ts  for each scen ario  by means o f  an e v e n t  t r a c e  d ia g r a m  [RBP'*'91] 

(o r  i n t e r a c t i o n  d ia g r a m  [Jac92]).

D ocu m en tation  plays a crucial role when developing software. Several m ethods have 

an exp licit  step to  con stru ct it w h ile  others leave it im plicit.

M ore  recent m eth od s, such as [RB P'*'91, SM 92], also in corp ora te  a  f u n c t io n a l  m o d e l  

w hich  uses d ata  flow  diagram s to  describe the m eaning o f  the services in the o b ject  m odel 

and th e a ction s in th e dyn am ic m o d e l. H owever, in m ost m ethods, th e  o b je c t  m odel plays 

th e cen tra l role, w ith  the d yn am ic and functional m odels being o f  less im portance.

A m a jo r  advantage o f  the o b ject-o r ien ted  approach  is th at, as th e  concepts used in 

o b je ct -o r ie n te d  analysis and design  are the sam e, the transition from  analysis to  design is 

sm ooth er.

2 . 2 . 3  D i f f e r e n t i a t i n g  O O A  f r o m  O b j e c t -O r i e n t e d  D e s i g n

T h e  use o f  ob je ct-o r ie n te d  design  m eth ods independently o f  any o b ject-o r ien ted  analysis 

m eth od  has created  con fusion  a b o u t  the responsibilities o f  analysis a n d  design.

In S ection  2.2.1 we discussed th e  dilem m a o f  whether ob je ct-o r ie n te d  analysis or  func 

tional analysis should  be used w ith  ob ject-orien ted  design. In th is section  we want to  

clarify  th e responsibilities o f  ob je ct-o r ie n te d  analysis and o b je ct-o r ie n te d  design.

S om e ob je ct-o r ie n te d  design m eth od s  are supposed to  be applied  t o  the results o f  an 

o b je ct -o r ie n te d  analysis. O thers exist which assume a prelim inary functional analysis.
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Because o f  this, o b je c t -o r ie n te d  design m eth od s  have different startin g  p oin ts .

O b ject-o r ien ted  analysis is concerned w ith  understandin g th e user requirem ents and 

m odelling them  b y  identify in g p rob lem -spa ce  o b je c ts . M ost O O A  m eth od s suppose th e 

existence o f  a requ irem en ts docum ent [C Y 9 1 a , RBP"'"91] while oth ers m ay start analysis 

by writing the u ser requirem ents [B er89, R G 92].  ̂H pydalsvik  and Sindre argue that an 

O O A  m ethod  w h ich  starts based on an ex istin g  requirem ents d ocu m en t is largely  a high 

level design m e th o d  [HS93].

If the design m e th o d  is based on th e resu lts o f  an o b ject-o r ien ted  analysis , then the 

analysis m ethod  w ill already have identified and described  the p rob lem -sp a ce  o b je c ts . T h e  

design m ethod  ta k es  those o b je c ts  and d ecides which are to  rem ain in th e  final system ; 

adds new o b je c ts  w hich  on ly  belong t o  th e  solu tion  dom ain  and w hose purpose is to  

support the im p lem en ta tion  o f  the o b je c ts  o f  the prob lem -space; and finally decides a b ou t 

the im plem en tation  o f  each o b je c t . In this case, the transition  betw een  analysis and design 

is not a problem .

If the design m e th o d  is based on  th e  results o f  a fun ction al analysis, then it m ust 

identify the p rob lem -sp a ce  o b je c ts  b efore  it can deal w ith  the so lu tion -sp ace . T h erefore , 

the ob je ct-o r ie n te d  design m eth od  m ust p erform  a task which is really the con cern  o f  th e 

analysis phase.

As an e xa m p le , B o o ch ’s O b ject-O rien ted  Design m ay su ppose a fu n ction a l analysis 

docu m en t as a s ta rtin g  point while O b ject-O rien ted  Design by R um baugh  e t  a l. [R B P "''91], 

for exam ple , su p p oses  the existence  o f  an ob je ct-o r ie n te d  analysis d ocu m en t. T h e  o b je c ts  

identified by B o o c h ’ s m eth od  are p rob lem -sp a ce  and so lu tion -sp ace  o b je c ts  whereas th e 

o b je c ts  identified b y  O M T  are so lu tion -sp ace  o b je c ts , as the p rob lem -sp a ce  o b je c ts  were 

identified in the a n a lysis  phase (see [M C 92] for further in form a tion ).

In b oth  cases, it is the design phase which is responsible for  the iden tifica tion  o f  

solution -space o b je c t s  and for  the decision  o f  w hether o r  not each p rob lem -sp a ce  o b je c t  is 

to  be kept in the so lu tion .

Look ing at fu n ction a l m eth ods for analysis and design  we can  identify  an interesting 

con cep t, which seem s to  have been fo rg o tte n  in ob je ct-o r ie n te d  m eth od s. Functional
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m eth ods usually talk a b ou t the ideal system  and th e real system  (som etim es called the 

logical and the physica l system ) [D eM 79, G S79]. T h e  ideal (log ica l) system  is p roposed  

during the analysis phase and it reflects the system  w ith ou t any con stra in t, i.e. in an ideal 

environm ent. In an ideal en v iron m en t, we cou ld  add  th a t noth in g u n exp ected  can happen 

to  the system . T h is cou ld  b e  seen as a g o o d  reason t o  deal w ith  erroneous situations in a 

later stage o f  th e developm en t.

T h e  real (p h ys ica l) system  is p rop osed  during th e  design  phase and it should reflect 

the environm enta l con stra in ts in w hich the system  is go in g  to  operate . H ow ever, this can 

be dealt w ith in the last steps o f  fun ction a l analysis m eth od s  if  th ey are p rop osed  w ith out 

any design m eth od . T h ere fore , in general, analysis and design  can overlap  i f  their m eth ods 

d o  not take in to  accou n t the design  m eth od  th at fo llow s analysis, or  the analysis m eth od  

that precedes design.

T h is idea o f  “ ideal”  and “ real”  is interesting, and cou ld  be brought in to  ob ject-o r ien ted  

m eth ods in order to  help clarify  the d istinction  betw een the phases. A lth ou gh  the idea 

o f  “ p rob lem -spa ce”  and “ so lu tion -sp a ce”  does corresp on d , to  som e ex ten t, to  the “ ideal” 

and “ real”  con cep ts , it is w orth  n oticin g  that the p rob lem -spa ce  o b je c ts  are  usually based 

on  requirem ents d ocu m en ts  which in corp ora te  con strain ts.

2 . 2 . 4  T h e  O r i g i n s  o f  O b j e c t - O r i e n t e d  M e t h o d s

A significant question  is w hether o r  n ot existin g ob je ct-o r ie n te d  analysis and design m eth 

od s  are im plem entation  lan gu age depen den t. O ne th in g  is w hat th ey s h o u ld  b e, the oth er 

is w hat they r e a ll y  a re .

It is generally  agreed  th at analysis m eth ods sh ou ld  not be im plem en tation  language 

d epen den t, while design  m eth od s  can  be. H ow ever, th is does not always o c c u r  in practice . 

T h e  reason is easy to  exp la in . T h e  evolu tion  o f  the softw are d evelopm en t life-cycle  was 

backw ards, i.e. from  p rogra m m in g  to  design to  requirem en ts analysis. It is no different 

now ; ob je ct-o r ie n te d  d evelop m en t has its roo ts  in o b je ct-o r ie n te d  p rogram m in g. M any 

o f  the con cepts  in the analysis and design m eth od s therefore com e fro m  program m in g 

languages. If th e p rogram m in g  language em phasises certa in  con cep ts, th en  authors will
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try  t o  include them  in th e  analysis (o r  design ) m eth ods. T h is  is n ot a new  situ ation , m any 

fun ction a l m eth ods w ere developed  with the eventual im plem en ta tion  very  m uch in m ind.

W e grou p  ob je ct-o r ie n te d  m eth ods into  tw o classes, d ep en d in g  upon  their authors (an d  

users): A d a  com m u n ity  m eth ods and ob ject-orien ted  p rogra m m in g  language com m u nity  

m eth od s. O b ject-o r ien ted  analysis m ethods such ^  th e  ones from  B erard  [Ber93] and 

C o lb ert [Col89] exp ect th e eventual im plem entation  t o  b e  in a  language like A d a , and 

inheritance plays a  w eak role in their m eth od . W e u sed  the m eth od  O b ject-O rien ted  

R equirem ents A nalysis from  Berard in ou r previous work  t o  develop  an ob je ct-b a se d  M es 

sage Sw itch ing System  in A da  [F M G 89, F M G 9 0a , F M G 9 0 b , G F M 8 9 , M F G 8 9 , M G F 90]. 

On th e  oth er hand, th e ob ject-or ien ted  analysis m eth od  from  C oad  and Y ou rdon  is o r i 

ented tow ards an im plem en tation  in a program m ing lan gu age which su p p orts  inheritance. 

C h am p eau x  and O lth o ff  g o  further and state that o b je c t -o r ie n te d  analysis “ acknow ledges 

that an im plem enta tion  is done in an ob ject-orien ted  p rogra m m in g  lan gu age”  which would 

seem to  deny the advantages o f  the approach  to  the A d a  com m u n ity  [d C 0 8 9 ].

2 .3  F o r m a l  M e t h o d s  a n d  E x e c u t a b l e  S p e c i f i c a t i o n s

2 . 3 . 1  C l a s s i f i c a t i o n  o f  A p p r o a c h e s

S pecifications can be classified accord in g to  three criteria :

• Functional versus O b ject-O rien ted  (o r  O b je c t -B a se d ).

• Form al versus In form al.

• E xecutab le  versus N on-E xecutable .

R epresentatives from  each pair can be com bined in any order. For exam ple, fu n c 

tional m eth ods can lead to  inform al non-executable fu n ction a l specification s. Form al 

m eth od s such as O b je c t  Z  [CDD"*‘ 89] lead to  form al n on -ex ecu ta b le  ob je ct-o r ie n te d  sp ec 

ification s. W e are interested  in form al, execu tab le , o b je c t -o r ie n te d  specification s [C M 94 , 

M C 9 2 , M C 93a, M C 9 3 b , M C 9 3c, M C 94a, M C 9 4b , M C 9 4 c , M C 9 4 d , M L C 94).
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F u n c t io n a l  v e r s u s  O b je c t - O r i e n t e d

F unctional a n d  ob ject-o r ien ted  m eth od s  can p rod u ce  approaches which we call:

1. F u n ction al when we use fu n ction a l analysis and functional design.

2 . H ybrid  when we use functional analysis and o,b ject-oriented  design.

3 . O b ject-o r ien ted  w hen we use ob je ct-o r ie n te d  analysis and ob je ct-o r ie n te d  design.

T h e  fu n ction a l approach  has been applied  for the last tw enty  years. D urin g this tim e, 

m an y m eth od s  for b o th  the analysis and  the design phases have been p rop osed  and C A S E  

too ls  created  to  su pp ort these m eth od s. T h e  m ost widely used functional analysis m ethods 

are S tru ctu red  A nalysis  by de M a rco  [D eM 79], Y ou rdon  [You89] and by G a n e  and Sar- 

son [G S79]. A lth ou gh  m any p eop le  have acquired a g o o d  understandin g o f  this su b ject, 

som e  p rob lem s still rem ain. T h e m ain prob lem  is that functional m eth ods d o  not provide 

a sin gle representa tion  for  the processes and for the data .

T h e  h ybrid  approach  was co m m o n ly  used in the late eighties, when o b je ct-o r ie n te d  de 

sign m eth od s  were applied  together w ith  functional m eth ods. T h is creates prob lem s which 

som etim es can  be d ifficu lt to  solve. W ith  a large system , th e requirem ents specification  

will be  d iv id ed  into several com p on en ts  each o f  which will be  dealt w ith  by a  separate 

team  m em b er. If ob je ct-o r ien ted  design  is being used in the design  phase, and each o f  the 

com p on en ts  identified in the (fu n ctio n a l) analysis phase is given  to  a different m em ber o f  

the design tea m , there can be m a jo r  integration  problem s when the system  is finally put 

togeth er.

A s the con cep ts  used by fun ction a l m eth od s and the con cep ts  used by o b ject-o r ien ted  

m eth od s  are  so  d ifferent, the tran sition  from  a functional analysis to  an o b ject-o r ien ted  

design  is very  d ifficu lt.

A lth o u g h  m any ob je ct-o r ie n te d  analysis (and  design ) m eth ods have appeared  in the 

last few  yea rs , people  are  not keen to  ch an ge com plete ly  from  a  fun ction al cu lture t o  an 

o b je c t -o r ie n te d  cu lture. One o f  th e reasons is that there is not p r o o f  th at the o b je c t -  

orien ted  m eth od s  are b etter than the fun ction a l m eth od s, for  exam ple . It is recogn ised 

th at o b je ct -o r ie n te d  m eth od s are n ot well suited to  describe all kinds o f  p rob lem s. A lso ,
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it is necessary to  invest m ore to  develop  C A S E  tools  at least as g o o d  as the existing ones 

su pportin g  functional m eth od s. For these reasons, ob je ct-o r ie n te d  analysis and design 

m ethods are  being in trod u ced  gradually  but slow ly in indu stry  [Sta93, W R W 9 3].

B ecause the con cep ts  used in ob ject-o r ien ted  analysis and design are the sam e, the 

gap betw een  the analysis phase and the design p h ^ e  is very narrow  [Ber93]. M oreover, 

the techniques used by the o b ject-o r ien ted  design  m eth od s usually p rod u ce  designs which 

are very close  to  program  tex t. Som etim es th ey already are outlin e co d e , as when A da 

or Eiffel is used as a design language. H ow ever, it is m ore difficult to  separate “ analysis 

concerns”  from  “ design  con cern s” , as the con cep ts  and techniques used have much m ore 

in com m on  than is the case w ith  functional m eth ods [B er93, p47].

F o r m a l  v e r s u s  I n f o r m a l

'I'he prim ary benefit o f  form al techniques is th a t, as th ey have a precise m athem atical 

sem antics, the resu lting specification s are unam biguous. In con trast, in form al techniques 

lead to  specification s which leave much o f  their interpretation  to  the reader. T he im pre 

cision o f  an inform al specification  can give the im plem en tor a freedom  o f  interpretation 

which can cause errors and om issions in the co d e , resu lting in high costs for su pport and 

repair. (A c co r d in g  to  B oeh m , correctin g  one error in an early stage o f  the developm ent 

is much ch eaper than correctin g  the sam e error in the co d e  [B oe87, B oc8 1 ].) M oreover, 

this im precision can lead to  m isunderstandings in validating the inform al specification  

against th e requirem ents. A  form al approach  to  specification  is therefore useful, in that 

it allows design  and eventual im plem entation  to  be verified against the specification , at 

least in th eory , a lth ou gh  it still leaves the prob lem  o f  validating the specification  against 

the initial in form al requirem ents docu m en t.

P rovin g that a requirem en ts specification  for a  large and com p lex  system , a design spec 

ification and the eventual im plem entation  all describe ex a ctly  the sam e system  is beyond 

the current state  o f  the art. A  practical approach  is to  m ake the specification  executable  

and perform  the validation  by m eans o f  con form a n ce  testing where a series o f  interface 

scenarios are  used to  show  th at the different specification s and the final im plem entation
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all exh ib it th e sam e behaviou r.

E x e c u t a b l e  v e r s u s  N o n - E x e c u t a b l e

W e believe that if  a requirem ents analysis specification  on ly  says w h a t  the system  d oes , 

then it ca n n ot be execu ted . In order t o  have an e ;çecutable specification  we m ust in tro 

duce som e h o w  in it. Som e softw are en gineers p rop ose  that specification s should n o t be 

execu tab le , because a specification  w ritten  in a n o ta tion  th at is d irectly  execu ta b le  will 

conta in  m ore im plem entation  detail th a n  a n on -execu ta b le  on e  [HJ89]. T here is a lso  the 

danger that execu tab le  specifications can  overspecify  a  p rob lem . T h ere  are tw o reasons for 

this. F irstly , an im plem entor m ay be te m p te d  to  fo llow  the a lgorith m ic stru ctu re o f  the 

specification  and, secon dly , the ex ecu ta b le  specification  m ay p rod u ce  particu lar results in 

cases w here a m ore abstract specification  m ight allow  a  num ber o f  different results.

T h ere  are oth er authors w h o believe th a t  the use o f  form al and execu tab le  specification s 

on ly  bring advantages, and no d isadvan tages, when d evelop in g  softw are [Fuc92, Z av84 , 

Zav91 , Z Y 81 ]. A lso , being able to  d em on stra te  th at a  specification  exhibits  the ex p e cte d  

behaviou r can  greatly increase o n e ’ s con fid en ce  in it [Fuc92]. T h e  accu sation  th a t this 

is n o m ore than testing is partia lly  answ ered  by using sym b olic  evaluation . T h e  L O T O S  

SM ILE  sim ulator [E W 93] su pports sy m b o lic  execu tion .

S om e form al description  languages ca n  be ex e cu te d , oth ers ca n n ot. T h ere  are som e 

whose m ain feature is that they are e xecu ta b le , e .g . m e t o o  [A J90], there are o th ers  o f  

which a large subset is execu tab le , e.g . L O T O S  (L a n g u a ge  o f  T em pora l O rdering S p ecifi 

ca tio n ) [1S 088], while oth ers can n ot be e x e cu te d , e .g . V D M  (V ien n a  D evelopm en t M e th o d ) 

[Jon86]. In form al functional analysis techn iqu es lead to  requirem ents specification s that 

are n ot execu tab le .

I f a  specification  is execu tab le , th en  it can a ct as a p ro to ty p e  o f  the system . O ne 

can raise th e question  a bou t w hether o r  n ot a p ro to ty p e  m ust be execu tab le  on  a  co m 

puter. For som e authors p rototy p in g  ca n  be d on e m anually [G ib90], for oth ers it m ust 

be a u tom a tic  [A J90]. In Section  2 .3.4  w e  present a  fu rth er d iscussion  on  p ro to ty p in g  and 

execu tab le  specifications.
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2 . 3 . 2  T h e  B e n e f i t s  o f  C o m b i n i n g  O O A  a n d  F o r m a l  M e t h o d s

T h e  im portan ce o f  form al m eth od s has increased in the past few  years. A  recent study 

a b ou t the use o f  form al m eth ods in twelve industrial system s con clu d ed  th at [C G R 93]:

[...] form al m eth ods, while still im m ature in certain im p orta n t respects, are be-
I

ginning to  b e  used seriously and successfully  by industry to  design and  develop  

com pu ter system s.

N evertheless, the use o f  form a l m ethods is not yet satisfactory . A n oth er survey based 

on  the available literature and on  enquiries in industry took  p la ce  to  find ou t the reasons 

for the weak acceptan ce o f  form a l m eth ods [A P 93]. T h e  results show ed that there are 

m a jo r  benefits o f  using form al m eth od s and a few significant lim itation s. A m on g  the 

benefits o f  using form al m eth od s, we would like to  em phasise th a t form al m eth ods:

1. p rodu ce specifications w hich  are unam biguous;

2. help to  discover inconsistencies, am bigu ities, om issions earlier in a p ro je c t  life -cycle;

3. can , in principle, be used to  verify th at a program  is correct, a ccord in g  to  the 

properties shown by a specification ;

4. can be used to  build an im plem entation  by successive m ath em atica l transform ations 

o f  a specification .

T h e  m a jor lim itations for using form al m eth ods seem to  be th e  need for m ath em aticians 

to  d o  p roofs  and perhaps the lack o f  too ls . H ow ever, the specification  languages are not 

m uch m ore difficult to  learn than program m in g languages and th e  p roofs  are not always 

necessary [A P 93 , Hal90].

M ost currently used softw are engineering practices lack form ality . W e believe that 

com bin in g  form al m ethods w ith  th e ob ject-o r ien ted  parad igm  can  be a fru itfu l approach  

when m odelling and developing large softw are system s. On th e  o n e  h an d , by  form alising 

the ob ject-o r ien ted  m odels, form a l m ethods force  us to  be rigorou s a b o u t the m eaning 

o f  each system  com pon en t and n ot leave m odellin g decisions to  be  m ade at the im ple 

m entation  stage. On the oth er h an d , by using the practica l O O A  m eth od s with  form al
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m eth od s we are m akin g the form al specification  languages m ore acceptable  for u se  by a 

larger com m unity .

C raigen e t  a l. su pp ort this view by recom m en d in g , am on g oth ers, the fo llo w in g  di

rections o f  research [C G R 9 3]: (a )  im prove th e  integration  o f  form al m eth ods w ith  other 

softw are engineering p ra ctices , such as ob je ct-o r ie n te d  program m in g; (b )  d e v e lo p  n ota 

tions m ore su itable for use by individuals n ot exp ert in form al m ethods or m a th em atica l 

logic.

R O O A  proposes a  m app in g  o f  the ob je ct-o r ie n te d  analysis con structs in to  L O T O S  

which helps users in th e use o f  the form al specification  language.

A n oth er area o f  research, this tim e suggested  by Plat e t  a l., is the co n stru ctio n  o f  an 

initial form al specification  in th e prelim inary design  [P K T 92 ]. A ccord in g  to  these authors, 

non e o f  the known form al m eth ods provide guidelines a bou t how a requ irem ents  specifi 

ca tion  can be con stru cted . In fa ct, the use o f  form al m eth ods is o ften  delayed until the 

design  phase with the result o f  the analysis phase being an in fo r m a l  requ irem en ts speci 

f ication . In R O O A  we com bin e O O A  m eth od s with  L O T O S  to  produ ce an in itia l f o r m a l  

requirem ents specification  during the analysis phase. As the resulting sp ecifica tion  is exe 

cu ta b le , the d ifficult task  o f  validating the in form al requirem ents against the sp ecifica tion  

is sim plified . E xecu tab le  specifications also result in a greater involvem ent by th e  users in 

a softw are p ro je c t  [Fuc92].

W ork  has been d on e  on how to  get a first form al specification . An e x a m p le  is the 

S P E C S  p ro je c t , w hose goal was to  support th e form alisation  o f  requirem ents by cre a tin g  a 

specification  generation  process [G en92]. H ow ever, the starting point o f  this specifica tion  

generation  process is an in form al requirem ents specification , which therefore requ ires a 

previous analysis phase. T h e  resulting m eth od  is called the C R & F  m eth od .

2 . 3 . 3  R e a s o n s  f o r  C h o o s i n g  L O T O S

A s ou r goa l is to  integrate form al description  techniques with  ob je ct-o r ie n te d  analysis 

m eth od s so that th ey can  be used by softw are engineers, we believe that the ch o se n  form al 

description  technique should  satisfy the fo llow in g  con d ition s;
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• it is an ISO standard;

• it is able to  produ ce sp ecifica tion s in an ob ject-o r ien ted  style;

• support tools are availab le ;

• the specifications are ex ecu ta b le  so  that p ro to ty p in g  can be used;

• it supports  concurrency.

T h e  specification language L O T O S  satisfies these con d ition s.

A s we said before, a m a jo r  advantage o f  the ob je ct-o r ie n te d  approach  is th at it sup 

ports  the direct m odelling o f  real w orld  entities as a set o f  a utonom ous o b je c ts  which 

com m u n icate  with one a n oth er by sending m essages. T h erefore , an ob ject-or ien ted  analy 

sis m odel should represent th e  requirem ents cis a set o f  com m u nicatin g concurrent o b je c ts  

even when the eventual im p lem en ta tion  is to  be sequential. T h e  form al language used to  

represent the form al m odel sh ou ld  su pp ort this view .

L O T O S  has a process p a r t  and a d a ta  typing part. T h e  process part is based  on a 

com bin ation  o f  the language C S P  [Hoa85] and o f  the language C C S [M il89]. T h e  data- 

typ in g  part is based on  A C T  O N E  [E M 85]. P rocesses com m u nicate  by synchronising 

on  events during which in form a tion  m a y  be exch an ged . A s there is a stra ightforw ard  

m app in g  between concurrent o b je c ts  and process instances and between m essage passing 

and event synchronisation , L O T O S  is well suited to  representing the requirem ents as a 

set o f  com m unicating co n cu rren t o b je c ts . Inheritance is m ore difficult to  represent, but 

can be m odelled  as well. W e b e lieve  th at a  practical m eth od  should be based on  standard 

languages, so we have not used  any o f  th e suggested  ob ject-o r ien ted  extensions to  L O T O S  

(e .g . [R ud92]).

P rototyp in g  is a useful t o o l  in validating a specification  against a set o f  requirem ents. 

L O T O S  offers an extensive s e t  o f  too ls , such as syn tax  checkers, sem antic checkers and 

sim ulators. T h e  SM ILE s im u la tor  [E W 93] supports  non-determ in ism  and value gen eration . 

T h is  allows sym bolic e x e cu tio n  o f  a specification  where a set o f  possible values is used 

rather than particular values. M any m ore  behaviours can then be exam ined  w ith  each 

sim ulation than is possible w h e n  all d a ta  values have to  be instantiated . S M IL E  uses a



C h a .p te r  2 . F orm a .! O b j e c t - O r i e n t e d  S p e c i f i c a t io n s 32

narrow ing a lgorithm  to  det6rm ine w hen a com bin ation  o f  con d ition s  can  never be true. 

As we are in the analysis phase, we can  use non-determ in ism  to  m od el behaviou r so that 

prem ature design decisions are not m ade.

D urin g the last few  years, several ob je ct-o r ie n te d  specification  languages have been 

prop osed , such as O b je c t  Z [C D D + 89] and T R O L L  [H G 94, JSH S91]. H ow ever, none o f  

the cu rren tly  ex istin g  languages, for o n e  or oth er reason , satisfied the p rop osed  criteria.

2 .3 .4  P r o t o t y p i n g

Inform ally, the term  p r o t o t y p in g  can refer to  a  too l (e .g . S M IL E  [E W 9 3 ]), a specification  

language (e .g . L O T O S  [IS 0 8 8 ]), an a pp roa ch  (e .g . spiral m od el [B oe8 8 ]) o r  the actual 

build ing process. T h e  end produ ct is th e  p r o to ty p e .

In engineering, ‘ p ro to ty p e ’ can m ean:

• a m odel o f  th e prob lem  in a reduced  scale (fo r  exam ple  a dam  o r  a bridge); or

• a  p rod u ct built (b y  hand) before  p rod u ction  on  a large sca le.

N either o f  these meanings can be d irectly  applied to  softw are. A cco rd in g  to  the IE E E  

Standard  G lossary o f  Software E ngineering T erm inology , a  p ro to ty p e  is a prelim inary 

type, form , o r  instan ce o f  a system  th a t serves as a m odel for  later stages o r  for the final, 

com plete  version o f  the system  [IE E91]. W hen speaking a b ou t the p ro to ty p e  o f  a softw are 

system , we use this expression to  d en ote  a m odel o f  the system  to  be  im plem en ted . H ence, 

a p ro to ty p e  should  be  execu table  [A J90 , B G W 8 2 , C h o92 , J D P 8 9 , T Y 9 2 ]. T h e  term  ra p id  

p r o t o t y p in g  is o ften  used to  indicate  th e  early execu tion  o f  th e specifica tion . A  (ra p id ) 

p ro to ty p e  differs from  the actual im plem en tation  in that it focu ses  on  th e fun ction ality  o f  

the prob lem  rather than on  efficiency.

In softw are engineering we can im agin e p ro to ty p in g  to  b e  useful for ;

• exp loration ;

• exp erim en ta tion ;

• evolu tion a ry  developm ent;



C h a p t e r  2 . F o r m a l O b j e c t - O r i e n t e d  S p e c i f i c a t io n s 33

• throw -aw ay d evelopm en t;

• a p ilot p ro je c t .

T h e  borderline betw een  e x p lo r a t io n  and e x p e r im e n t a t i o n  is fuzzy. E xp lora tion  is used 

to  clarify requirem ents and desirable features o f  the target system , while exp erim en ta tion  is
I

used to  determ ine w hether or n ot a solution  is adequate before  we start d eve lop in g  the large 

scale im plem entation  [F lo84]. B oth  cases are used for validation o f  ideas. T h e  resulting 

p rod u ct ob ta in ed  by experim en tation  m ay be throw n aw ay if the en viron m en t where the 

p ro to ty p e  was prod u ced  is n ot integrated  with  that o f  the final p rod u ct. T h e  p ro to ty p e  

obtain ed  by exp loration  is norm ally  throw n away, as it is messy and u n stru ctu red .

T h e  e v o lu t i o n a r y  approach  (see [D av92, IH 87, Sm i91]) produces a sequ en ce  o f  versions 

in which each version is a refined version o f  the previous one. T h e  p r o to ty p e  is built in 

a quality m anner (in clu d in g  softw are rt?quirements specification , design d o cu m e n ta tio n , 

and th orou gh  test) [Dav92]. T h e  w ell-understood  parts are built first and th e  parts not 

u n derstood  well are left for furth er iterations. T h ere  are som e authors w h o  d ifferentiate  

between evolu tion ary  and in cre m e n ta /developm ent [F lo84, C ra89, 1H87]. T h e  increm ental 

developm ent deals w ith  a prob lem  by stepw ise exten sion . T h e main d ifferen ce  between 

these tw o approach es is that with  the evolu tion ary approach  the design is a llow ed  to  evolve 

th rou ghou t the use o f  the system , whilst w ith  the increm ental approach  the design  is frozen 

and the on ly  changes accepted  are those due to  im plem entation  errors. T h is  m eans that 

an evolu tion ary  approach  also con tem plates the m aintenance phase and s o  any changes 

in troduced  during this phase are dealt w ith  as if  the system  was still in its early days o f  

developm en t. H ow ever, the increm ental approach  does not deal w ith ch a n ges in troduced  

during the m ain tenance phcise. W e d o  not distinguish between the evo lu tion a ry  approach  

and the increm ental app roach .

In the th r o w -a w a y  d e v e l o p m e n t  p rop osed  by B rook s, the functionality  o f  a  system  is 

sim plified in order to  decrease the tim e o f  p ro to ty p in g  [B ro75]. T h e  parts o f  th e  system  n ot 

w ell-u n derstood  are built quick ly , n ot payin g t o o  m uch attention  to  e fficien cy . H ow ever, 

by doin g  th is, the parts  o f  the prob lem  w hich  can m ake the system  fail m ay b e  elim inated . 

T h e  tem p ta tion  to  give the p ro to ty p e  to  th e client, by pressure either fro m  th e client o r
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from  the m anagers, should b e  resisted. In his classic “ T h e  M yth ica l M a n -M on th ” , B rooks 

advises p la n  t o  th r o w  o n e  a w a y ;  y o u  w ill, a n y h o w  [B ro75, p i  1 6 ] '.

Finally, p rototyp in g  can b e  used to  build  a p il o t  p r o j e c t .  A  p ilot p ro je ct can  be used to  

support the introduction  o f  n ew  tech n ology . It accepts higher risks durin g developm ent, 

such as delays and extra  co s ts , and the final p rod u ct is delivered to  the client.

In sum m ary, we believe th a t  the th row -w ay  and the evolu tion ary  approaches are the 

tw o prim ary schools o f  p ro to ty p in g . In th e throw -aw ay a pp roa ch  the p ro to ty p e  softw are 

is con structed  in order to  learn  m ore a b ou t the prob lem  and its solu tion . T h e  resulting 

w orking m odel on ly  shows so m e  o f  the featu res o f  th e final system . T h e idea is to  determ ine 

characteristics o f  the system , t o  estim ate costs , to  establish  feasib ility  and perform ance 

lim its and, if  necessary, to  e x p lo re  d ifferent designs and interfaces. A fter  the desired 

know ledge has been ob ta in ed , th e final p rod u ct is d iscarded . Follow ers o f  the throw -aw ay 

approach  are [B G S84, D av82 , G om 8 3 , G S81].

In the evolutionary a p p ro a ch , the p ro to ty p e  is also con stru cted  in ord er to  learn m ore 

abou t the problem  and its so lu tion . H ow ever, on ce  the know ledge has been gained, the 

p ro to ty p e  is adapted  to  sa tis fy  the now  b etter-u n d erstood  requirem ents. T h en , the p ro 

to ty p e  is used again, m ore is learned , and , on ce  m ore , the p ro to ty p e  is re-adapted . Th is 

process is repeated indefin ite ly  until the p ro to ty p e  system  satisfies all needs. This ap 

proach  seems to  respond to  th e  inev itable  change o f  requirem ents during the developm ent 

and operation  o f  the system . Follow ers o f  th e evolu tion ary approach  are [B G W 8 2, B T 7 5 , 

M C 83, T Y 9 2 , Zel80].

P r o t o t y p in g  w ith  F o r m a l E x e c u t a b l e  S p e c ific a tio n s

T h e above  description  o f  p ro to ty p in g  is very  general. It does not focu s on  any special 

phase o f  the softw are life c y c le  or  on  any p ro to ty p in g  too ls . W e  can use p rototy p in g  at 

any stage o f  the softw are d ev e lop m en t, i f  we have the app rop ria te  too ls  [R at88j. In this 

thesis we are interested in e x e cu ta b le  specification s to  be  used as p ro to ty p es  during the

* B ro o k 's  law o f  p rototy p es : p l a n  t o  th r o w  a w a y ;  In [BenSS , p64], Z erou n i says: i f  y o u  p la n  t o  th r o w  

a w a y  o n e ,  y o u  w ill  th r o w  a w a y  t w o .
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analysis phase.

W e are using p ro to ty p in g  to  help:

• verify the internal consistency o f  a form a l spetification ;

• validate th e specification  against the requirem ents.

B oehm  says th a t, when classifying th e to p  10 list o f  softw are m etrics in term s o f  their 

value in industry  situations [Boe87, p84]:

F inding and  fixing a softw are p rob lem  after delivery is 100 tim es m ore e x 

pensive than  finding and fixing it d u rin g  the requirem ents and early design 

ph2ises.

Th is insight has been a m a jor driver in focu sin g industrial softw are practice  on  

th orou gh  requirem ents analysis and d esign , on early verification and va lidation , 

and on u p -fron t p rototy p in g  and sim ulation  to  avoid  costly  dow n stream  fixes.

He considers this to  be the factor num ber o n e  in his to p  10 list.

R O O A  allow s us to  use p rototyp in g  from  the very early stages o f  the developm en t. 

It uses an evo lu tion a ry  approach  to  increm en tally  p rod u ce  a form al requirem ents sp ec 

ification expressed  in L O T O S . As the resu lting specification  is execu tab le , we use the 

L O T O S  tools  as p ro to ty p in g  tools. T h e  a pp roa ch  we follow  can be  seen as a horizontal 

developm ent w here each specification  o b ta in ed  is refined and validated to  p rod u ce  a  m ore 

com plete  on e  (see  F igure 2 .2 ).

W e are con cern ed  with  the p rod u ction  o f  a specification  with in  the requirem ents life 

cycle . T h e  requirem ents life cycle can b e  seen as com prisin g three main d evelopm en t 

stages within  th e  analysis phase [N W 93]: p r o b le m  id e n t i f ic a t i o n , m o d e l l in g  a c t i v i t y  and 

a n a ly s i s  a c t i v i t y .  D u bois  e t  a l. [D D B P 93] d iv id e  the analysis a ctiv ity  in to  a n a ly s i s  ( t o  test 

w hether the con ceptu a l m od el satisfies form a lly  required quality cr iteria ) and v a lid a tio n  ( t o  

test w hether th e  con ceptu a l m odel m eets th e  inform al user requ irem ents). T h e  prob lem  

identification  includes th e understanding o f  the in form al requirem ents, if  th ey already 

exist, an d , if  th ey  d o  n ot ex ist, the ca p tu re  o f  the requirem ents b y  stu dy in g  any available
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Figure 2 .2 : R O O A ’s horizontal developm ent

docu m en ts which describe parts o f  the problem  and by discussions w ith  the cu stom er. T h e 

R O O A  m ethod accom plishes th e m odelling a ctiv ity  by using o b je c t  m od els , event trace 

d iagram s, o b je c t  com m u n ication  tables, o b je c t  com m unication  d ia gra m s and L O T O S  to  

p rod u ce  an initial form al m odel o f  the required system . R O O A  is then  concerned  with  the 

analysis activ ity , by refining and validating the requirem ents specifica tion  built durin g  the 

previous stage. T o  accom plish  th is , we use p rototyp in g .

F r o m  t h e  F o r m a l  S p e c i f i c a t i o n  t o  t h e  I m p l e m e n t a t i o n

A fter having the form al requirem ents specification  produ ced  by R O O A  we can fo llow  tw o 

different approaches to  the im plem en tation . First, we can follow  th e S w artou t [SB82] ap 

proach  by taking the requirem ents specification , creating from  there a  design specification  

and then an im plem en tation , a llow in g feedback  in any stage.

Secondly, we can use the requirem ents specification  as the first s ta g e  in a form a l de 

velopm ent, by fo llow in g  a tran sform ation  tra jectory  from  specifica tion  through  design 

to  im plem en tation . Each tran sform ation  starts with a c o m p le t e  fo rm a l specification  and 

adds t o  it design (an d  later im plem en tation ) detail and creates a new  version o f  th e form al 

specification  w hich  preserves the behaviour o f  the previous one.

A t each stage we can use p ro to ty p in g  to  ensure that each sp ecifica tion  con form s to  

the previous specification  and t o  verify internal con sisten cy o f  th e  specifica tion s. This 

approach  has its roo ts  in the w ork  proposed  by Balzer e t  a l. [B C G 8 3 ]. It is a lso the
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V D M  approach  where p r o o f  ob liga tion s, and n ot p ro to ty p in g , are used to  show that th e 

specifications co n fo rm  to  th e higher level ones.

R O O A  is con cern ed  w ith  p rod u cin g  th e initial form al specification  and  not w ith  th e  

resulting developm en t tra je ctory .

2 .4  C o n c l u s i o n s

This chapter in trod u ced  th e backgrou n d  for  th e thesis and created  the con tex t for the w ork  

we present in th e  fo llow in g  chapters. It can be  div ided in to  tw o  main parts. T h e  first 

part started by analysing the softw are d evelopm en t con cep t , by  giving an overview  o f  th e 

softw are life -cycle  and softw are developm en t m odels , and then  focused  on  the d ifferences 

betw een analysis and design . T h en , it con cen tra ted  on  ob je ct-o r ie n te d  approaches and 

related fu n ction a l analysis (stru ctu red  analysis) w ith  ob je ct-o r ie n te d  design , highlighting 

the need for an in tegrated  ob je ct-o r ie n te d  fram ew ork .

T h e  second part discussed  form al m eth od s and execu tab le  specification s. It began by 

classifying the ex istin g  approach es a ccord in g  to  the kind o f  m eth od s used and the resulting 

specifications p ro d u ce d . It follow ed  by exam in in g  the benefits o f  com bin in g  o b ject-o r ien ted  

analysis w ith fo rm a l m eth od s. N ext, it show ed the reasons to  ch oose  L O T O S  as the R O O A  

specification  lan gu age. T h e n , it presented several views o f  p ro to ty p in g  and indicated th e 

advantages o f  hav in g  form al and execu ta b le  specifications. Finally , it introduced  tw o ways 

to  g o  from  a fo rm a l requirem en ts specification  to  an im plem entation .
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• E nvironm ent o f  an o b je c t  and external o b je cts ;

• E vents and m essage con n ection s (com m u n ica tion );

• Inheritance;

• C on cep tu a l relationships; ,

• C om p osition  and d ecom p osition ;

• A ggrega tes ;

• S ubsystem s.

In Section  3 .2  we in trod u ce  each o f  these o b je c t -o r ie n te d  con cepts  and in S ection  3.3  

we give an in terpretation  o f  them  in L O T O S , leaving t o  C h a p ter  4 a  detailed s tu d y  o f  

aggregates. T h e  basic con cepts  o f  class tem pla te, service, a ttr ib u te , class and o b je c t  are 

then described  form ally  in C h apter 5.

3 .2  O b j e c t - O r i e n t e d  D e f i n i t i o n s

A s there are m any different defin itions o f  ob je ct-o r ien ted  con cep ts  in the literatu re, we 

give here a coherent set o f  defin itions which are used in th e  rest o f  the thesis. T h ese  

defin itions are based on  the O pen  D istributed  Processing R eferen ce  M odel and on  a  general 

understandin g o f  o b je ct-o r ien ted  analysis con cepts [IS 0 9 4 , Rud93].

3 . 2 . 1  C l a s s  T e m p l a t e s

A class tem p la te  describes the com m on  static and d y n a m ic  properties o f  o b je c ts  o f  the 

sam e kind (b e lon g in g  to  the sam e class).

Each n ode in the o b je c t  m odel proposed  by m ost o f  th e  O O A  m eth ods describes  a 

class tem p la te , as op p osed  to  an o b je c t  or a class.
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3 . 2 . 2  C l a s s e s

A c l a s s  is the set o f  all o b je c ts  which share the com m on  features specified by a class 

tem p la te . This defin ition  also includes the notion  o f  s u b c la ss , since the set can be a subset 

o f  all o b je c t s  which possess th e com m on  features specified by  a  (super-)c lass tem plate.

I

3 . 2 . 3  A b s t r a c t  C l a s s  T e m p l a t e s

An a b s tra ct  class tem pla te  is a  (su p er)class  tem pla te  which has no o b je c ts , i.e. it ca n n ot 

be in stan tia ted . A n  abstract class tem p la te  is used in the defin ition  o f  subclasses. T h e  

restr ic tion  o f  having no instances does n ot apply to  the subclasses.

S o m e  authors p rop ose  a specia l abstra ct class (tem p la te ) sym bol to  be used in th e 

o b je c t  m od e l [C Y 91a].

3 . 2 . 4  O b j e c t s

An o b je c t  is a m em ber o f  a class and is created  by instantiating the class tem plate.

A n  o b j e c t  can b e  used to  m od el either a real world entity  or a con cep t. It com bin es 

s tru ctu re  with behaviou r in a  single encapsu lated  entity  w hich can be characterised by 

n a m e , s t a t e  in f o r m a t i o n  a n d  s e r v i c e s  { o r  o p e r a t i o n s )  ([C Y 9 1 a , p53], [Jac92, p44], [R B P + 9 1 , 

p p 2 2 -2 6 ] ) .  The nam e gives i d e n t i t y  to  th e  o b je c t  and is used to  reference it. T h e  state  

in form a tion  is given  by the values o f  the d a ta  types (a ttr ib u tes ) encapsulated  by the o b je c t .  

T h e  serv ices  con stitu te  the interface o f  th e o b je c t .

A n  o b je c t  has an internal and an external view. D uring the analysis phase we are 

m ain ly  con cern ed  with  the o b je c t ’ s external view and with describ ing the behaviour o f  

each o b je c t  in an abstract way. D uring the design and im plem en tation  phases we are 

m ain ly con cern ed  with  its in ternal view .

T h e  external view  o f  an o b je c t  corresp on ds to  its in terface and includes on ly  th ose 

p rop e rtie s  which th e  client o b je c ts  need to  see. T h e  internal view  o f  an o b je c t  correspon ds 

to  its im p lem en ta tion  and it reveals the underly ing structure o f  any stored  data , the details  

o f  th e a lgorithm s used to  a ccom plish  the services, and the underly in g layers o f  abstra ction  

used t o  im plem ent it. T he designer o f  th e o b je c t  knows both  th e internal and the extern al
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views. T h e  users o f  an o b je c t  on ly  know  its external view.

3 . 2 . 5  A t t r i b u t e s

An attribu te  defines a sta tic  p roperty  o f  a  class tem pla te , describ in g a d a ta  value held by 

each o b je c t  o f  the class. T h e  a ttribu te values give the o b je c t ’ s state in form ation . Each 

a ttribu te n am e is unique in a class, b u t attributes in different classes can have the sam e 

name.

3 . 2 . 6  O b j e c t  I d e n t i t y

Each o b je c t  is d istinct from  any oth er o b je c t .  T w o  o b je c ts  can have the sam e attribu te val

ues and offer th e  sam e services, but th ey will still be  different fro m  each oth er. R um baugh  

e t  a l. define identity  as [RBP"*‘ 91]:

[...] a distinguishing characteristic o f  an o b je c t  that d en otes  a separate exis 

tence o f  the o b je c t  even th ou gh  th e  o b je c t  m ay have th e  sam e data  values as 

another o b je c t .

This d istinguishing characteristic is referred to  as the o b je c t  id e n t i f ie r .

3 . 2 . 7  S t a t e  ( o f  a n  O b j e c t )

T h e state o f  an o b je c t ,  at a given tim e , is determ ined by th e  values o f  its attributes 

([C Y 91 a , p l4 5 ] ,  [Jac92, p p 2 2 8 -2 2 9 ], [R B P + 9 1 , p84 ,p 87 ]) togeth er with the conditions 

that determ in e the services which the o b je c t  currently offers. T h e  values o f  the attributes 

are related t o  the static aspect o f  the o b je c t ,  whilst the con d ition s con tro l the possible 

state transitions and therefore are related  to  the dyn am ic a sp ect  o f  the o b je c t .

3 . 2 . 8  E x t e r n a l  O b j e c t s

An external o b je c t  is an o b je c t  which d oes  not belon g  to  the system  being analysed , that 

is, it is an o b je c t  ou tside the prob lem  dom ain . T h e  set o f  extern al o b je c ts  provides the 

environm ent fo r  the entire  system .
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3 . 2 . 9  E n v i r o n m e n t  ( o f  a n  O b j e c t )

T h e  en viron m en t o f  an o b je c t  is form ed b y  all the o th er  o b je c ts  which con stitu te  the 

system ; i.e. it is the part o f  the m odel w hich  is not part o f  th a t specific o b je c t .  An

extern al o b je c t  is not part o f  the environm ent o f  any o b je c t  in th e system .
»

3 . 2 . 1 0  S e r v i c e s

W e d istingu ish  betw een  offered  services and requ ired  services. A n  offered  service  is a 

capab ility  th a t an o b je c t  exp orts  and which ca n  be used (ca lled ) by  oth er o b je c ts  in the 

m od el or by  th e  actors (o r  external o b je c ts )  o f  th e  system . A  required service is a service 

th at an o b je c t  requires from  another o b je c t . T h is  service is defined in the secon d  o b je c t  

as an offered  service. T h e  services are the on ly  m echanism  oth er o b je c ts  (in sid e or  outside 

the system ) can  use to  ch an ge or to  query an o b je c t ’ s sta te . T h ere fore , an o b je c t  interacts 

(co m m u n ica te s ) w ith o th er o b je c ts  via  services.

It is co m m o n  in th e ob ject-or ien ted  co m m u n ity  to  classify  th e services o ffered  by an 

o b je c t  in to  three ca tegories: c o n s t r u c t o r s ,  m o d i f i e r s ,  and s e l e c t o r s .  A  co n stru cto r  creates 

an o b je c t ,  and usually initialises its state. A  m od ifier  has the ab ility  to  ch a n ge the state 

o f  the o b je c t  in which it is encapsulated . A  se le ctor  returns state  in form ation  abou t the 

o b je c t ,  but d oes  not ch an ge the state.

3 . 2 . 1 1  M e t h o d s

W e d ifferen tia te  betw een s e r v i c e s  and m e th o d s .  A  service  is con ta in ed  in th e interface o f  

an o b je c t  ( o r  class tem p la te ) and advertises an  o b je c t ’ s capab ility . A  m eth od  is internal 

to  an o b je c t  (o r  class tem p la te) and is th e a ctu a l m echanism  b y  which th e  service is 

a ccom p lish ed .

3 . 2 . 1 2  B e h a v i o u r  ( o f  a n  O b j e c t )

T h e  b eh a v iou r o f  an o b je c t  describes the d y n a m ic  co n d u ct o f  th e  o b je c t  d u rin g  its life 

tim e. It is d escribed  in term s o f  the in tera ction s the o b je c t  can have with  o th e r  o b je c ts , 

th e ord er in which these in teractions m ay o c c u r  and the way the state  in form ation  o f  the
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o b je c t  changes. C on d ition s th a t determ ine the events in w hich  th e o b je c t  can take part 

restrict that o b je c t ’ s behaviou r.

3 . 2 . 1 3  E v e n t s

A n event is som eth in g  that happens instantaneously  .at a p o in t in tim e. An event has no 

d u ration , com p a red  with  th e tim e granularity in which we are interested.

In general, tw o  events m ay, or  m ay n ot, be related by p receden ce . T h a t is, on e  event 

m ay precede or fo llow  a n oth er, tw o events m ay occu r sim ultaneously , or th ey m ay be 

com p lete ly  independent.

3 . 2 . 1 4  M e s s a g e  C o n n e c t i o n s

O b je c ts  interact (co m m u n ica te ) w ith each  oth er by sending m essages. Som e O O A  m eth od s 

use the term  m e s s a g e  c o n n e c t i o n  t o  m ean com m u nication  b etw een  tw o  o b je c ts . A m essage 

con n ection  reflects a d yn am ic p rocessin g  depen den cy b etw een  an o b je c t  and th e o th er 

parts o f  the system . M essage con n ection s are represented in an o b je c t  m odel as arrow s. If 

a m essage con n ection  is defined from  o b je c t  A  to  o b je c t  f f ,  it m eans th at o b je c t  A  requires 

services from  B  t o  accom plish  its b ehaviou r and the arrow  poin ts  t o  B .

T h e  m echanism  o b je c ts  actu a lly  use to  com m u n icate  betw een  each oth er depends upon  

the language used. In a sequential language, such as Sm allta lk , o b je c ts  com m u n ica te  via 

m essage passing while  in con cu rren t languages, such as A d a , com m u nication  is ach ieved  

by e n t r y  ca lls .

3 . 2 . 1 5  I n h e r i t a n c e

G e n e r a l i z a t i o n / s p e c ia l i z a t i o n ,  i s -a ,  and a u b ty p in g / s u p e r t y p in g  are som e o f  the term s used 

to  d en ote  an inheritance-like con cep t.

T h ere  are tw o  m ain defin itions o f  inheritance: b e h a v io u r a l  i n h e r i t a n c e  and in c r e m e n t a l  

i n h e r i t a n c e  [IS 0 9 4 ]. B ehavioural inheritance is related to  th e  typ in g  con cep t. In crem enta l 

inheritance is con cern ed  with  the the creation  o f  a derived class tem p la te  by th e m od ifi 

ca tion  o f  a parent class tem p la te .
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W e say a  s u p e r c la s s  is defined b y  the ex istin g  class tem pla te  and a s u b c la s s  is defined 

by the n ew ly  defined class tem p la te  which inherits all the services and attribu tes o f  the 

superclass and , in add ition , can  redefine inherited  services and add  new a ttr ib u tes  and 

new services to  the inherited on es .

Increm enta l inheritance p rov id es  the ca p a b ility  to, allow  o b je c ts  to  be  specia lised  from  

existing on es. It is based on th e id ea  o f  increm entally  m od ify in g  existin g class im p lem en 

tation s. It m ain ly supports th e  con cep t o f  reusability and softw are engineers use it to  

define n ew  classes from  existin g on es , even when n o su btyp in g relationship  is in ten d ed . 

In crem enta l inheritance is th erefore  used as a  m echanism  to  share cod e  and th e services 

offered  b y  the new ly defined class. In L O T O S , behavioural inheritance is a ch ieved  by 

restrictin g  increm enta l inheritance [C la94c, C M 9 4 , M C 93a].

In b eh a viou ra l inheritance, o b je c t s  o f  a subclass inherit all th e services and a ttr ib u tes  

defined in their superclass and can  be  used w h erever an o b je c t  o f  th e superclass is e x p e cte d . 

O b je c ts  o f  a subclass can exten d  th e  inherited  properties by defin ing new services. R ed efi 

nition ofserv ic .es  is also a llow ed, b u t on ly  if th e  signature  and the sem antics o f  the redefined 

service co n fo rm  to  the signature and  sem antics o f  th e service  in th e superclass. A  signatu re 

con form s to  an oth er if  the n u m ber and th e typ e  o f  the param eters o f  th ose serv ices  are 

the sam e, and also if  the returned results, i f  any, are o f  the sam e type. For the sem an tics  

to  co n fo rm , the redefinition  o f  services m ust also o b e y  tw o extra  con d ition s [B D 92 ]:

1. T h e  redefined service m u st return th e  sam e value as th e original service in the 

su perclass when applied t o  th e  base p art o f  the subclass o b je c t .  (T h e  base p art o f  

th e  subclass is the part o f  th e  su bclass, a ttribu tes and services, which is a lso  defined 

in th e  su perclass.)

2. L et 6 be a superclass o b je c t  w ith  the sam e initial state  as th e base part o f  a  subclass 

o b je c t  d. R edefinition  m ust change th e  sta te  o f  the base part o f  d  in the sa m e  way 

as th e  superclass service ch an ges the sta te  o f  6.

As w e  are in the analysis p h a se , we are con cern ed  with  the sharing o f  p rop erties , not 

the sh arin g o f  co d e , even if we can  use increm ental inheritance  t o  im plem en t b eh a viou ra l
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inheritance. Som e authors have argued  th at we should have separate  beh aviou ra l inher 

itance and increm en tal inh eritan ce hierarchies, as their sim ilarity  is a sou rce  o f  con fu 

sion [A m e91, D T 8 8 , Ier93 , P or92 ],

T h e  discussion a bove  can b e  exten d ed  to  inclu de the ab ility  o f  a su bclass to  inherit 

properties from  several superclasses. T h is  is called rtiu ltip le i n h e r i t a n c e .

3 . 2 . 1 6  C o n c e p t u a l  R e l a t i o n s h i p s

T h ere  is an op en-en ded  requirem ent for con cep tu a l relationships (o r  association s or  static 

re lationships). T h ey  are the m o s t com m on  typ e  o f  relationships and are app lica tion  d e 

pendent, describing the role th a t on e  o b je c t  plays with  resp ect to  an oth er. For exa m p le , 

in a banking prob lem , we cou ld  define th e  relationship  h a s—a  betw een  th e o b je c t  a c c o u n t  

and the o b je c t  ca rd , and read it a c c o u n t  h a s —a ca rd . These relationships are  characterised  

by their nam es and their card inality . T h e  cardinality  is defined in term s o f  an upper 

boun d  which can be 1 : 1 ( t o  b e  read o n e -to -o n e ) , 1 : N  (o n e -to -m a n y ), and N  : M  

(m a n y -to -m a n y ) and a lower b o u n d  which can be 0 : 0 (z e r o -to -z e ro ) , 0 : 1 (z e ro -to -o n e ) 

and 1 : 1 (o n e -to -o n e ). T h e  low er bou n d  specifies the m inim um  num ber o f  m appings b e 

tween o b je c ts . It can be studied  by tak in g in to  con sideration  th e tw o o b je c t s  involved  in 

the relationship  and called for exa m p le  0 : 1, or it can be  stu d ied  con cen tra tin g  on ly  on  

one o f  the o b je c ts  involved. In this case, authors use the term in o logy  op tion a l ( i f  it is a 

“ zero-sid e” ) o r  m a n da tory  ( i f  it is a “ on e-s id e” ).

W e com bin e the low er b ou n d  and th e upper b ou n d , separated  by a  co m m a , and we 

use this com bin ation  in the o b je c t  m od el beside th e class tem p la te  o f  th e o b je c ts  t o  which 

it refers. F igure 3.1 shows tw o  class tem p la tes  w ith  o b je c ts , using C oa d  and Y o u rd o n ’s 

n ota tion , con n ected  by a line th a t ind icates a relationship . T h e  num bers drawn in b o th  

extrem es o f  this line represent th e  card ina lity  o f  th e re lationsh ip . T h e  m axim u m  card in a l 

ity (u p p er b o u n d ) o f  this re lationsh ip  is 1 : A / and the m in im um  (low er b o u n d ) is 0 : 1, 

reading from  the left to  the right* .

T h is is su pposin g that the relation sh ip  is defined im plic itly  in b oth  d irection s, i.e. bid i-

' I f  the m axim u m  and th e m in im u m  on  the sa m e aide are b o th  o n e ,  w e w rite  ‘ 1 ’ , in stead  o f  ‘ 1, 1’ .
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F igure 3 .1 : A  relationship  betw een  o b je c ts

rectional. W h ile  som e m eth od s  g ive  preference  [R BP '* '91] to  b id irection al rela tion sh ips, 

there are oth ers  [Jac92] which  su ggest th at it is b e tte r  to  define each re la tion sh ip  in a 

single d irection , i.e. u n id irection al. R O O A  accepts o b je c t  m odels  built by using a n y  o f  the 

existin g o b je c t -o r ie n te d  analysis m eth od s, and th erefore  it can deal w ith b o th  b id irection a l 

and un id irectional re lationsh ip s. A s we will see in S ection  3 .3 .11 , the exercise o f  m od ellin g  

o n e  or th e o th er  kind o f  relationship  in L O T O S  is sim ilar.

An a ssociation  betw een  tw o o b je c ts , where each  on e  belongs to  a d ifferent class (a  

b inary a sso c ia t io n ), m eans that o n e  o b je c t  know s a b o u t the o th er  or, if it is b id irection a l, 

th ey  know  a b ou t each  o th er . W e can  have a  unary a ssocia tion , i f  the tw o  o b je c ts  involved  

in the re lationsh ip  b e lo n g  to  the sam e class, and a co m p le x  associa tion , if  m ore th an  tw o 

o b je c ts  ( fr o m  different classes) are  related. C om p lex  cissociations can alw ays b e  trans 

form ed in to  a co llection  o f  b inary association s by crea tin g  an oth er o b je c t  to  w h ich  each 

o f  the e x istin g  o b je c ts  w ould  relate.

D ifferent associa tion s betw een th e sam e o b je c ts  can  coex ist in the sam e m o d e l. In this 

case we sh ou ld  keep th em  separated  and m od el th em  independen tly  in ord er t o  g ive the 

right sem an tics  to  th e m od el.

An a ssocia tion  gives a  poten tia l for  com m u n ica tion  to  the o b je c ts  involved .

B in a r y  R e la t io n s h i p s

A  binary relationsh ip  is defined betw een  tw o  o b je c ts , each  on e  b elon gin g  t o  a  d ifferen t class. 

Let us con s id er  the m a xim u m  card inality . In m ath em atica l term s, a b inary re la tion sh ip  R  

betw een  th e  tw o sets Si and S j is ca lled  1 : 1 when each  elem ent o f  Si is related t o  at m ost 

on e  elem ent o f  S j and th e  sam e con d ition  holds for th e  inverse relation f i “ *; it is called
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1 : N  w hen  each elem ent o f  Si can  b e  related t o  m any elem ents o f  S2 a n d  each elem ent o f  

S 2 is related to  at m ost one elem en t o f  S t by the inverse relation; and a n y  relation can  be 

called M  : N ,  i.e. there is no restr iction  and therefore each  elem ent o f  S i ca n  be related  to  

m any elem ents o f  S j, and in the R ~ ^  relation, each elem ent o f  S2 can b e  related to  m any 

elem ents o f  S i- Th erefore , every 1 : 1 relation is a  l ' :  N  relation and e v e r y  1 : N  rela tion  

is a  M  : N  rela tion . W hat is im p orta n t is to  determ ine the m ost con stra in ed  grou p  to  

which th e relation  belongs.

T h is  stu dy can be extended t o  include the lower b oun d .

U n a r y  R e l a t i o n s h i p s

U nary relationships involve tw o  o b je c ts  o f  the sam e class^. Th is type  o f  relationship  can 

be som etim es seen as an inh eritan ce  relationship.

N ote  th a t, unary relationships g ive us the potentia l to  define com m u n ica tion  betw een 

tw o o b je c ts  o f  the sam e class. T h is  is im portan t, since m essage co n n e ctio n s  used by 

the m ost com m on  o b je c t  m odels  o n ly  define com m u nication  betw een o b je c t s  o f  different 

classes [C Y 9 1a , Jac92].

R e l a t i o n s h i p s  w i t h  V a lu e s

'I'here are situation s in which a  specific  piece o f  in form ation  does n o t be lon g  to  any o f  

the o b je c ts  involved  in the re la tion , but it on ly  exists because those o b je c t s  are related; 

i.e. it belon gs to  the relationship  itself. In such a situation  we say that a  relationsh ip  holds 

values. T h is  relationship  m ay be b in ary or  unary.

3 . 2 . 1 7  C o m p o s i t i o n  a n d  D e c o m p o s i t i o n

An ob je ct-o r ie n te d  system  can b e  regarded as a collection  o f  in tera ctin g  o b je c ts  each 

o f  w hich  is a m em ber o f  a class. T h e con cepts  o f  class, inh eritan ce and aggregation  

(see S ection  3 .2 .1 8 ) are very h elp fu l in m anaging softw are com plex ity , b u t they are  not 

’ O n e  cou ld  e x p e c t  th a t a unary re la tion sh ip  w ould  involve on ly  on e  o b je c t .  T h in  is n ot the ca se . In 

fact, w h a t gives th e  nam e to  the re la tion sh ip s  is th e num ber o f  classes in cluded.
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enough . If we are  con stru ctin g  a large and co m p le x  system  then, in o rd er  to  con tro l 

com plexity , it is necessary to  grou p  o b je c ts  in to  su bsystem s. W h eth er this is frequent 

depends upon  th e  sty le  o f  th e original requ irem en ts d ocu m en t. T h e  d escrip tion  o f  the 

system  m ay be  m a in ly  “ fla t” , i.e. w ith ou t h ierarch ica l s tru ctu re , in w h ich  case grou pin g  

the o b je c ts  in to  su bsystem s is im p orta n t in u n derstan d in g  and stru ctu rin g  th e  overall 

system  [M il56, P a r7 2 , Y ou82].

T h ere are tw o  particu larly  im p orta n t s tru ctu rin g  techniques that w e can app ly  to  

collections o f  o b je c t s :

• C o m p o sitio n , w hich  com bin es o b je c ts  to  fo rm  larger o b je c ts ;

• D eco m p o s itio n , which refines larger o b je c ts  in to  com p on en t o b je c ts .

A  b o tto m -u p  d evelop m en t makes h eavy  use o f  com p osit ion  and a to p -d o w n  d eve lop 

ment makes h eavy use o f  d ecom p osition . W h ich  tech n iqu e is m ore useful for a particu lar 

developm ent d ep en d s  on  the size and com p lex ity  o f  the p rob lem , but a lso , in a first it 

eration , on  th e sty le  o f  the requ irem ents . W e ca n  use a m ixtu re  o f  b o th . W e can first 

use d ecom p osition  t o  d iv ide the system  in to  su bsystem s and later use com p osit ion  to  

build subsystem s o r  com p osite  o b je c ts  from  sim pler (p erh a p s already e x istin g ) o b je c ts ; 

for exam ple , o b je c t s  reused from  a n oth er co n te x t.

3 . 2 . 1 8  A g g r e g a t e s

A ggregation  is a  specia l form  o f  relation sh ip , a n d  not an independent co n ce p t . It is a 

p a rt—o f  relationsh ip  in which the a g g r e g a t e  (c o m p o s ite  o b je c t )  is m a d e  o f  parts (o b je c t  

com pon en ts).

W e can d istingu ish  tw o situations w hen  d ea lin g  with aggregation ; ( i )  the o b je c t  co m 

ponents are on ly  kn ow n  by the aggregate  and th erefore  n o  a ssocia tion s or m essage co n 

nections are defin ed  betw een the o th er  o b je c ts  o f  the system  and th e  com p on en ts ; (ii) 

the o b je c t  co m p o n e n ts  are shared by o th e r  o b je c t s  in the system , h av in g  associa tion s and 

m essage con n ection s  with  th ose o b je c ts .

In the first ca se , where th e o b je c t  co m p o n e n ts  are n ot shared, the o b je c t  com p on en ts
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are h id d e n  from  the rest o f  the system  and th ey be lon g  exclusively t o  the aggregate. T h e  

interface w ith  the rest o f  the system  is m ade via  the com p osite  o b je c t .

In the secon d  case, w here the o b je c t  com pon en ts are shared, the aggregation  relation 

sh ip  should  be  seen as a  regular con ceptua l relationship , where each o b je c t  com pon en t is

related  to  th e com p osite  o b je c t . |

In b o th  cases, the aggregate and each o b je c t  com pon en t have their ow n  identity.

One o f  th e goals we had in m ind when develop ing R O O A  was to  p ro d u ce  a m eth od  

w hich  cou ld  be applied t o  m odel large system s. For this reason, aggregates p lay an im p or 

tan t role in R O O A , as th ey  are the m ain m echanism  t o  m odel com p lex  o b je c ts . Th erefore , 

th e  decision  we m ade o f  ded ica tin g a whole ch apter. C h apter 4 , to  deal w ith  aggregates 

and to  show  how we m od e l them  in L O T O S  is not a surprising one.

3 . 2 . 1 9  S u b s y s t e m s

A  subsystem  is m erely a  grou pin g o f  class tem pla tes and is on ly  created  to  structure 

th e  system , helping us m anage com plexity . T h e  d ifference betw een  an aggregate and a 

subsystem  is that an aggregate is an o b je c t  (and  is defined by a class tem p la te ) while a 

subsystem  is not and th erefore  it has no identifier.

Subsystem s are like transparent boxes which are not visible to  the rest o f  the o b je c ts  

in a system . T h ere fore , oth er o b je c ts  com m u nicate  d irectly  with  the o b je c t  com pon en ts 

o f  a subsystem  as if  it d id  not exist. Subsystem s on ly  exist to  gu ide the rea d er ’ s attention  

through  th e system .

Class tem pla tes are  grou ped  to  form  subsystem s by fo llow in g  the co n ce p ts  o f  c o u p lin g  

and c o h e s i o n .  C ou p lin g  measures the “ strength o f  in tercon n ection ”  a m o n g  subsystem s 

and cohesion  m easures how  tightly  bound  or  related  the com p on en ts  o f  a  subsystem  are 

to  one an oth er. Ideally , we want loosely  coupled  subsystem s so that we m ay treat each 

subsystem  relatively independen tly  o f  the oth ers, and strongly  cohesive subsystem s so  that 

th e com p on en ts  o f  a g iven  subsystem  are fun ction ally  and logically  depen d en t.
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3 .3  M a p p i n g  O b j e c t - O r i e n t e d  C o n c e p t s  in to  L O T O S

A s L O T O S  conta ins tw o  d istinguishable parts, processes and a b stra ct  d a ta  typ es , a  choice 

m ust be m ade as to  w hich  part is b etter suited to  m odel an o b je c t ,  a class tem p la te  and 

a  class. In R O O A , a  class tem plate  is specified either as:

• A  process and on e  o r  m ore A D T s : the process describes d yn am ic b ehaviou r and the 

A D T s , given  as param eters o f  the process, describe s ta te  in form ation .

• A  single A D T : w hen  an o b je c t  on ly  plays the role o f  a ttr ib u te  o f  another o b je c t ,  it 

is m odelled  sim ply  as an A D T .

O b je c ts  which have an im portan t role in the system  are a lw ays able to  com m u n ica te  

with  o th er  o b je c ts  and m ay receive com m u nication  from  o th e r  o b je c ts . T h e  class tem p la te  

that defines this kind o f  o b je c t  is defined with a process and o n e  or m ore A D T s .

O b je c ts  in the o b je c t  m od el which d o  not need to  co m m u n ica te  with oth er o b je c ts  are 

con sidered  by R O O A  as a ttribu tes ; and , in R O O A , an a ttr ib u te  is m odelled  by  an A D T . 

Th ese ‘o b je c t s ’ from  th e  o b je c t  m od el are then values o f  A D T s . Th ese values are  kept 

as param eters o f  p rocesses which m odel o b je c ts  w ith an im p o rta n t com m u n ica tion  role. 

(In  fa ct, these A D T s  m ay be  used to  specify  m ore com plex  A D T s  which then are used as 

param eters o f  som e p rocesses .)

In th e  fo llow in g section s we present the L O T O S  in terp reta tion  o f  the o b ject-o r ien ted  

con cep ts  described  in S ection  3.2  by m eans o f  a  running e x a m p le .

3 . 3 . 1  A u t o m a t e d  B a n k i n g  S y s t e m  E x a m p l e

T h e  exa m p le  we have ch osen  is an au tom ated  banking sy s te m . A  b rie f ou tlin e  o f  the 

prob lem  is given  here.

C lients m ay take m on ey  from  their a ccou n ts, deposit m on ey  or ask for their 

current ba lan ce. A ll these op era tion s are accom plish ed  u sin g  either a u tom a tic  

teller m achines o r  cou n ter tellers. Transactions on  an a cco u n t m ay be  d on e  by 

ch eq u e, stan d in g  o rd e r , or using the teller m achine a n d  card . T h ere  are tw o



C h a p t e r  3 . M o d e l l i n g  F u n d a m e n t a l  O O A  C o n c e p t s  in  L O T O S 51

kinds o f  accou n ts : savings a ccou n ts  and ch eq u e a ccou n ts. Savings accou n ts 

give in terest and ca n n ot be accessed  by the a u tom a tic  tellers.

Th is prob lem  has been  first analysed  using the m eth od  p rop osed  by C o a d  and Y our- 

don [C Y 91a]. T h e  final o b je c t  m od el is d ep icted  in F igure 3 .2.
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F ig u re  3.2: A  C o a d  and Y ou rd on  o b je c t  m od el for th e banking system

3 . 3 . 2  C l a s s  T e m p l a t e

A class te m p la te  (o r  tem p la te  for sh o rt)  em b od ies  th e  com m on  ch aracteristics  o f  o b je c ts  o f  

the sam e k in d . It specifies what con stitu tes  a typ ica l o b je c t , w ith ou t ind ivid ual identity.

A  te m p la te  is defined in L O T O S  by specify in g  a  process defin ition . T h e  process defi

nition m ay h a v e  form al param eters which  are part o f  the co m m o n  features o f  that kind o f  

o b je c t . T h e se  p aram eters, which are A D T s , define th e  state o f  the o b je c t .  In general, we 

use one or  m o r e  A D T s  t o  specify  th e  sta te  in form a tion  o f  an o b je c t .  A n  o b je c t  defined
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by a tem p la te  can m ove from  o n e  state to  another by L O T O S  e v e n t s  defined in the b o d y  

o f  th e process defin ition  which corresp on d  to  the s e r v i c e s  in the o b je c t  m odel. T hus, 

a p rocess defin ition  together w ith  its form al param eters specify  the services (w ith  their 

m eth od s im plem ented  as op era tion s in the A D T s )  and the a ttribu tes  o f  th e  correspon din g 

class tem plate . 1 ,

T h e  P r o c e s s  D e f i n i t i o n

T h e  p rocess defin ing a class tem p la te , ca lled a  p r o c e s s  t e m p la t e ,  can use any com bin ation  

o f  the L O T O S  op era tors  to  specify  the b eh aviou r required (see  T able A .2  in A pp en d ix  A ). 

T h e  sta te  in form ation  is given by on e  or  m ore A D T s  which specify  th e op era tion s required 

to  su p p ort the services offered  b y  the tem p late .

An exam ple  o f  a process tem p la te  using the ch oice  o p e ra to r , is as follow s:

p r o c e s s  T e m p l a t e C g D ( s t a t e : S t a t e _ T e m p l a t e )  n o e x i t  :=

( g  ! s e l e c t o r _ l  ! G e t _ I d ( s t a t e )  . . . ;

e x l t ( s t a t e )

[]

g  ! m o d i f i e r _ l  ! G e t _ I d ( s t a t e )  . . . ;

e x l t ( F l ( s t a t e ) )

[]

)  »  a c c e p t  u p d a t e . s t a t a :  S t a t e . T e m p l a t e  i n  T e m p l a t e [ g ] ( u p d a t e _ s t a t e )  

e n d p r o c

T h e  p rocess  T e m p la te  is defined recursively  and uses ga te  g  fo r  syn ch ron ization  w ith  oth er 

processes. It com m u n icates w ith  oth er o b je c ts  in th e system  th rou gh  stru ctu red  events. 

A  stru ctu red  event is com p osed  o f:

e  a ga te  nam e for com m u n ica tion ;

e  a  service n am e which p lays the role  o f  m essage nam e;
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• the identifier o f  the o b je c t  bein g called ;

• a list o f  o p tio n a l param eters.

T h e  even t:

g  ! s e l e c t o r _ l  ! G « t _ I d ( s t a t o )  1

is a  stru ctu red  even t where g  is a g a te , s e l e c t o r - l  is th e  m essage nam e w hich  corresp on d s 

to  an offered  serv ice  in the o b je c t  m od el, and G et—I d  ( s t a t e )  is an op era tion  defined in 

the A D T  S t a t e -T e m p la t e  and which  gives the o b je c t  identifier. T h is  op era tion  is required 

w hen we grou p  th e  o b je c t  identifier w ith  oth er a ttr ib u tes  in th e sam e A D T . (W e  reserve 

th e term  o p e r a t i o n  t o  be used in the con tex t o f  an A D T .  In the con tex t o f  a class tem plate  

defined in an o b je c t  m odel, we use the term  s e r v i c e . )

T h e o p e ra to r  □  is the n on-determ in istic choice o p e ra to r  and >> is the en ab le  o p era tor . 

T h e  behaviou r expression  A > > B  m eans that on su ccessfu l com p letion  o f  p rocess  A we start 

execu tion  o f  p rocess  B. T he con stru ctor  a c c e p t  . . . i n  is used to  pass values as we exit 

from  one p rocess  and enable another.

T h e  a b o v e  tem p la te  is offerin g a  selector, given b y  th e m essage nam e s e l e c t o r - 1 ,  and 

a m od ifier , given  b y  the m essage nam e m o d i f i e r —1. A s a se lector does  n ot change th e 

sta te  o f  th e  o b je c t ,  e x i t  returns the initial state g iven  as a  param eter o f  th e p rocess. On 

th e o th er h an d , as the m odifier changes the state o f  the o b je c t ,  e x i t  returns the value 

ob ta in ed  by a p p ly in g  FI to  th e initial state . T h e  op era tion  FI is defined  in th e A D T  

S t a t e -T e m p la t e .

U sing th e ru n n ing exam ple , let us consider the o b je c t  m odel represented  in F igure 3 .2 . 

Ignorin g th e serv ices c r e a t e  and rem ove, for the t im e  b ein g , th e  tem p la te  A c c o u n t  cou ld  

be  defined as:

process Account[g](this.account: Stats.Account) : noszit :»

( g Ideposlt IGet_Account_Humbar(this_account) 7m: Money; 

exlt(Credlt_Account(this_account, m))

□

g Iget.balance IGet_Account_lumber(thls_accotwt)

I Get.Balance(thls.account);
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e x i t ( t h is _ a c c o u n t )

O

g  iv ith d ra n  !G e t_ A cco u n t_ H u m b e r (th is_ a cco ^ t) ?m: Money;

( c h o ic e  il_m on ey : B oo l []

[ i l .m o n e y ]  ->  g !rtn _w ith draw  !G et_A ccount_H \im ber(th is_account) ! t r u e ;  

e x i t (D e b i t .A c c o u n t ( t h is .a c c o u n t , m ))

[]

[n o t ( i l .m o n e y ) ]  ->  g ! rtn .w ith d ra w  ! G et.A ccou n t.M u m b er (th is .a ccou n t)

¡ f a l s e ;

e x i t ( t h i s .a c c o u n t )

)

) »  a c ce p t  u p d a te .a c c o u n t : S ta te .A cco u n t in  A c c o u n t [g ] (u p d a te .a c c o u n t )  

endproc

T h e  stru ctu red  event g  ¡ d e p o s i t  ¡ G e t . A c c o u n t . N u m b e r  ( t h i s . a c c o u n t )  ?m :  H oney; is the 

first a ction  prefix  expression  in the b ehaviou r expression

g ¡d e p o s i t  ¡G et.A ccount.N um ber ( th is .A c c o u n t )  ?m: Money; 

e x i t (C r e d i t .A c c o u n t ( t h is .a c c o u n t , m ))

a n d  it denotes the offered  service d e p o s i t .  T h ere are n o required services from  oth er 

o b je c t s  in th at b eh aviou r exp ression , but if  there were t o  b e , th ey w ould  appear a fter that 

a c t io n  prefix.

T h e  op era tion s  G et_A ccou n t_N u m b er, C ra d it_ A cc o \ in t  and G e t_ B a la n ce  are defined 

in th e  A D T  in which sort S t a t e -A c c o u n t  is defined. T h e  param eter t h i s _ a c c o u n t  rep 

resen ts the o b je c t ’s sta te  in form ation  and is updated  b y  the recursive call.

T h e  generalized  ch o ice  o p e ra to r  c h o i c e ,  used to  sp ec ify  the service  w ith d ra w , allow s 

th e  in trod u ction  o f  n on -d eterm in ism . N otice  that by  u sin g this o p e ra to r  we can  specify  the 

tw o  possib le situ ation s w ith  th e a ccou n t, th e accou n t has su fficient funds and th e  accou n t 

d o e s  n ot have sufficient fu n d s, w ith ou t queryin g the a cco u n t ’s b a lan ce  and w ith ou t doin g  

a n y  ca lcu la tion s (as we will see when specify in g  A D T s ) .

O fferin g services as th e  a ltern ative events o f  a ch o ice  expression  is the m ost com m on  

L O T O S  representation  o f  a  class tem p late . It is n ot how ever necessary for all tem plates
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to  look  like A cc o im t . T h e  stru ctu re  and th e op era tors  depen d  o n  the behaviour we want 

to  specify .

As a ru le, we p ro p o se  that th e  nam e given  to  a process tem p la te  is th e one used by 

the corresp on d in g  class tem plate  in the o b je c t  m od el, w ith  an initial u pper case letter.

T h e  A D T  D e f i n i t io n

T h e argum ents  o f  a  p rocess  are defined  as A D T s . G iven  that L O T O S  provides few built-in 

facilities, defin ing A D T s  tends t o  b e  a  tim e con su m in g  task . Each op eration  is defined 

by one or  m ore a lgeb ra ic equ ation s. Since we are in the a n a lysis  phase, and do not wish 

to  b ecom e  involved  w ith  design issues, it w ou ld  be  preferable t o  use A D T s  where only  a 

sm all n u m ber o f  sim ple equations are required. T h is can b e  ach ieved  by defining A D T s  

which con ta in  on ly  th e  necessary in form ation  to  allow  the sp ecifica tion  to  be p rototyped  

with state  in form ation  and values to  be  passed durin g the com m u n ica tion . T hus, we are 

interested in the kind o f  in form ation  th at is t o  be  transferred  b etw een  o b je c ts  rather than 

the details o f  the a lgorith m  by w h ich  the in form ation  is to  b e  ca lcu la ted  within an o b je c t .

W e build  an A D T  in the fo llow in g  way:

1. L e a v e  th e  m o d i f i e r s  w ith o u t  e q u a t io n s .  T h is  treats  th em  as con stru ctors  o f  the A D T  

and gives a record  o f  the h istory  o f  the events that h ave changed the o b je c t ’ s state 

in form ation .

2. D e f i n e  d u m m y  e q u a t io n s  f o r  s e l e c t o r s  w h e n  a  p a r t i c u l a r  r e su lt  d o e s  n o t  n e e d  t o  be 

r e tu r n e d .  M ore  detail will b e  added  in th e design p h a se . A  dum m y equation  does 

n ot query th e sta te  o f  th e A D T  and alw ays returns th e  sam e constant value. It 

th erefore  adds n o  in form ation  th at was n ot a lready in th e  signature . An equation  

m ust be given  as oth erw ise a  new co n s tru cto r  on  th e resu lt sort would have been 

defined.

T h e  d u m m y eq u a tion s are used in con ju n ction  with  n on -d eterm in ism  in troduced  in 

the process p a rt , and it is th ere  that th e different p o ss ib le  situations are covered .

3. D e f i n e  e q u a t i o n s  f o r  s e l e c t o r s  th a t  n e e d  t o  r e tu r n  a  p a r t i c u l a r  v a lu e .  T h e selector
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m ust be defined using an equation  for ea ch  con stru ctor .

T h e  A D T  that defines the sort S t a t e - A c c o u n t  cou ld  b e  as fo llow s:

t y p e  A c c o u n t _ T y p e  i s  A c c o u n t _ H u m b e r _ S e t _ T y p e ,  M o n o y _ T y p e ,  B a l a n c e _ T y p e  

s o r t s  S t a t e _ A c c o u n t  ^

: A c c o u n t _ M u m b e r , B a l a n c e  - >  S t a t e _ A c c o u n t

: S t a t e _ A c c o u n t , M oney - >  S t a t e _ A c c o u n t

: S t a t e _ A c c o u n t , M oney - >  S t a t e _ A c c o u n t

: S t a t e _ A c c o u n t  - >  B a l a n c e

o p n s  M a ik e .A c c o u n t

C r e d i t . A c c o u n t

D e b i t . A c c o u n t

G e t .B a l i m c e

G e t .A c c o u n t .M u m b e r  : S t a t e . A c c o u n t - >  A c c o u n t .N u jn b e r

e q n s  l o r a l l  a :  S t a t e . A c c o u n t , n :  A c c o u n t .H u m b e r , m : M on ey 

o f s o r t  B a la n c e

G e t . B a l a n c e ( a )  = S o m e .B a l a n c e ; 

o f s o r t  A c c o u n t .H u m b e r

G e t_ A c c o u n t_ N iu n b e r (M a k e _ A c c o u n t  ( n , m ) ) = n ;

G e t _ A c c o u n t _ M u n i b e r ( C r e d i t _ A c c o x m t ( a , in ) )  = G e t _ A c c o u n t _ M u m b e r ( a )  ;

G e t _ A c c o u n t .H u m b e r ( D e b i t _ A c c o u n t  ( a ,n > ) ) = G e t .A c c o u n t .M u m b e r  ( a )  ;

e n d t y p e

In A c c o u n t -T y p e  there is one con stru ctor (M a k e -A cco u n t w hich  creates an a ccou n t from  its 

co m p o n e n ts ), tw o m odifiers (C r e d i t - A c c o u n t  which cred its  the a cco u n t, and D e b it -A c 

c o u n t  w hich  debits the a ccou n t), and tw o  se lectors (G e t—B a la n c e  w hich returns an a c 

cou n t balan ce and G et-A ccou nt_N u m ber w h ich  returns an a ccou n t n u m b er). For the 

con stru ctors  and the m odifiers we give th e ir  signature and n o eq u a tion s. T h e  selector 

G e t -B a la n c e  does not need to  return a p a rticu la r  value o f  balance ( it  is n ot im portan t for 

us) and so  it is defined with a dum m y e q u a tio n , always return in g the value S o m e -B a la n ce . 

Some—B a la n c e  is a constant defined in the a b stra ct  d a ta  ty p e  B a lsm ce —T ype.

S ince we use non-determ inism  in the p ro c e ss  part, th e  use o f  d u m m y eq u a tion s in the 

A D T  d o e s  not exclu de the study o f  the d ifferen t possib le  situ ation s. For exa m p le , we 

use th e non-determ in istic c h o i c e  o p era tor  in  process A c c o u n t  an d , a lon g  w ith  th a t, we 

exp lore  th e  tw o possible situations which ca n  happen: e ith er there is en ou gh  m on ey  in an
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accou n t or th ere is n ot enough  m on ey  in an a ccou n t.

G e t _ A c c o u n t _ N \ o m b e r ,  h ow ever, has to  return a particu lar a ccou n t n um ber and so  it 

is defined w ith  an equ ation  for each  con stru ctor .

T h e  n u m ber o f  A D T s  defined as param eters o f  th e class tem p la te  can vary. W e w ould  

like to  be ab le  to  in corp ora te  all th e a ttribu tes o f  an o b je c t  in a  single A D T . H ow ever, 

as we will see, inheritance o f  a ttribu tes and associa tion s are b e tter  m odelled  as separate 

A D T s . W e can  also decide to  m od el som e a ttribu tes separately fo r  reasons o f  reusability.

A s a ru le, we p rop ose  to  nam e an A D T  which defines an o b je c t  state b y  using the 

tem plate  n am e follow ed  by the suffix -T y p e , and let th e  sort n am e be the n am e o f  the

tem plate  prefixed  by S b ab e_T h e  operation s o f  th e A D T  can b e  nam ed d ifferen tly  from

the services in the o b je c t  m od el, o r  else with  the sam e nam e follow ed  by _ADT. T h e  sort 

o f  auxiliary A D T s , such as B a la n c e -T y p e  and A ccou n t_N u m b er_S et_T yp e , can  be nam ed 

w ith ou t the term  S t a t e - .  T h e  con stru ctor  is alw ays nam ed with  the tem p la te  nam e 

prefixed by M ake- and the nam e o f  the op era tion  th at gives th e o b je c t  identifier always 

starts w ith  G e t -  and follow s with  the identifier nam e.

3 . 3 . 3  S e r v i c e s

As noted  prev iou sly , s e r v i c e  is used in the con tex t o f  an o b je c t  m od el and a p rocess , and 

o p e r a t i o n  is used in the con tex t o f  an A D T . A lso , we use the term  b a s ic  c o n s t r u c t o r  to  

den ote  a co n s tru c to r  in L O T O S  that creates a value o f  an A D T  from  its com p on en ts . 

M aike—A c c o u n t  is an exam ple  o f  a  basic con stru ctor .

A  service  nam e in the o b je c t  m od el appears as a  m essage nam e in a L O T O S  stru ctu red  

event in th e  p rocess  that defines the tem p late . T h e  m eth od  o f  a service is defined as a 

L O T O S  b eh a v iou r expression  and m ay include on e  o r  m ore op era tion s  in th e A D T s  given  

as argu m en ts o f  th e process tem plate .

W h en ever possib le , th e in teraction  betw een  a server and a client is m od elled  by a single 

event as in th e  b eh aviou r expression :

g  ( d e p o s i t  i a s t _ A c c o u n t _ l u s i b s r ( t h l s _ s c c o u n t )  ? ■ :  M o n e y ; 

e x i t ( C r e d l t _ A c c o u n t ( t h l s _ a c c o u n t , m ) )
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defined in tem pla te  A ccovint. T h e  m essage nam e is d e p o s i t  (it has the sam e nam e as th e  

service in th e o b je c t  m od el). C r e d it -A c c o u n t  is the nam e o f  the corresponding operation  

on  the sort S t a t e -A c c o u n t .  T h e  w hole b eh a viou r expression is the o ff e r e d  s e r v i c e  in 

L O T O S , and we can  call it by its m essage nam e, in this case d e p o s i t .

T h e  (firs t) a ction  prefix g  ¡ d e p o s i t  ! G e t _ A c c o u p t _ B u n i b e r ( t h i 8 _ a c c o u n t )  ?m : M o n e y ; 

d enotes th e  signature o f  the offered  service d e p o s i t ^ .  (In C h apter 5 we give a form al 

defin ition  o f  a serv ice .)

W h en  the specified  behaviour is com p lex , a  ca ll/re tu rn  pair o f  events m ust be used as 

in:

g  ¡w i t h d r a w  ¡ G e t _ A c c o u n t _ N u m b e r ( t h i s _ a c c o u n t )  ?m : M o n e y ;

(  c h o i c e  i l _ m o n e y :  B o o l  [ ]

[ i f _ m o n e y ]  - >  g  ¡ r t n . w i t h d r a w  ¡G e t _ A c c o i m t _ M v u n b e r ( t h i s _ a c c o u n t )  ¡ t r u e ;  

e x i t ( D e b i t _ A c c o u n t ( t h i s _ a c c o u n t , m ) )

[]

[ n o t ( i l . m o n e y ) ]  - >  g  ¡ r t n . w i t h d r a w  ¡ G e t _ A c c o u n t _ H u m b e r ( t h i s _ a c c o u n t )  ¡ f a l s e ;  

e x i t ( t h i s . a c c o u n t )

)

In this ca se , the signatu re o f  the offered  service  w ith d ra w  is the com bination  o f  the a c tio n  

prefix g  ¡w i t h d r a w  ¡ G e t _ A c c o u n t _ H u m b e r ( t h i s _ a c c o u n t )  ?m : M o n e y ; and the return even t 

g  ¡ r t n . w i t h d r a w  . . . .  (T h e  return event alw ays has the service nam e prefixed with r t n — )

In ord er  to  p erform  a  w ithdraw al. A cc o u n t  has to  investigate whether or not th e  

am ou n t t o  be d eb ited  is less than (o r  equal to )  th e  existing balance. T h e c h o ic e  o p 

e ra tor is n on -determ in istic and allow s us to  specify  both  the situation  where there is 

en ou gh  m on ey  to  d eb it the a ccou n t (given  by the guard  [ i f  .m o n e y ] ), and the s itu a tion  

where th ere  is n ot enough  m on ey  and th erefore  th e  debit is n ot allowed (given by th e  

guard  [ n o t ( i f . m o n e y ) ] ). N on-determ in ism  is a  useful m echanism  in the analysis p h a se  

since it allow s us n o t t o  com p rom ise  the decisions w hich  may on ly  be correctly  m ade d u rin g  

the design  phase. F ollow in g the gu ards, A cc o u n t  o ffers another event ( r t n —w ith d ra w ) f o r  

syn ch ron ization  w h ich  returns in form ation  a b o u t w h eth er or n ot the service was su ccessfu l.

^ In form ally  we ca n  use the term  serv ice  to  d en ote  s i g n a t u r e  o j  th e  s e r v i c e .
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T h e  m essage nam es are defined a s  con stru ctor op era tion s in a specific  A D T  ca lled  

0p_N2unes, as follow s:

t y p e  O p_N aines i s  

s o r t s  O p.N am e

o p n s  ' ,

d e p o s i t ,  w i t h d r a w ,  g e t . b a l e o i c e , c r e a t e ,  r e m o v e ,  . . .  : - >  Op_H am e 

e n d t y p e

T h is  discussion  has referred on ly  t o  the services an o b je c t  o ffers t o  its environ m en t or 

to  external o b je c ts , but in order to  a ccom p lish  th em  it m ay need to  refer to  oth er o b je c t s ’ 

services. T h e  call to  such a required serv ice  appears after th e a ction  prefix  that defines the 

offered  one. For exam ple , C o u n t e r - T e l l e r  offers in gate t  th e  service d e p o s i t —c a s h . In 

order to  accom plish  a deposit, C o u n t e r - T e l l e r  m ust call th e  service d e p o s i t  defined in 

A cc o u n t , using gate  g  for syn ch ron iza tion . T h e  app rop ria te  part o f  the process defin ition  

o f  C o u n t e r - T e l l e r  is:

t  ! d e p o 8 i t _ c a s h  l i d  ? n :  A c c o u n t _ H u m b e r  ?m : M o n e y ;

( •  d e p o s i t . c a s h  b e i n g  o n  o f f e r  t o  t h e  u s e r s  * )  

g  ' d e p o s i t  In  Im;

( e  c a l l  d e p o s i t  s e r v i c e  d e f i n e d  i n  A c c o u n t  *)

where i d  is the identifier o f  the co u n te r  teller. T h is  is needed to  show  th e ch oice  the client 

m ade in ch oosing  this teller.

3 . 3 . 4  A t t r i b u t e s

As each a ttribu te  o f  a  class te m p la te  is m odelled  as a sepa ra te  A D T , we cou ld  g ive  a 

value o f  each on e  as a  param eter o f  th e  tem pla te . H ow ever, w e prefer t o  com p ose  all the 

attribu tes in a single A D T  and th en  use this on e  as the p aram eter o f  the process ( ju st 

as we did for A c c o u n t ). T h is is n o t , h ow ever, alw ays possib le . I f  a  subclass exten ds the 

a ttribu tes inherited from  its su p ercla ss , the new attribu tes will be  m odelled  as A D T s  and 

given as ex tra  param eters o f  the p ro c e ss  tem plate  that defines th e subclass. Sim ilarly , an
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association  betw een o b je c ts  will be  m odelled  as an a ttr ib u te  defined as an A D T  and given 

as a p aram eter o f  the process defin ing the class tem p la te .

T h e  basic con stru ctor  in an A D T  defin ing an o b je c t  state sh ow s the com p on en ts  o f  a 

data value. T h e  elem ents in its dom ain  corresp on d  to  th e  a ttribu tes  o f  the o b je c t .  In the 

exam ple  given a b ove , M ak e_A ccou n t is the basic CQnstructor a n d  A ccou n t-N u m ber and 

B a lem ce are th e tw o  a ttribu tes o f  an a ccou n t. T h ese  tw o  a ttribu tes  are defined in tw o 

separate  A D T s . A  basic con stru ctor  will n ot alw ays have all th e attributes in its dom ain  

as som e m ay be  im plic it .

3 . 3 . 5  C l a s s e s

W e p rop ose  to  m odel a class in L O T O S  by m eans o f  an o b j e c t  g e n e r a t o r .  An o b je c t  

gen erator is built from  a tem p la te  and it allow s th e creation  o f  o b je cts  th at share the 

sam e set o f  features.

C.’on sid er the fo llow in g  process defin ition  o f  a  sim ple o b je c t  gen erator:

p r o c e s s  O b j e c t _ G e n e r a t o r [ a ]  : n o e x i t  :=

T e m p l a t e  [ a ]  I I I  i ;  O b j e c t . G e n e r a t o r  [ a ]  

w h e r e

p r o c e s s  T e m p l a t e [ a ]  : n o e x i t

( *  s o m e  b e h a v i o u r  *) 

e n d p r o c  

e n d p r o c

T h e interleaving op e ra to r  I I I indicates that th e tw o  processes T em p la te  and  O b j e c t -  

G e n e r a to r  are com p osed  in parallel, but d o  n ot in teract w ith o n e  another. T h e  internal 

event “ i ”  is used to  con tro l recursive instan tia tion  o f  O b je c t —G e n e r a to r  so  that infinite 

recursion can be s top p ed .

In m ost real situ ation s an o b je c t  needs t o  be  initialised w hen it is created  and the 

in itialisation op era tion  should on ly  be offered  o n ce  for  each o b je c t .  W e cou ld  d o  that 

inside this tem p la te  as follow s [C la92b];

p r o c e s s  O b j e c t . O e n s r a t o r C a ]  : n o e x l t  ; ■
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T e m p la t e C a ]  I I I  i ;  O b j e c t . G e n e r a t o r [ a ]

« h e r e

p r o c e s s  T e m p la t e C a ]  : n o e x i t  :=  

a  ¡ c r e a t e ;  T e m p l a t e . l [ a ]

« h e r e
I

p r o c e s s  T e m p l a t e . l [ a ]  : n o e x i t  :=

( *  s o m e  b e h a v i o u r  e )  

e n d p r o c  

e n d p r o c  

e n d p r o c

A n  a lternative solu tion , w hich  elim inates the need for the internal even t and o n ly  uses 

tw o  processes, is:

p r o c e s s  O b j e c t . G e n e r a t o r C a ]  : n o e x i t  :=  

a  ' c r e a t e ;

( T e m p la t e C a ]  III O b j e c t . G e n e r a t o r C a ] ) 

w h e r e

p r o c e s s  T e m p la t e C a ]  : n o e x i t  :=

( *  s o m e  b e h a v i o u r  e )  

e n d p r o c  

e n d p r o c

H ere, T e m p la te  does n ot en capsu late  the service c r e a t e ,  lettin g it b e  offered  by the 

gen erator. T h is  is the way in which c r e a t e  should be regarded. A d o p t in g  this v iew , the 

defin ition  o f  th e  class tem p la te  is m uch simpler.

In the in itialisation  we can  pass values that are then used to  build th e  state in form ation  

o f  an o b je c t . W e adopt the rule that on e  o f  the values in the in itia lisation  event is always 

the o b je c t  iden tifier. For each  class o f  o b je c ts , we can define a  set o f  identifiers g iven  as a 

form al param eter o f  the corresp on d in g  o b je c t  generator. T h e  tem p la te ’ s process defin ition  

includes a p aram eter g iv in g  th e state  o f  the o b je c t . C onsider the fo llow in g  defin ition .

procaaa 0bjact_0«n«ratorCa](ida: Id.Sat) : noaxlt :■

a Icraata 71d_countar: Id Tlnit.vall: Valua.Sortl Cid.countar notin ida] ;
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(  T e m p la t e C a ]  ( M a J c e _ T e m p l a t o ( i d _ c o u i i t e r , i n i t _ v a l l ) )

62

I I

O b j e c t _ G e n e r a t o r [ a ] ( I n s e r t ( i d _ c o \ i n t e r ,  i d s )  )

)

s h a r e

p r o c e s s  T e m p l a t e [ a ] ( s t a t e : S t a t e _ T e m p l a t e )  : • n o e x i t  :=

(

(•  b e h a v i o u r  e x p r e s s i o n s  w i t h  e x i t  f u n c t i o n a l i t y  * )

)  »  a c c e p t  s t a t e . m o d i l i e d :  S t a t e _ T e m p l a t e  i n  T e m p l a t e C a ] ( s t a t e _ m o d i f i e d )  

e n d p r o c  

e n d p r o c

T h e o b je c t  generator holds th e  set o f  identifiers a lready a lloca ted , i d s .  T h e  selection  

pred icate :

C ( i d _ c o u n t e r  n o t i n  i d s ) ]

guarantees that the n ew  o b je c t  identifier is different from  all existin g on es o f  the sam e 

sort. W h en  O b j e c t -  G e n e r a t o r  is instantiated  it offers syn ch ron ization  w ith  the event: 

a  ¡ c r e a t e  ? i d _ c o u n t e r :  I d  ? i n i t _ v a l l :  V a l u e _ S o r t l  C i d _ c o u n t e r  n o t i n  i d s ] ;  

W hen an o b je c t  is requ ired , a n oth er o b je c t  offers an event such as 

a  ¡ c r e a t e  ? o b j e c t _ i d :  I d  ¡ v a i l ;

T h en , syn ch ron ization  takes p la ce  and T e m p l a t e  is instantiated  causin g an o b je c t  to  

be created  with som e  state in form ation . N ote  that while the value v a i l  is passed into 

O b j e c t - G e n e r a t o r ,  th e  o b je c t  identifier is created using value gen eration . (In  this exa m 

ple, th e structured even t that orig in ates th e  creation  o f  the o b je c t  has on ly  on e  op tion a l 

param eter, v a i l .  In o th e r  exa m p les , several op tion a l param eters m ay b e  requ ired .)

In the case we a re  presentin g, we are  su pposin g that the set id s  is in itialised t o  be 

the em p ty  set. For ea ch  new o b je c t  crea ted , its identifier is added  to  I d s .  In th e banking 

system , a possible  o b je c t  gen era tor for A c c o u n t  w ould  be:

p r o c e s s  A cco u n ts C g ] ( s e e s : A cco u n t_ lu n b sr_ S st) : n o s x lt

g  I c r s a t s  7 a c c _ c o u n t s r : A ccou n t.lu m b sr C (a cc_ co u n tsr  n o t ln  a c e s ) ] ;

( A c c o u n t [g ](M a k s _ A cc o u n t (a cc .co u n ts r ,0 ))
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I I

A c c o u n t s [ g ] ( I n s « r t ( a c c _ c o u n t e r , a c c s ) )

)

e n d p r o c

W h ile  the tem plates are nam ed  by using th e  ñam é (in the singular) o f  th e corresp on d in g  

class tem pla te  in the o b je c t  m odel, o b je c t  gen erators are nam ed  with  the p lu ra l o f  the 

te m p la te ’s nam e.

B y using o b je c t  gen erators we are able to  create , through  the behaviou r o f  the o b je ct  

gen erator , an infinite n um ber o f  o b je c ts . T h ere  are however situations w here w e  know the 

exa ct num ber o f  o b je c ts  we need. If we on ly  need one o b je c t  o f  a given  class during the 

sy s tem ’s life an o b je c t  gen erator is n ot required. A lso , there are  situations w ith  com posite  

o b je c ts  where we m ay need to  im pose a fixed n u m ber o f  com pon en ts . In this situ ation  the 

instantiation  o f  th e tem p la te  process w ould  be  d on e  by exp licitly  calling th a t tem plate ’ s 

nam e. For exa m p le , if  on ly  on e  o b je c t  in ou r application  was required, the o b je c t  would 

be created  by:

T e m p l a t e [ a ] ( M a X e - T e m p l a t e C i d l  o l  T e m p l a t e - I d .  v a i l ) )  

w here i d l  is a specific  identifier we assign to  th e o b je c t  and v a i l  is a va lu e o f  sort 

V a lu e -S o r t  1.

T h ere  is also the s itu ation  where we can im pose  an u pper limit to  th e  num ber o f  

o b je c ts . In such a  case, the o b je c t  gen erator w ou ld  hold the set (n o n -e m p ty ) o f  identifiers 

n ot yet a llocated  and th e selection  pred icate  w ould  guarantee that the new o b je c t  identifier 

is o n e  o f  those.

3 . 3 . 6  O b j e c t  I d e n t i t y

In L O T O S , when we instan tia te  a process we m ust give a  unique iden tity  t o  each new 

o b je c t  created. T h is  is th e purpose o f  an o b j e c t  id e n ti f ie r .

O b ject-o r ien ted  analysis m eth ods p rop ose  th at on ly  a ttribu tes know n fro m  the real 

w orld  should app ear in th e o b je c t  m od el. In m any situ ation s o b je c t  identifiers do n ot 

have a  m eaning in the real world  and so , a cco rd in g  to  the a b ove  p ro p o s it io n , th ey should
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b e  added to  the m odel in a  later phase. This is a co m m o n  p rocedu re  when dealin g w ith  

in form al and n on -ex ecu ta b le  specifications, but it cannot b e  follow ed for form a l execu tab le  

specification s such as th o s e  in L O T O S , where o b je c ts  a re  created  d yn am ica lly  durin g 

p ro to ty p in g .

In the analysis phase, we are interested in defining a s im p le  m echanism  t o  be used to  

define d istinguished o b je c t  identifiers fo r  each class te m p la te . This is ach ieved  by defin ing 

th e tw o specia l A D T s  I d _ T y p e , w ith th e sort Id , and S e t _ I d _ T y p e , which actualises th e  

S e t  A D T  already defined in the library. In order to  have th e se  tw o A D T s  alw ays available, 

we add th em  to  the L O T O S  library (see  A pp en d ix  B ).

As n oted  earlier, the o b je c t  gen erator in its extended fo rm  requires a set o f  identifiers. 

W h enever o b je c t  identifiers are needed for a given  class, S e t _ I d _ T y p e  is instan tia ted . For 

exam ple, for  the class o f  o b je c ts  A cc o im t , we instantiate  it as follow s:

t y p e  A c c o u n t _ N u n ib o r _ S o t _ T y p o  i s  S o t _ I d _ T y p e  

re n z o n e d b y

e o r t n a n e s  A c c o u n t _ H u m b e r  l o r  I d

A c c o u n t _ B u m b o r _ S e t  l o r  S e t

e n d t y p e

A ccou n t-N u m b er is the so r t  nam e o f  th e o b je c t  identifiers i d l ,  i d 2 ,  . . .  o f  an a ccou n t. 

R ecalling th e tem plate  A c c o im t :

p r o c e s s  A c c o u n t t g ] ( t h i s _ a c c o u n t : S t a t e _ A c c o u n t )  n o e x i t  :=  

g  ¡ d e p o s i t  I G e t _ A c c o u n t _ B u m b e r ( t h i s _ a c c o u n t )  . . .

[]

e n d p r o c

G e t —A c c o u n t —N u m b e r , defin ed  in the A D T  A c c o u n t - T y p e ,  returns th e a p p rop ria te  a ccou n t 

identifier.

G e n e r a t i n g  Id e n tifle r a

W h enever a  new o b je c t  is created we have to  p rod u ce  an identifier. T h e  O p en  D istribu ted  

P rocessin g  m odel [IS 0 9 4 ] suggests fou r different ways to  gen erate  o r  a llo ca te  nam es (id en -
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tifiers) f o r  o b jects :

1. A llo w  the o b je c t  to  ch ose  its ow n nam e, and ensure th at it is su itab ly  unam biguous;

2. E le c t  to  use som e in form ation  a lready know n to  identify  the o b je c t  u n am biguously ;

3. A llo ca te  unique identifiers (e .g . num bers) to  Ithe o b je c ts , perhaps in the o rd er in 

w h ich  th ey com e into  existence;

4. S o m e  hybrid  o f  the a b ov e .

For its sim plicity , we choose th e op tion  3 together with  v a lu e  g e n e r a t i o n  which  allow s the 

in trod u ction  o f  uninstantiated  variables.

For exam ple, as presented in S ection  3 .3 .5 , an accou n t num ber w ould  be generated  

when th e  o b je c t  generator A c c o u n ts  o ffers for syn ch ron ization :

g  ! c r e a t e  ? a c c _ c o u n t e r : A c c o u n t_ N u in b e r  [ ( a c c _ c o u n t e r  n o t l n  a c e s ) ] ; 

and s o m e  oth er o b je c t  offers:

g  ! c r e a t e  ? a c c _ n u m b e r : A c c o u n t _ H u in b e r ;

W hen these tw o  events syn ch ron ize , on e  value o f  the set o f  possib le  values o f  the sort 

A c c o u n t -  Number is ascribed  to  b oth  a cc_n u m b er and a c c _ c o u n t e r .  T h is  value is co n 

stra in ed  such that it is not a lready in th e  set a c e s . T h is techn ique is ca lled v a lu e  g e n e r a t i o n  

and it avoids defin ing an a lgorithm  to  generate th e  accou n t num ber.

V a lu e  generation  is su pp orted  by the SM IL E  sim ulator from  LITE ^ [EW 93] in the 

fo llow in g  way: it generates a  sym bol which m ay take any value from  th e set o f  possib le  

values. Th is allow s us to  execu te  the specification  sym bolica lly  rather th an  use particu lar 

values.

3 . 3 . 7  O b j e c t s

An o b je c t  encapsulates its sta te  and th e  a lgorithm s which a ccom plish  its behaviou r. A n y 

ch an ge in an o b je c t ’ s state is only p ossib le  by m eans o f  in teraction  th rou gh  a well defined 

‘ L I T E  i( a act o f  too l*  for L O T O S  p ro d u ce d  a* part o f  th e L O T O S P H E R E  E S P R IT  P ro je ct .
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interface w ith  the en viron m en t o f  that o b je c t .  A n o b je c t  is a  m em b er o f  a class and is 

created  by instan tia ting a  class tem p late .

C r e a t i o n  ( o f  a n  O b j e c t )

In cases where the op era tion  that creates an ob je p t is o ffered  t o  the en viron m en t, the 

op eration  c r e a t e  appears in the o b je c t  m odel. T h is  happens w ith  A cc o u n t , where a 

client can ask to  op en  an a ccou n t. In o th e r  cases, th e creation  op era tion  does n ot appear 

in the o b je c t  m odel. In ou r m eth od , th e op era tion  c r e a t e  is n ot defined in the process 

tem plate , but in the o b je c t  gen erator. A n  o b je c t  is created  by instan tia ting  the process 

which defines the class tem p la te . T h is can  happen in tw o different ways:

1. If we want to  create  the o b je c ts  dyn am ica lly , the in stan tia tion  occu rs  indirectly  by 

sen ding a create  m essage to  an o b je c t  gen erator;

2. If we want to  create  the o b je c ts  statically , th e tem plate  is instantia ted  d irectly  and 

an o b je c t  gen erator is n ot required.

C on sider that in the bankin g exa m p le , an unknow n n u m ber o f  accou n ts are needed. 

T h en , a new accou n t is created  by m eans o f  the o b je c t  gen erator A c c o u n ts  which offers.

g  ( c r e a t e  ? a c c _ c o u n t e r : A c c o u n t _ lI u in b e r  C ( a c c _ c o u n t e r  n o t i n  a c c s ) ]  ; 

and an instance  o f  C o u n t e r - T e l l e r  w ould  offer: 

g  ( c r e a t e  ? a c c _ n u m b e r : A c c o u n t . l u m b e r ;

in ord er to  op en  an a ccou n t. I f  on ly  a single instance  (o r  a sm all n u m ber) o f  accou n t o b je c ts  

had been required , then we w ould  n ot have defined the g en era tor  A c c o u n ts  and each 

accou n t o b je c t  w ould  be  created  by ca lling  the tem plate  A c c o u n t  d irectly , for exam ple . 

A c c o u n t C g ] ( M a k « _ A c c o u n t ( l d l  o l  A c c o u n t . I u m b a r , 0 ) )

D e l e t i o n  ( o f  a n  O b j e c t )

A deletion  op era tion  m ay o r  m ay n ot appear in th e  o b je c t  m od e l. T h ere  are situations 

where we m ay w ant an o b je c t  to  “ live forever” , b u t there are  oth ers  where we require 

exp licitly  th at an o b je c t  should  be rem oved . For th is, we define a  ram ova  service  in the
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tem plate  th a t defines th e o b je c t . In situations where inheritance  is involved , this service  

m ust be defined  in the process defining the su bcla ss  tem plate .

T h e  term in ation  o f  an o b je c t  is accom plish ed  by ,term in atin g  its L O T O S  process. T er 

m ination o f  a  L O T O S  process is achieved b y  tw o  L O T O S  behaviour expressions; e x i t ,  

representing the successful term ination o f  th e process; and s t o p ,  representing the a b n or 

m al term in ation  o f  the process. T h erefore  w e use s t o p .

T o  d elete  an o b je c t , the service rem ove in th e  o b je c t  m od el is m odelled  as follow s;

p r o c e s s  A c c o u n t [ g ] ( t h i s . a c c o u n t : S t a t e _ A c c o u n t )  : n o e x i t  :=

( . . .

[]

g  ¡ r e m o v e  !G e t _ A c c o u n t _ M u m b e r ( t h i s _ a c c o u n t ) ; 

s t o p

) »  a c c e p t  u p d a t e _ a c c o u n t : S t a t e _ A c c o u n t  i n  A c c o u n t [ g ] ( u p d a t e _ a c c o u n t )

e n d p r o c

N ote th a t we are defin ing the rem ove op e ra tio n  in the tem plate  A cc o u n t  because we 

are ignoring the fact th at an accou n t is an a b s tra ct  superclass, with subclasses. If we were 

taking this in to  con sideration , this op eration  w ou ld  be defined for each subclass.

S t a t e  ( o f  a n  O b je c t )

T h e  state o f  an o b je c t  is given by the values o f  the param eters defined in the process 

tem plate  a n d  by the services currently b e in g  offered  by the o b je c t .

C on sider that T em plate_A  offers the tw o  services B e r v i c e _ l  and s « r v i c a _ 3  and that 

after s a r v l c s —1 has been called only B e r v ic e _ 2  is on o ffer . Such a  situ ation  can  be 

specified in L O T O S  as follows®;

procBBB T a m p l a t a .A  [g] (■: S t a t * _ S o r t )  : n o a x l t  :■

( g laarvlca.l; 

g lBarvlca_2;

•xit(s)

®Xo a im p lify  the p rob lem , we are con siderin g  th a t th e  serv ices d o  n o t  ch ange a ttr ib u te  s .
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a

g  ! s e r v i c e _ 3 ;  

e x i t ( s )

)  »  a c c e p t  u p d a t e . s t a t e ;  S t a t e _ S o r t  i n  T e m p l a t e _ A [ g ] ( u p d a t e _ s t a t e )

H ere, the state o f  an o b je c t  o f  the class tem plate T em plate_A  is given b y  the value o f  s 

togeth er with  the services on  offer at each m om ent.

For sim plification , we cou ld  define the state o f  an o b je c t  as bein g determ in ed  by the 

values o f  its attributes. In such a  situation , th e state  would  alw ays be  given  by the 

param eters o f  the process, but the definition  o f  T em p la te_A  has to  be  changed  to :

p r o c e s s  T e m p la t e _ A  CgD ( s :  S t a " t e _ S o r t ,  b :  B o o l )  : n o e x i t  : =

(  C n o t ( b ) ]  - >  g  ! s e r v i c e _ l :  

e x i t ( s ,  t r u e )

[]

[ b ]  - >  g  ! s e r v i c e _ 2 ;

e x i t ( s ,  f a l s e )

[]

[ n o t ( b ) D  - >  g  ! s e r v i c e _ 3 :  

e x i t ( s ,  f a l s e )

)  »  a c c e p t  u p d a t e _ s t a t e :  S t a t e _ S o r t ,  u p d a t e _ b o o l :  B o o l  

i n  T e m p l a t e _ A [ g ] ( u p d a t e _ s t a t e ,  u p d a t e _ b o o l )

b would  norm ally  be defined with in  S ta te_J 5 ort . H ere we are g iv in g  it exp licitly  as a 

separate  argum ent o f  th e process on ly  to  sim plify the exp lan ation .

In L O T O S , these tw o  defin itions o f  T em plate_A  are sim ilar in p ra ctice  and it is trivial 

to  tran sform  on e into th e  oth er. H ow ever, it is easier to  explain  ‘ sta te  o f  an o b je c t  

in m ath em atica l term s i f  we take th e  second defin ition . Th is is the reason  w hy we use 

this defin ition  in C h apter 5. In R O O A  we prefer to  a d op t the first d efin ition , because it 

p rodu ces a m ore com p a ct specification .
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B e h a v i o u r  ( o f  a n  O b j e c t )

A b e h a v io u r  describes th e order in which the (L O T O S ) offered  services o f  that o b je c t  can 

occu r  and th e changes in the o b je c t ’ s state . B ehaviours are required to  define s e q u e n c in g  

r u l e s ,  the possib le ch o ice  o f  services at any given tim e, an d , for m ore com plex  behaviou rs, 

c o n c u r r e n c y  r u le s  [IS 0 9 4 ]. T h e  state o f  an o b je c t  lean restrict the services that can b e  

offered  by th e o b je c t  at a given tim e as L O T O S  (stru ctu red ) events can have guards. 

In th e R O O A  co n te x t , a structu red  event (o r  ju st event for sh ort) correspon ds to  th e  

signature o f  a service.

T h e  behaviour o f  an o b je c t  is given in L O T O S  by the externally  visible b ehaviou r 

and by the internally invisible behaviou r. T h e  extern ally  visible behaviour is specified  

by structured  events which occu r  when the o b je c t  synchronises with  oth er o b je cts  in th e  

system . In term s o f  R O O A , this m eans that on e  o b je c t  is calling a service o f  a n oth er 

o b je c t .  T h e  stru ctu re o f  the event which corresp on ds to  calling a service (in the ca llin g  

o b je c t )  is equivalent to  the structure o f  the event th at defines the signature o f  the ca lled  

service (in the ca lled  o b je c t ) .  T h e  internal, invisible behaviou r is specified by stru ctu red  

events on ly  defined internally to  the called o b je c t  and so are invisible to  the o b je c t ’ s 

environm ent.

In sum m ary, th e b eh aviou r o f  an o b je c t  is given  by a  collection  o f  offered services (w ith  

signature and m eth od s, as we will see in C h ap ter 5 ) w ith  a  set o f  constraints on  the o rd e r  

in which th ey m ay o ccu r . In C h apter 5 we discuss th e behaviour o f  class tem plates a n d  

o b je c ts  in m ore detail.

3 . 3 . 8  M e s s a g e  C o n n e c t i o n s

In L O T O S  tw o o r  m ore  processes com m u n ica te  v ia  event synchronisation  by using g a te s . 

H ow ever, as m essage passing in the o b je ct-o r ie n te d  paradigm  involves tw o o b je c ts , w e  

restr ict com m u n ica tion  in L O T O S  to  be defined betw een  tw o  process instances w h ich  

synchronise at a  co m m o n  ga te  on  an externally  visib le  event.

A n  o b je c t  can behave as a c l i e n t ,  as a s e r v e r ,  o r  b o th . C lient o b je c ts  send m essages 

to  server o b je c ts  w hich m ay or  m ay n ot return an answ er. A  server norm ally  offers a ll
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its serv ices at a  single gate . If it a lso  acts as a  client, then  it uses separate gates to  

com m u n ica te  with  its servers.

C om m u n ication  is achieved by syn ch ron izin g on  a  structured  event o f  th e form :

( g a t e  n a m e )  ( m e s s a g e  n a m e )  ( o b j e c t  i d e n t i f i e r )  ( o p t i o n a l  p a r a m e t e r s )

For e xa m p le , a C o u n t e r - T e l le r  can sen d  a m essage to  A cc o u n t  asking for a deposit: 

g 'd e p o s it  !acc_num ber ¡amount;

and an  instance o f  A cco u n t syn ch ron izes with this event by offerin g: 

g  ¡ d e p o s i t  ¡G o t _ A c c o u n t _ N u m b e r ( t h i s _ A c c o u n t )  ?m : M o n e y ;

Value m atch in g o f  a cc_n u m b er and G e t  A cco u n t—N u m b e r (th is _ a c c o u n t )  is used to  en 

sure co r re c t  synchronization . Value passin g  is used to  pass the value amount to  th e variable 

m. A lth ou g h  a client must know  the iden tity  o f  the server, a server can service m any clients 

w ith ou t knowing their identity.

T h e  client gives the service (m essa ge) nam e, the server o b je c t  identifier an d , op tion a lly , 

som e param eters. In order to  give an answ er, th e server can either accom plish  on e  o f  its 

m e th o d s , send a  m essage to  another o b je c t ,  o r  b o th . Som etim es the request and the 

answ er can be specified  in L O T O S  as a single b ehaviou r expression  in each  o b je c t  (as 

h appen ed  a b ove). In this case, the en tire  com m u n ica tion  is an a tom ic even t. A n oth er 

e x a m p le  is when a C o u n te r—T e l l e r  sends a m essage to  A cc o u n t  asking for  an accou n t 

b a lan ce ;

g  ¡ g e t . b a l a n c a  ¡a c c .n u m b e r  T b a la u i c e ;  M o n e y ; 

and a n  instance o f  A ccoxint syn ch ron izes with th is event by offerin g:

g  ¡ g a t . b a l a n c e  ¡G e t _ A c c o u n t _ M u « b e r ( t h i « _ a c c o \ x n t )  ¡ G e t _ B a l a a c e ( t h i e _ a c c o u n t ) ; 

In general, the server m ay not be  a b le  to  g ive th e  result im m ediate ly  in w hich  case the 

client m ust offer a  second syn ch ron ization  event to  receive the server’s result. T h ese  events 

form  a  n on -a tom ic action  which can b e  interpreted  as a form  o f  rem ote p rocedu re  call. In 

this s itu a tion , the second syn ch ron ization  should  n o t be u n d erstood  as if the server o b je c t  

was n o w  behaving as a client o f  the in itia l client o b je c t .  N either the “ call e ven t”  nor the 

“ retu rn  event”  includes the identifier o f  the o b je c t  which in itiated  the com m u n ica tion .
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A n  exam ple is w hen  C o u n t e r - T e l l e r  sends a m essage t o  w ithdraw  m oney. Xhis 

requires a call (from  C o u n t e r - T e l l e r  to  A c c o u n t )  and a return event ( fr o m  A cc o u n t to  

C o u n te r —T e l l e r ) .

g  'w i t h d r a w  ! a c c _ n u » b e r  'a m o u n t ;

g  ! r t n _ w i t h d r a w  'a c c _ n u m b e r  ? o k :  B o o l ;  1

B oth  events use the value o f  th e accou n t n um ber (i.e . the identity  o f  th e  server) to  en 

sure correct syn ch ron ization . A c c o u n t  “ a ccep ts ”  the call and receives th e param eter 

a m o u n t .  T hen  it carries ou t th e m eth od  w i t h d r a w  and then returns th e  result to  the 

client C o u n t e r - T e l l e r  in on e  o f  tw o alternative events;

g  t w i t h d r a w  ! G e t _ A c c o u n t _ N u m b e r ( t h i s _ a c c o u n t )  ?m : M o n e y ;

(  c h o i c e  i f . m o n e y :  B o o l  [ ]

[ i f . m o n e y ]  - >  g  ! r t n . w i t h d r a w  ! G e t _ A c c o u n t _ N u m b e r ( t h i s _ a c c o u n t )  I t r u e ;  

e x i t ( D e b i t _ A c c o u n t ( t h i s _ a c c o u n t , m) )

[]

[ n o t ( i f _ m o n e y > ]  - >  g  ! r t n . w i t h d r a w  'G e t _ A c c o u n t _ H u m b e r ( t h i s _ a c c o u n t )  l i a i s e ;  

e x i t ( t h i s . a c c o u n t )

T h e  discussion  presented a b ove  show s h ow  tw o o b je c ts  w hich belon g  to  different classes 

com m u n ica te . These tw o  o b je c ts  are con n ected  by a m essage con n ection  in the o b je c t  

m od e l. U sually, as w e have seen , if  an o b je c t  wants to  in itiate a com m u n ica tion  then 

it has to  receive, from  its environ m en t or th e  external w orld , th e o b je c t  identifier o f  the 

o b je c t  w ith  w hich  it w ants to  com m u n ica te .

It is p ossib le  that tw o o b je c ts  b e lon g in g  to  the sam e class tem p la te  need to  co m 

m u n icate . W e discussed  in S ection  3 .2 .16  how  unary association s give th e  ca p ab ility  o f  

com m u n ica tion  betw een tw o o b je c ts  o f  the sam e class. In L O T O S , the o n ly  way to  specify  

such a  com m u n ica tion  is by creatin g  a c h a n n e l  o f  com m u n ica tion . T h is  channel is an 

o b je c t ,  which serves as an interm ediary  betw een  the tw o orig in al o b je c ts  (see  F igure 3 .3 ).

H aving created  th is o b je c t ,  we con verted  the ‘ u n ary ’ com m u n ica tion  in to  a ‘ b in ary ’ 

com m u n ica tion , and so  we can fo llow  th e  general p rocedu re . T h ere fore , a  channel is 

defined  as a process , w hich  synchronizes w ith  the process w hich  defines th e  original class
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Figure 3 .3 : T w o  o b je c ts  o f  the sam e class com m u n icate  via  a channel

tem plate.

3 . 3 . 9  S p e c i f y i n g  I n h e r i t a n c e  w i t h  L O T O S

As L O T O S  was d evelop ed  before ob ject-o r ien ted  techniques becam e widely a cce p te d , in

heritance is n ot d irectly  su pp orted . H owever, by  using the standard L O T O S  co n s tru cts , 

increm ental inheritance can  be represented in a  stra ightforw ard  way. In this s e c t io n  we 

only deal w ith  increm enta l inheritance. Pure exten sion , where there is no redefin ition  

or deletion o f  services, does provide behavioura l inheritance. For further d iscu ssion  on 

behavioural inheritance and on  how the con d ition s given in Section .3.2 m ust b e  verified 

in a  L O T O S  sp ecifica tion , see [C la94c, C M 9 4 , M C 93a].

T o  be able to  specify  inheritance  in L O T O S  (exten sion  and redefinition o f  serv ices  and 

extension  o f  a ttr ib u tes ), the superclass has to  be  defined  with  e x i t  functionality  [R ud92]. 

T h e  reason is th a t, w ith in  the specification  o f  a su bclass, m any o f  the offered serv ices  are 

provided by invoking th e superclass. A fter a service  defined in the superclass h a s  been 

handled, all the services offered  by the subclass m ust again be on  offer. W e m ust th erefore  

exit from  the superclass so  that the subclass, and n ot the superclass, is invoked recursively. 

This m eans th at all superclasses in L O T O S  are a b stra ct class tem plates. A lth o u g h  this is 

required by th e syn tax and sem antics o f  L O T O S , H iirsch has discussed the a dva n ta ges  o f  

superclasses alw ays b ein g  abstract [Hiir94]. (L a ter  in this section  we show how a  con crete  

class tem plate  can  be created  from  an a bstract su perclass.)

C on siderin g  F n ( x )  t o  be any function  involv in g  x  and defined as an o p e ra tio n  in the 

A D T  which defines th e sort o f  x, the superclass w ou ld  take the form :

p r o c e s s  S u p e r c l a s s [ g ] ( s t a t s ; S t a t e _ S o r t )  : e x l t ( S t a t e _ S o r t )  

g  I s e l e c t o r . l  I O e t _ I d ( s t a t e )  . . .  ;
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e x i t ( s t a t e )

a

g  ! m o d i l i e r _ l  ! G e t _ I d ( s t a t o )

e x i t ( F I ( a t a t « ) )

[]

g  ! m o d i l i e r _ 2  ! G e t _ I d ( s t a t e )  . . .  ;

e x i t ( F 2 ( s t a t e ) ) 

a n d p r o c

W e can create the subclass E x t e n d e d -C la s s  based  on  th a t S u p e r c la s s  which is exten ded  

to  offer m ore services:

p r o c e s s  E x t e n d e d _ C l a s s [ a ] ( s t a t e : S t a t e _ S o r t )  : n o e x i t  ; =

( ( S u p e r c l a s s [ a ] ( s t a t e )

»  a c c e p t  u p d a t e _ s t a t e :  S t a t e _ S o r t  i n  e x i t ( u p d a t e _ s t a t e )

)

[]

a  ! m o d i l i e r _ 3  ! G e t _ I d ( s t a t e )  . . .  ;

a x i t ( F 3 ( s t a t e ) )

) »  a c c e p t  u p d a t e . s t a t a :  S t a t « _ S o r t  i n  E x t e n d « d _ C l a s s [ a ] ( u p d a t e . s t a t e )  

a n d p r o c

T h e  first occu rren ce  o f  the o p e r a to r  a c c e p t  . . .  in  is not n eeded , as the result o f  

S u p e r c la s s  is o f  the sam e sort o f  the result given b y  E xta n da d —C la s s  and th e nam e 

o f  th e param eters o f  b oth  tem p la tes  are the sam e. H ow ever, we can  leave it there so  that 

th e skeleton o f  the subclass te m p la te  takes a  m ore  general form .

N ote  that the subclass E x te n d e d —C la s s  co u ld  also b e  exten ded  in the num ber o f  gates, 

i f  this was necessary t o  define th e  new  services.

R udkin  presents a rigorous a p p ro a ch  t o  h ow  inh eritan ce can  be in trod u ced  in L O 

T O S , and describes the p rob lem s w ith  self referencin g (w h en  th e superclass has n o e x i t
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fu n ction a lity ) [R ud92].

If a redefin ition  o f  on e or m ore services is required, the idea  is to  “ e lim inate”  them  first 

and then create them  with the necessary differences. T o  accom plish  this it is necessary 

t o  have an  auxiliary superclass where the services that are go in g  to  be d irectly  inherited 

are defined. S u pposin g that we w anted to  redefine, the service m o d if  i e r _ 2 ,  we specify  

auxiliary class M o d i f i e r - C la s s  with  th e services we want to  keep and use it as follow s in 

th e defin ition  o f  the new class R e d o f in e d _ C la s s :

p r o c e s s  M o d i f i e r . C l a s s [ a ] ( s t a t e : S t a t e . S o r t )  : e x i t ( S t a t e _ S o r t )  :=  

a  ! s e l e c t o r _ l  ! G e t _ I d ( s t a t e )  . . .  ;

e x i t C e in y  S t a t e _ S o r t )

[]

a  ! m o d i f i e r _ l  ! G e t _ I d ( s t a t e )  . . .  ;

e x i t ( a n y  S t a t e _ S o r t )  

e n d p r o c

where emy is a L O T O S  keyword and can  be used with any typ e , predefined or  n ot.

p r o c e s s  R e d e f i n e d _ C l a s 8 [ a l ( s t a t e : S t a t e _ S o r t )  n o e x i t  :=

(  ( S u p e r c l a s s e s ] ( s t a t e )  I [ a ] I  M o d i f i e r . C l a s s [ a ] ( s t a t e ) )

[]

a  ! n e w _ m o d i f i e r _ 2  ! G e t _ I d ( s t a t e )  . . .  ;

e x i t ( F 2 a ( s t a t a ) )

C]

a  I m o d i f i e r _ 3  I G a t _ I d ( s t a t e )  . . .  ; 

a x i t ( F 3 ( a t a t e ) )

) »  a c c e p t  u p d a t a . s t a t e :  S t a t e . S o r t  i n  R a d a f i n e d . C l a s s [ a ] ( u p d a t a . s t a t e )  

e n d p r o c

A s b e fore , m o d if  i a r _ 3  is an added service.
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So far, we have been d iscussing extension  and redefin ition  o f  services. B u t ,  how can we 

create a subclass which exten ds the state in form ation  o f  its superclass? A s th e  attribu tes 

are defined in the a bstract d a ta  typ e  p art, it seems that increm ental m od ifica t ion s  in the 

attributes o f  the o b je c t  should  be  done th ere. T h ere  are how ever som e co m p lica tio n s . 

W e can use the A C T -O N E  language to  ex ten d  (and^com bine, and renam e) a bstra ct d a ta  

types, but on ly  in w hat con cern s the op era tion s defined in the A D T . If we w a n t to  ex ten d  

the num ber o f  com p on en ts , then  the fu n ction s defined in the initial a b s tra c t  data  ty p e  

can n ot be inherited , since the con stru ctor  op era tion s  need to  “ k n ow ” a b o u t  all the d a ta  

com pon en ts o f  the stru ctu re. T h e  solution  is to  add  m ore A D T s  as p aram eters  o f  the class 

tem plate  th at defines the su bclass, a lth ou gh  this gives us a broken  s tru ctu re  for the sta te  

in form ation  o f  the o b je c t .

Taking Superclass and Modifier-Class defined a bove , and su p p o s in g  we want to  

define a subclass which exten d s the superclass state  and redefines the serv ice  modif ier_2, 

the process tem plate  Redefined—Class w ould  take the form ;

p r o c e s s  R e d e f i n e d _ C l a s s [ a ,  b ]

( s t a t e :  S t a t e _ S o r t ,  e x t _ s t a t e ;  E x t _ S t a t e _ s o r t )  : n o e x i t  :=

( ( (  S u p e r c l a s s [ a ] ( s t a t e )

I [a ] I

M o d i f i e r . C l a s s [ a ] ( s t a t e )

)

>> a c c e p t  u p d a t e . s t a t e : S t a t e . S o r t  i n  e x i t ( u p d a t e _ s t a t e ,  e x t . s t a t e )

[]

a  l n e w _ m o d i f l a r _ 2  I G e t _ I d ( s t a t a )  .

a x l t ( F 2 a ( s t a t e ) , F 2 b ( e x t _ s t a t e ) )

[]

b  l m o d l f l e r _ 3  I G e t _ I d ( s t a t e )

e x i t ( F 3a ( s t a t e ) . F 3b ( e x t _ s t a t e ) )

) »  a c c e p t  u p d a t a . s t a t a : S t a t e . S o r t ,  e x t . u p d a t a . s t a t e :  E x t _ S t a t e _ S o r t
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i n  R e d e l i n e d _ C l a s s [ a ,  b ] ( u p d a t e _ s t a t e ,  e x t _ u p d a t e _ s t a t e )

e n d p r o c

N ow , the state in form a tion  o f  o b je c ts  o f  the class tem plate  R e d e f in e d _ C la s s  is th e  pair 

o f  A D T s  ( s t a t e , e x t _ s t a t e ) .

In the o b je c t  m od e l represented in Figure 3 .2 , C h eq u e_A cco im t and S a v in g s —A cco u n t 

are identified as su bclasses o f  th e superclass A cco u n t. In Section  3 .3 .2 , A cc o u n t  was 

defined with n o e x i t  fu n ction a lity , but if it is to  be used as a superclass, its fun ction ality  

has to  be changed to  e x i t :

p r o c e s s  A c c o u n t C g D ( t h i s _ a c c o u n t : S t a t o _ A c c o u n t )  e x i t ( S t a t e _ A c c o u n t )  : = 

g  ¡ d e p o s i t  ! G e t _ A c c o u n t _ H u i n b e r ( t h i s _ a c c o u n t )  ?m : M o n e y ; 

e x i t ( C r e d i t _ A c c o u n t ( t h i s _ a c c o u n t ,  m ) )

[]

g  ! g e t _ b a l a n c e  ! G e t _ A c c o u n t _ H u m b e r ( t h i s _ a c c o u n t )

! G e t _ B a l a n c e ( t h i s _ a c c o u n t )  ; 

e x i t ( t h i s _ a c c o u n t )

[]

e n d p r o c

T h e superclass ca n  then be exten ded  to  create a C h e q u e - A c c o u n t  subclass. T h e  new 

class tem pla te  inh erits  the properties o f  th e  superclass and defines the new op era tion  

p r l n t _ m l n l - 8 t a t e m e n t .

p r o c e s s  C h e q u e . A c c o u n t  Cg] ( t h l s . a c c o u n t : S t a t a _ A c c o u n t )  : n o e x l t  : =

(  A c c o u n t  [ g ]  ( t h i s . a c c o u n t )

C]

g 1 print_minl_atatamont I Get_Account_Iumber(this_account) ¡this.account; 

exlt(thls_account)

)  >>  a c c e p t  u p d a t e . a c c o u n t : S t a t e . A c c o u n t  

i n  C h e q u e .A c c o u n t  [ g ]  ( u p d a t e . a c c o u n t )  

e n d p r o c
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B oth  kinds o f  accou n t (savings accou n t and cheque a ccou n t) have identifiers o f  sort 

A c c o u n t -  N x im b e r  in o rd er to  inherit from  th e sam e superclass. T h is is w hy we div ided 

the identifiers defined in the A D T  I d - T y p e  in to  several grou ps (see A p p en d ix  B ). T h ere 

fore , the A D T  A c c o u n t _ N u m b e r _ S e t . T y p e  needs to  be changed in ord er t o  include this 

in form ation : I

t y p e  A c c o u n t .M u m b o r .S e t .T y p e  i a  S e t . I d . T y p e  

r e n a m e d b y

s o r t n a m e s  A c c o u n t .N u m b e r  l o r  I d

A c c o u n t . I u m b e r . S o t  l o r  S e t  

o p n n a m e s  I s . C h e q u e . A c c  l o r  F i r a t . S e t  

l a . S a v i n g s . A c c  l o r  S e c o n d . S e t

e n d t y p e

I s . C h e q u e . A c c  and I s . S a v i n g s . A c c  establish  the set o f  identifiers which can be used to  

create  cheque accou n ts and savings a ccou n ts , respectively.

A n o b je c t  generator for C h e q u e . A c c o u n t ,  for  exam ple , w ould  be:

p r o c e s s  C h e q u e . A c c o u n t s [ g ] ( a c c s : A c c o u n t . B u m b e r . S e t )  n o e x i t  :=  

g  ' c r e a t e  ? a c c . c o u n t e r : A c c o u n t .B u m b e r  'c h e q u e

f ( a c c . c o u n t e r  n o t i n  a c c s )  a n d  I s . C h e q u e . A c c ( a c c . c o u n t e r ) ] ;

(  C h e q u e . A c c o u n t [ g ] ( M a k e _ A c c o u n t ( a c c . c o u n t e r , 0 ) )

I I I

C h e q u e . A c c o u n t s [ g ] ( I n s e r t ( a c c . c o u n t e r , a c c s ) }

)

e n d p r o c

¡ c h e q u e  is required t o  give the ty p e  o f  a ccou n t we want to  create . T h e  o b je c t  gen erator 

holds the set o f  identifiers already a llocated  and the selection  pred icate :

[ ( a c c . c o u n t e r  n o t l n  a c c s )  a n d  I s . C h o q u e . A c c f a c c . c o u n t e r ) ] ; 

im poses th e  con d ition  that the new o b je c t  identifier is different from  all ex istin g  ones and 

I s _ C h e q u « _ A c c ( a c c _ c o u n t e r )  guarantees th a t the new o b je c t  identifier belongs t o  the 

correct subrange o f  A c c o u n t . N u m b e r .
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W e defined the superclass A ccou n 't in the o b je c t  m odel not t o  have any specific  in 

stan ces, and so it does n ot need an o b je c t  generator. H owever, if w e  change th e require 

m ents in order to  allow  the creation  o f  o b je c ts  o f  the,superclass, a n e w  process w ou ld  have 

t o  be created . Let us call this p rocess  S p e c ia l .A c c o u n t ;

p r o c e s s  S p e c i a l _ A c c o u n ‘t  CgD ( ' t h i s _ a c c o u n 't : S t a t « , _ A c c o u n t )  n o e x i t  . —

A c c o u n t [ g ] ( t h i s _ a c c o u n t )

»  a c c e p t  u p d a t o _ a c c o u n t : S t a t e _ A c c o u n t  

i n  S p e c i a l _ A c c o u n t [ g ] ( u p d a t e _ a c c o u n t )  

e n d p r o c

T h e  inheritance hierarchy w ould  now  be  as depicted  in Figure 3 .4 .

F igure 3.4: S p e c ia l -A c c o u n t  as a  con crete  class tem pla te  o f  t h e  abstract superclass 

A cc o u n t

If several instances o f  S p e c i a l -A c c o u n t  were required, we w o u ld  define an  o b je c t  

gen erator.

3 . 3 . 1 0  A b s t r a c t  C l a s s  T e m p l a t e s

A  process defin ing an a bstract class tem plate  does not have any in sta n ces  and is on ly  used 

in the defin ition  o f  processes which define subclass tem plates. P r o ce s s  A cc o u n t  defined
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in Section  3 .2 .15  w ith  e x i t  fu n ction a lity  is an exam ple  o f  an a bstra ct class tem p la te  in 

L O T O S .

3 . 3 . 1 1  C o n c e p t u a l  R e l a t i o n s h i p s

W e represent co n ce p tu a l relationships (a ssocia tion s) in L O T O S  as argum ents in the p ro 

cess defining th e  class tem pla te . T h ese  argum ents are A D T s  which represent either the 

identifier o f  an o b je c t  or a set o f  identifiers, d epen d in g  on  th e card inality  o f  the association . 

Since we are in t h e  analysis phase, we d o  not w ant t o  decide how certa in  properties o f  the 

system  should b e  designed and then im plem ented . H ow ever, if  we are creatin g  execu tab le  

specifications, w e  have to  m od el associations in ord er  to  b e  able to  sim ulate  the results, 

but it does not m ea n  that we have to  make final decisions at this stage . Later, in the 

design, we will d e c id e  the best way to  im plem ent an association . It m a y well be  th a t we 

may represent an association  as a new o b je ct .

W e propose th a t  any relation ship  involv ing a superclass will be inherited  by the o b je c ts  

o f  its subclasses. T h erefore  such relationships are m odelled  in the tem p la te  that defines 

the superclass.

B i n a r y  R e l a t i o n s h i p s  

O n e - T o - O n e

A o n e ~ io ~ o n e  re la tion sh ip  is m odelled  in each o b je c t  as an a ttribu te  w hich  is the required 

o b je c t  identifier. I f  the m inim um  o f  th e cardinality  is z e r o  we can use a  set o f  identifiers, 

instead o f  the iden tifier itself. T h e  em p ty  set gives us a sim ple way o f  dealin g w ith  op tion a l 

relationships.

In the fo llo w in g  exam ples we on ly  show th e relationsh ip  being m od elled  in on e  o f  the 

o b je c ts . T o  m o d e l  it in b oth  o b je c ts  a  similar technique should  be applied  to  the second  

o b je c t .

Su ppose th e re  is an op tion a l 1:1 relationship  betw een a  cheque a ccou n t and a  card . 

T h e  tem pla te  C h «q u «_ A cco u n t  w ould  be:

p r o c e s s  C h o q u s _ A c c o u n t C g ] ( t h i s _ a c c o u n t :  S t a t s . A c c o u n t ,
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c a r d s :  C a r d _ M u in b e r _ S e t )  : n o e x i t  : =

( ( A c c o u n t [ g ] ( t h i s _ a c c o u n t )

»  a c c e p t  u p d a t e . a c c o u n t : S t a t e . A c c o u n t  i n  e x i t ( u p d a t e _ a c c o u n t , c a r d s )

)

[]

g  ! p r i n t _ m i n i _ s t a t e m e n t  !G e t _ A c c o u n t _ H u m b e r ( t h i s _ a c c o u n t )  ! t h i s _ a c c o u n t ; 

e x i t ( t h i s _ a c c o u n t , c a r d s )

[]

)  »  a c c e p t  n e w _ a c c o u n t :  S t a t e _ A c c o u n t , c a r d s :  C a r d _ N u m b e r _ S e t  

i n  C h e q u e _ A c c o u n t [ g ] ( n e w _ a c c o u n t , c a r d s )  

e n d p r o c

and the object generator must be changed to initialise the parameter ca rds of the template 

Cheque-Account:

p r o c e s s  C h e q u e _ A c c o u n t s [ g ] ( a c c s : A c c o u n t _ H u m b e r _ S e t ) : n o e x i t  :=  

g  ¡ c r e a t e  ? a c c _ c o u n t e r : A c c o u n t _ I U B ib e r  ¡ c h e q u e

C ( a c c _ c o u n t e r  n o t i n  a c c s )  a n d  I s _ C h e q u o _ A c c ( a c c _ c o u n t e r ) D ;

(  C h e q u e _ A c c o u n t C g ] ( M a k o _ A c c o u n t ( a c c _ c o u n t e r ,  0 ) ,  O  o f  C a r d _ M u m b o r _ S o t )

I I I

C h e q u o _ A c c o u n t s [ g ] ( I n s e r t ( a c c _ c o u n t e r , a c c s ) )

e n d p r o c

O  o f  C ard_N u m ber_S et represents the em p ty  set.

If th e  relationship  was m an datory , rath er than op tion a l, it w ou ld  m ean that fo r  each 

accou n t there m ust be  on e  card . T h ere fore , instead o f  the em pty  set o f  Card_N um bar_ 

S a t , on e  card identifier o f  the sort C ard.N um bar is needed. In th e a bove  exa m p le , by 

in itialis ing the o b je c t  w ith  an em p ty  set, w e can create an accou n t and later on  create  a 

card , i f  necessary. H ow ever, if th e a ssociation  is m andatory , then at th e  tim e we create  an 

a ccou n t, we m ust create  the corresp on d in g  ca rd . Thus:

p r o c a s s  C h a q u a _ A c c o u n t s [ g ,  c d ] ( a c c a :  A c c o u n t _ l u s i b s r _ S a t )  : n o a x i t  : ■
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g  ¡ c r e a t e  ? a c c _ c o u n t e r : A c c o u n t_ H u m b e r  ¡ c h e q u e

[ ( a c c _ c o u n t e r  n o t i n  a c c s )  a n d  I s _ C h e q u e _ A c c ( a c c _ c o u n t e r ) D  , 

c d  ¡ c r e a t e  ? c a r d _ n r ;  C a rd _ llu iiih e r  ¡ a c c _ c o u n t e r ;

(  C h e q u e . A c c o u n t C g ] ( M a k e _ A c c o u n t ( a c c _ c o u n t e r ,  0 ) ,  c a r d _ n r )

I I I

C h e q u e _ A c c o u n t s [ g ] ( I n s e r t ( a c c _ c o u n t e r , a c i s ) )

)

e n d p r o c

T h e gate  cd  is used to  com m u n icate  with th e Card o b je c t  gen erator (w hich  we are not 

showing here). T h e  value a c c _ c o u n t e r  would only be  p assed  if th e association  was bid i 

rectional.

O n e - T o - M a n y

A o n e - t o - m a n y  a ssociation  is m odelled  as an a ttribu te th a t  has th e  value o f  th e o b je c t  

identifier in the m a n y  side (con ta in ed  o b je c t )  and as an a ttr ib u te  th at is a set o f  o b je c t  

identifiers in the oth er side (con ta in er o b je c t ) .  A gain , o p tio n a l relationships are m odelled  

by using a  set o f  identifiers instead o f  a single identifier.

In th e o b je c t  m od el depicted  in Figure 3 .2 , C h e q u e - A c c o u n t  has a on e -to -m a n y  asso 

ciation w ith  Card. T h is  case would be  dealt w ith using a  set o f  ca rd s  in the sam e way as 

the op tion a l z e r o - t o - o n e  association  we studied above.

M a n y - T o - M a n y

A m a n y - t o - m a n y  a ssociation  can b e  transform ed in to  t w o  on e-to -m a n y  associa tion s by 

creating a  third o b je c t  and using it to  relate the o th er tw o  o b je c ts . Th is is th e  way we 

handle this when dealin g with  relational databases. H ere, fo r  sim plicity , we d o  n o t use that 

third o b je c t ,  m odellin g  a m an y-to -m an y relationship  as tw o  o n e -to -m a n y  relationsh ip s, 

but in a way that each  on e  appears in each o b je c t  as an a ttrib u te  th at is a set o f  o b je c t  

identifiers.

In th e banking system  exa m p le , C h o q u a —A c c o u n t  h a s  a m a n y-to -m a n y  relationship  

with S t a n d l n g - O r d a r .  W e m ust add to  C h a q u a - A c c o u n t  the param eter s o b  o f  sort
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SO _N um ber_S et. T h e  value o f  s o s  is the set o f  stan d in g  ord er num bers associated  with 

that a cco u n t. A n y  tim e a  stan d in g  order is created , its identifier sh ou ld  be given to  the 

corresp on d in g  a ccou n t. (T h is  is su pposin g  that a ccou n ts  know  a bou t standing ord ers. It 

cou ld  b e  that on ly  standin g ord ers had  to  know  a b ou t a ccou n ts .)

T h e  tem plate  C h e q u e -A c co u n t w ith  the e x tra  argum ent s o s  is g iven  below :

p r o c e s s  C h e q u e _ A c c o u n tCgD ( t h i s _ a c c o u n t : S t a t e _ A c c o u n t ,

c a r d s :  C a r d _ N u m b e r _ S e t ,  s o s :  S O _ M u m b e r _ S o t )  : n o e x i t  :=

( ( A c c o u n t  E g ] ( t h i s _ a c c o u n t )

>> a c c e p t  u p d a t e _ a c c o u n t : S t a t e _ A c c o u n t  

i n  e x i t ( u p d a t e _ a c c o u n t , c a r d s ,  s o s )

)

E]

) »  a c c e p t  u p d a t e _ a c c o u n t : S t a t e _ A c c o u n t , c a r d s :  C a r d _ N u m b e r _ S e t , 

s o s :  S O _ H u m b e r_ S e t

i n  C h e q u e _ A c c o u n t E g ] ( u p d a t e _ a c c o u n t ,  c a r d s ,  s o s )  

e n d p r o c

T h e  o b je c t  gen erator now  has t o  instantia te the p rocess tem plate  with  one m ore  pa 

ra m eter :

p r o c e s s  C h e q u e _ A c c o u n t s E g ] ( a c c s : A c c o u n t _ M u m b e r _ S e t )  : n o e x i t  :=

(  C h e q u e . A c c o u n t E g ] ( M a k e _ A c c o u n t ( a c c _ c o u n t e r ,  0 ) ,

O  o l  Card_*um ber_Set, ■(> o l  S0_Ium ber_Set)

I I I

Cheque.A ccountsE g] •••

• n d p r o c

In th is  case, a  stan din g order know s a bou t tw o  a ccou n ts  (th e  on e  which is go in g  to  be 

cre d ite d  and th e  one which is go in g  to  be d e b ite d ). B ecau se we k n ow  the card inality  o f  

th e a ssocia tion  in stan din g o rd e r /ch e q u e  a ccou n t d irection  and also th e  accou n ts involved
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in the association  w hen  a standing order is created , we can use th e tw o  accou n t identifiers 

separately, instead o f  giv ing a set w ith  the tw o  identifiers as elem ents  o f  that set:

p r o c e s s  S t i m d i n g _ O r d e r s [ a ,  b ,  c ] ( s o s :  S O _ I u in b o r _ S e t )  : n o o x i t  :=

a  ! s o _ c r e a t e  ? n l : A c c o u n t .H u m b e r  ? n 2 :  A cco u n t_ M u in b e r  ? b k :  B an k .N am e 

?m : M on ey ? s o _ c o u n t e r :  S O _N um ber C s o _ c o u n t e r  n o t i n  s o s l ;

(  S t a n d i n g . O r d e r  [ a .  b ,  c ]  ( M j i k e _ S O ( s o _ c o u n t o r .  n l ,  n 2 ,  b k .  m ))

I I I

S t a n d i n g _ O r d e r s [ a ,  b ,  c ]  ( I n s e r t ( s o _ c o u n t e r ,  s o s ) )

)

e n d p r o c

U n a r y  R e l a t i o n s h i p s

Unary relationships are m odelled  as an identifier (o r  set o f  identifiers) in the process 

tem pla te. There are , however, situations where they can b e  seen as is -a  (generaliza 

tion /sp ec ia liza tion ) relationships. In ob ject-o r ien ted  d eve lop m en t, inheritance is an im 

portant con cept w hich  usually com es to  light early in th e d evelopm en t process. H owever, 

there are  situations where this con cep t d oes  not show up clearly . C onsider the exam ple 

o f  a com p a n y  with its em ployees. It cou ld  be useful to  define a  relationship  manager 

in the Employee o b je c t  that relates an em p loyee  with his o r  her m anager. If there is a 

significant difference in terms o f  behaviou r or  in term s o f  stru ctu re  between the con cept 

“ em ployee”  and the con cept “ m anager” , w e should create  a  superclass Person and the 

tw o subclasses Employee and Manager. O th erw ise, we add to  Employee an a ttribu te that 

gives th e  identifier of the m anager w h o is a lso  an em ployee. T h is  w ould  be don e by adding 

to  the tem plate  a n oth er argum ent which gives the m anager o b je c t  identifier.

R e la t io n s h ip s  w it h  V a lu e s

R elationships can h o ld  values. W e cou ld  define a pair (o r  set o f  pairs) where the first 

com pon en t is the iden tifier o f  on e  o f  the o b je c ts  and th e  second  is the value and then give 

this in form ation  to  on e  (or  b o th ) o f  the o b je c ts . H ow ever, a  sim ple solution  is to  create
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a new o b je c t  w hich  holds the value and also th e  identifiers o f  th e o b je c ts  involved  in the 

association .

For exa m p le , suppose an app lication  deals w ith  a s tock  o f  p rod u cts  and that w e have to  

keep in form ation  abou t the suppliers o f  the p ro d u cts . N o w , let us define the relationship  

i s _ s u p p l i e d  betw een P r o d u c t  and S u p p l i e r  in whi^h a  supplier supplies m any p rod u cts  

and a p rod u ct is supplied by a single su pp lier. M oreover , a client needs t o  know  the 

quantity o f  a  given p rod u ct that a supplier supplied . T h e  q u a n t i t y  a ttribu te  does not 

belong either t o  P r o d u c t  or S u p p l i e r  ind iv idu ally , but t o  b o th , i.e. to  the relationship . 

W e then create  a new o b je c t , called S u p p l y  w h ich  w ould  be defined as follows:

p r o c e s s  S u p p l y [ g ] ( t h i s _ q u a n t i t y : Q u a n t i t y _ S o r t ,

o b j l _ i d :  O b j e c t l _ I d ,  o b j 2 _ i d :  0 b j e c t 2 _ I d )  : n o e x i t  : =

e n d p r o c

A l t e r n a t i v e l y  t h e  p a r a m e t e r s  t h i s _ q u a n t i t y ,  o b j  l _ i d  a n d  o b j 2 _ i d  c o u l d  h a v e  b e e n  d e 

f i n e d  a s  p a r t  o f  a  s i n g l e  A D T .

N otice  th at we are supposing that the identifier o f  an o b je c t  o f  this tem p la te  is the 

pair o b j _ i d l ,  o b j _ i d 2 .

3 . 3 . 1 2  C o m p o s i t i o n  a n d  D e c o m p o s i t i o n

O b jects  are com bin ed  to  form  com p osite  o b je c t s  by using the L O T O S  en ablin g, interleav 

ing and parallel operators.

T h e  characteristics o f  a com posite  o b je c t  are determ in ed  b y  (a )  the o b je c t s  that are 

com bin ed ; and (b )  the way they are co m b in e d .

3 . 3 . 1 3  S u b s y s t e m s

A subsystem  is on ly  created  to  structure th e  system , help ing us m anage com p lex ity . It 

does not add  any ex tra  functionality  to  th e  system . W e  m od el subsystem s b y  using the 

L O T O S  interleaving and parallel op era tors .
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In o u r  bankin g system , we create  the subsystem  F i n a n c i a l - I n s t r u m e n t s ,  built from  

the class tem plates C h e q u e  and S t a n d i n g —O r d e r .

p r o c e s s  F i n a n c i a l _ I n s t r u n i e n t s [ o b ,  c s ,  b a ]  : n b e x i t  : =

(  C h e q u e s  Cob, c s ,  b a ]

I I

S t a a id in g _ O r d o r s C o b ,  c s , b a ]  ( O  o l  S O _ H u m b o r _ S o t )

)

e n d p r o c

where C h e q u e s  and S t a n d i n g - O r d e r s  are o b je c t  generators.

A  su bsystem  has a nam e (e .g . F i n a n c i a l - I n s t r u m e n t s ) ,  but it has no state o r  iden 

tifier (th e  process F i n a n c i a l - I n s t r u m e n t s  has n o argu m en ts). T h e  nam e is on ly  needed 

when jo in in g  all the pieces o f  th e  system . It will never b e  used by any o b je c t  (an  ac 

cou n t, fo r  exa m p le) to  com m u n ica te  with a com pon en t (a  cheque or  a  standing ord er , for 

ex a m p le ). Th is com m u n ica tion  is d irect, w ith ou t the su bsystem ’s know ledge.

D u rin g  our experim en ts with  R O O A , we discovered  rules by which class tem pla tes can 

be grou p ed  to  form  subsystem s. Som e o f  these rules were im posed b y  L O T O S , which is 

not the right reason  for grou p in g , but they m ake sense as a rationale. W e present them  

in C h a p ter  6 .

3 .4  C o n c l u s i o n s

This ch a pter described  the representation o f  ob je ct-o r ie n te d  analysis con cepts  in L O T O S . 

Th is inclu des the m ain con cep ts  o f: class tem p late , class, o b je c t ,  com m u n ication  between 

o b je c ts  and inheritance. A  class tem pla te  defines the com m on  characteristics o f  o b je c ts  o f  

the sam e kind and is m odelled  w ith  a L O T O S  process defin ition  and  one or m ore  A D T s  

which represent th e a ttribu tes. A  class is the set o f  o b je c ts  instantiated from  a given class 

tem p la te . W e exten d  this idea  and prop ose  o b je c t  generators to  create  o b je c ts  from  a 

given class tem p late . A n o b je c t  is a m em ber o f  a  class and is created  by instantiating a 

class tem p la te .



C h a p t e r  3 . M o d e l l in g  F u n d a m e n ta l  O O A  C o n c e p t s  in  L O T O S 86

A s specify ing A D T s  is usually a  lengthy and  ted ious task , we prop ose  a simpler w ay  

to  accom plish  this jo b .  T h e basic idea is that m odifiers are left w ith out equations, a n d  

selectors are defined w ith  dum m y equations, i f  th ey d o  not need to  return a particu lar 

value, and with p rop er equations, if  th ey need to  return a particu lar value.

C om m u n ication  betw een o b je c ts  (m essage con n ection s) is m odelled  by tw o L O T O S  

processes synchronizin g on  a stru ctu red  event. During synchronization  the tw o  processes 

m ay exch an ge data . C om p lex  o b je c t  in teractions m ay b e  built ou t o f  sim pler in teraction s, 

by using th e L O T O S  parallel op era tors .

A n oth er main co n ce p t d iscussed  in this ch apter is th at o f  inheritance. W e m odel in h er 

itan ce by  using techn ica l features o f  L O T O S , nam ely superclasses with  exit fun ction a lity .



C h a p t e r  4

F u r t h e r  C o n c e p t s :  C o m p l e x  

O b j e c t s

4 .1  I n t r o d u c t i o n

In entity-relationsh ip  m odels , the term  aggregation  is used to  describe the relationship  

between an entity  and its a ttr ib u tes . Each a ttribu te  is a  com p on en t o f  an entity, and 

the entity  is an aggregate o f  its a ttr ib u tes . W e are in terested  in a broader definition  o f  

aggregation  which describes the relation sh ip  betw een o b je c ts  and allow s a m ore com plex 

o b je c t  to  be form ed  from  the com b in a tion  o f  sim pler o b je c ts . T h e  com plex  o b je c t  is 

called the a g g r e g a te  o b je c t  and th e  sim pler o b je c ts  are ca lled  o b je c t  c o m p o n e n t s ,  o r  ju st 

c o m p o n e n t s .  A ggregates are d escrib ed  by p a r t—o f , w h o le—p a r t , c o m p o n e n t —o f ,  o r  c o n s i s t s —o f  

relationships.

W e have a broader view o f  a ggrega tion  th an  som e o th e r  authors. A n im portan t char 

acteristic o f  ou r aggregates is th a t th ey m ay add  b eh a v iou r t o  the b ehaviou r defined in 

their com pon en ts . M oreover, co m p o n e n ts  w ith in  the a ggregate  m ay com m u n ica te  between 

each oth er w ith out the a ggregate ’s ‘ kn ow ledge ’ . T he services defined in a com p on en t m ay 

or m ay n ot be on  offer by the a ggrega te . W e ciassify a ggregation  accord in g  t o  w hether or 

not the com p on en ts  are visible t o  th e  oth er o b je c ts  in th e system  and also w hether o r  not 

the num ber o f  com p on en ts  can va ry  in tim e.

87
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W e m ake a clear d istinction  between aggregates and s u b s y s t e m s .  W h ile  an aggregate 

is an o b je c t ,  a subsystem  is on ly  a grou p  o f  o b je c ts , w ith ou t ind ivid ual identity.

A lth ou g h , in th e past few  years, researchers have paid  special a tten tion  to  aggregation , 

there is n o  standard defin ition  o f  w hat an aggregate is. Th is ch apter review s the m ore 

com m on  view s o f  aggregation  and presents our v iew , p rop osin g  a  set o f  properties that 

aggregates should  satisfy. Finally , it show s how R O O A  uses L O T O S  to  m od el aggregates.

4 .2  T h e  R o l e  o f  A g g r e g a t i o n

A ggrega tion  is a relationship  betw een several o b je c ts  which allow s a m ore com plex  o b je c t ,  

the a g g r e g a t e ,  to  be built from  a com bin ation  o f  sim pler o b je c ts , the c o m p o n e n t s .  B oth  

aggregates and com pon en ts  are  o b je c ts ; th ey  have an identity, th ey  offer services a ccord in g  

to  a certa in  behaviour and th ey  have sta te  in form ation  which records the results o f  their 

services. T h e  behaviour and sta te  in form ation  o f  the aggregate is given  by a com bin ation  o f  

the b eh a v iou r and state in form ation  o f  its com p on en ts  and by e x tra  d ata  and functionality .

A ggrega tion  with  hidden com p on en ts  is a kind o f  a bstra ction . There are oth er kinds, 

generalization  bein g an exam ple. A bstra ction  is the suppression  o f  detail a b ou t an o b je c t ,  

except for that relevant to  th e  im m ediate  purpose. O th er kinds o f  abstra ction  can be  

applied durin g  im plem en tation  where a con cep t is described  b y  parts, but none o f  these 

parts is a  true o b je c t . Im plem entation  abstra ction  hides im plem en tation  detail from  th e 

user. “ R ea l-w orld ”  a b stra ction , such as aggregation  and gen eralization , is useful when 

th inking a b ou t th e real w orld . It defines a m ore a bstract (h igh er level) o b je c t  which is 

useful for  o u r  understanding o f  the prob lem . T h is sort o f  a bstra ction  helps in con tro llin g  

the size and com plex ity  o f  large system s durin g developm ent a n d , if  a system  is d eveloped  

using levels o f  a bstra ction , th e  resulting p rod u ct is less d ifficu lt to  understand.

It is im p orta n t to  distinguish  betw een the role o f  an a ggregate  and th at o f  a grou p in g  

o f  o b je c ts , such as s u b s y s t e m s .  W e believe that an aggregate m ust be  a  representation  

o f  an en tity  from  the real w orld  and it m ay have in form ation  o f  its ow n , for exam ple  

the n u m ber o f  com p on en ts . In the m ore  interesting case, th e  aggregate m anages th e  

in teraction  betw een  its com p on en ts  and the rest o f  the o b je c ts  in the m od el. W h ereas
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subsystem s m ay be used during analysis, and m ay have n o im plem entation  con seq u en ces, 

aggregates are o b je c ts  which have first class status in the system  and which u su a lly  appear 

in th e final im plem en tation .

A  subsystem  is n ot an o b je c t ,  it is a  grou p in g  o f  logically  related o b je c ts . T h e  behaviou r 

o f  a su bsystem  is given  by the behaviou r o f  its com pon en ts . Each com pon en t com m u n ica tes  

d irectly  w ith  o b je c ts  outsid e the scop e  o f  the subsystem , as if the subsystem  d id  not exist. 

W ir fs -B rock  e t  a l . ,  for exam ple, describe a  subsystem  as an analysis co n stru ct which does 

n ot survive in the im plem entation  [W B W W 9 0 , p30]:

A  s u b s y s t e m  is a set o f  classes (an d  possibly oth er subsystem s) co lla b o ra tin g  to  

fulfil a set o f  responsibilities. A lth ou gh  subsystem s d o  not exist as th e so ftw are  

execu tes, th ey  are useful con ceptu a l entities.

T h ese  subsystem s are groupings o f  o b je c ts  useful for understanding a p rob lem , but 

th ey m ay or m ay not describe a con cep t from  the real world . A ggrega tes , o n  the oth er 

h an d , describe com p lex  con cepts  from  th e real world and so they are nam ed o b je c ts .

T h e  role played  by aggregation  varies from  author to  author. R u m bau gh  e t  a l. define 

it as a stron ger fo rm  o f  association  (con cep tu a l relationship ) [RBP'*'91]; S m ith  and Sm ith 

stress its im p orta n ce  as a m echanism  to  in trod u ce  abstraction  [SS77]; and H artm ann e t  

a l. [HJS92] use aggregation  as a stru ctu ring  m echanism  and define its fo rm a l sem antics, 

sh ow in g  how it is supported  by the specification  language T R O L L  [JSH S91].

W e see aggregation  as a m echanism  for  structuring a large system  into  d ifferen t levels o f  

a b stra ction , in w hich  each higher level o b je c t  is described  in term s o f  sim pler o b je cts . A s 

we will see, it uses a bstra ction , in form ation  hiding and encapsulation  as b a s ic  techniques.

4 .3  C o m b i n a t i o n  o f  O b j e c t s ;  A n o t h e r  V i e w

A lth ou gh  aggregation  seems a  sim ple con cep t , a standard definition d oes  n o t  exist (see  

e .g . [B la93, C iv 9 3 , H JS92, O d e9 4 ]).

A s we are interested in m odellin g  aggregation  form ally , this section  discusses the 

view su pp orted  b y  H artm ann ei al. w h o  define a form al sem antics for  co m p o s ite  o b -
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je cts  [HJS92]. A ccord in g  to  th e m , the com bin ation  o f  o b je cts  t o  form  a m ore com p lex  o b 

je c t  (such  as an aggregate) is m odelled  by  s t r u c t u r e -p r e s e r v i n g  m appings betw een  o b je c ts , 

a lso called  o b je c t  m o r p h is m s . A  special case o f  o b je c t  m orphism  is the o b je c t  e m b e d d in g  

m o r p h is m  which describes a  com p lex  o b je c t  ob\ en ca psu latin g  an o b je c t  ob-^. T h e  set o f  

life cycles o f  the en capsu lated  o b je c t  ob^  must be  preserved and events o f  ob\ m ust use 

events o f  062 to  m od ify  062’ s state. Th is latter requirem ent is captured  by the con cep t o f  

ca ll in g . If an event e i , in o b t ,  calls an event 62, in 062, then whenever ei occu rs , C2 also 

occu rs.

H artm ann e i al. state th a t  an o b je c t  em b edd in g  m orphism  between o b je c ts  ob\ and 

062, assum ing that <>¿>2 is em b e d d e d  in o b \ , has to  satisfy  the tw o  follow in g con d ition s:

1. T h e  events o f  »¿>2 are inclu ded  in th e  set o f  even ts o f  ob \ . For the life cy cle  o f  the 

(co m p o s ite ) o b je c t  061, i f  we con strain  a life cy c le  to  the events o f  th e em bedded  (or 

p art) o b je c t , we have t o  ob ta in  a valid life cy c le  o f  the em bedded  o b je c t .

2. T h e  attributes o f  062 a re  included in the a ttr ib u tes  o f  ob \ . For observation s o f  ob\ 

p ro jected  to  the a ttr ib u tes  o f  the part o b je c t ,  we m ust ob ta in  the sam e observation  

as for apply in g the ob serva tion  m app in g  o f  part o b je c t  o b 2 to  a life cy cle  o f  ob\ 

restricted  to  the even ts o f  062•

An aggregate o b je c t  th a t satisfies these tw o rules is the co p ro d u ct o f  its com pon en ts . 

Such an o b je c t  does not a dd  any behaviou r to  the b ehaviou r a lready defined in its c o m p o 

nents. M ost o b ject-o r ien ted  analysis m eth od s argue th a t the interesting situation  appears 

when the aggregate htis p rop erties  o f  its ow n  toge th er with th e  properties o f  its co m p o 

nents [C Y 91a , d C L F 9 3 , R B P + 9 1 ].

Im posing the con d ition  th a t every event defined in an o b je c t  com pon en t has also to  

be defined in the aggregate forb id s  a com pon en t t o  have services hidden from  th e  aggre 

gate . Such hidden services w ou ld  a llow , fo r  exa m p le , com m u n ica tion  betw een com p on en ts  

w ith out the aggregate ’ s in terven tion . H ence, the tw o  rules forb id  the com m u n ica tion  be 

tween o b je c t  com pon en ts  defin ed  at the sam e level o f  the hierarchy and in the scop e  o f  

the aggregate.
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W e  want ou r aggregates to  have ex tra  fun ction a lity  w hich  is unknow n to  their c o m 

p on en ts . M oreover, we want to  allow  com m u n ication  betw een o b je c t  com p on en ts  w ith ou t 

the a ggrega te ’s know ledge. T h ere fore  we p e rm it , services defined in a  com p on en t, and 

which are on ly  needed  by another com p on en t, n o t to  be o n  offer by th e  aggregate. For 

these reason s ou r aggregates are different from  thpse o f  H artm ann e t  a l.

4 .4  T r a n s i t i v i t y

As a  com p on en t is an o b je c t ,  it m ay happen th a t this o b je c t  is itself a  com plex  o b je c t ,  

com p o se d  o f  o th er o b je cts . T h e  o b je c t  at the to p  level o f  th e  hierarchy need not kn ow  

that o n e  or m ore o f  its com p on en ts  are aggregates. Th is leads to  the issue o f  tran sitiv ity . 

W hile  som e authors [dC LF93] exp licitly  say that aggregation  is not transitive , o th er a u 

thors [R B P + 9 1 ] define transitiv ity  as on e  o f  the m ost im portan t prop erties o f  aggregates.

T ran sitiv ity  can  be discussed a ccord in g  to  the sem antics o f  the aggregation  relationsh ip . 

Let us su ppose  th at aggregate ob\ has the com p on en t 062 w hich  has a  com p on en t ob ^ . It 

is the case  that i f  o b 2 is part o f  the internal stru ctu re o f  ob\ and  of»3 is p art o f  the in ternal 

stru ctu re  o f  ob^ , then ob^  is part o f  th e internal structure o f  061. H ow ever, tran sitiv ity  

is lost w hen  aggregation  relation ships with  different sem antics are involved . For e xa m p le , 

I am part o f  a research grou p  and m y arm is part o f  m e, b u t m y arm  is not part o f  m y 

research group.

M essage con n ection s, for exa m p le , are not transitive. If ob\ has a m essage co n n ection  

with o f>2 and of>2 has a m essage con n ection  with  ob ^ , this d o e s  not m ean that ob\ has a 

m essage con n ection  with 0 &3. If this was not so , in form ation  hiding and  en capsu lation  

would n ot be available. N evertheless, indirect com m u n ica tion  is possib le . W hen th e to p  

level o b je c t ,  o b je c t  ob\ , requests a service from  on e  o f  its com p on en ts , o b je c t  062, it 

m ay well be that ob^  delegates part o f  the service to  one o f  its com p on en ts , o b je c t  063. 

H ow ever, ohj does  not need to  know  th e 062-services which corresp on d  to  calls o f  063- 

services. W e can say th at, in general, oh j-services call 062-services w hich call o 63-serv ices. 

Th is is discussed b y  R um baugh e< a l. [RB P '^91] as p r o p a g a t io n  o f  o p e r a t i o n s  and is w h at 

H artm ann e t  a l. [HJS92] call e v e n t - c a l l in g .
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4 .5  C la s s i fy in g  A g g r e g a t i o n

W e describe an aggregate in term s o f  its com p on en ts . W e allow a com pon en t t o  be hidden 

(n on -sh ared ) from  other o b je c ts  or shared b y  other o b je c ts . W e use the term  a g g r e g a tio n  

to  refer to  the relationship between the aggregate and its com pon en ts. A s a  con ceptual 

relationship , aggregation  has cardinality. W e show da^dinality at the end p o in ts  o f  the 

relationship  with  an am ount ( k )  or a range (n ,  m )*.

A hidden com pon en t is not visible to  o th er o b je c ts  in the system  and s o  it can on ly  

com m u nicate  w ith  the rest o f  the system  through  the aggregate, although it ca n  interact 

w ith  oth er com pon en ts  in th e sam e aggregate . An aggregate defines the scop e  o f  its hidden 

com pon en ts and encapsulates each o f  th em .

A  shared com pon en t can be accessed b y  other o b je c ts  in the system . For each  shared 

com p on en t, an aggregate has an a ttribu te h old ing the o b je c t  identifier o f  th at com p on en t.

A com pon en t encapsulates its own sta te  and behaviou r, in the sense that its  state m ay 

on ly  be changed using the services defined in its interface. T h e  in teraction  betw een an 

aggregate and its com pon en ts and am on g com pon en ts  is via com m u nication  [M C 93c].

So far, we have been ta lk ing abou t aggregates and com pon en ts as bein g o b je c ts . W e 

will from  here on  talk a bou t aggregate classes, com pon en t classes, aggregate o b je c ts  and 

com pon en t o b je c ts . H owever, in situations where the m eaning is u n derstood  by the c o n 

tex t , we m ay use on ly  the term s “ a ggregate”  and “ com p on en t” .

In the o b je c t  m odel o f  O O A  m ethods th e  aggregate is represented by the cla ss  tem plate  

at the top  level o f  the hierarchy and the com p on en ts  are the class tem plates a t  the b o tto m  

(see Figure 4 .1 ).

P'or our w ork , we allow aggregates w ith  either a  static or dynam ic n u m b er o f  co m p o 

nents, but we restrict the num ber o f  com p on en t classes t o  be constant. T h e  stru ctu re  o f  an 

aggregate with  a constant num ber o f  com p on en ts  is defined at requ irem ents-specification  

tim e and its com position  never changes, w hile the stru ctu re o f  an aggregate w ith  a variable 

num ber o f  com pon en ts  can have its com p osit ion  changed during its life tim e.

A ggregation  with a static num ber o f  h idden com pon en ts  is called d is jo in t  com p osit ion

'W e  om it card in a lity  when it  is not im p ortan t fo r  the prob lem  bein g diecuaaed.
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Figure 4 .1 : A ggregation

by H artm ann e t  a l. [H JS92] and e n s e m b l e  by C h am p eau x  e t  a l. [dC L F 93 ]. H artm ann 

and his colleagues also d istingu ish  aggregation  with a sta tic  n um ber o f  shared com pon en ts  

(th ey  call it s t a t i c  n o n - d i s j o i n t  co m p o s it io n ) and a ggregation  with  a d yn a m ic num ber o f  

shared com pon en ts (th ey  ca ll it d y n a m ic  n o n -d i s j o in t  co m p o s it io n ).

Som e authors treat o th e r  aspects o f  aggregation . For e xa m p le , O dell cla.ssifies aggre 

ga tes accord in g to  six kinds [O de94]. M ost o f  these kinds o f  com p osite  o b je c ts  d o  not 

seem to  us to  be useful in describ in g  softw are system s.

4 . 5 . 1  A g g r e g a t i o n :  H i d d e n  C o m p o n e n t s

A hidden com pon en t is defin ed  internally to  its a ggrega te , and so it is hidden to  the 

o th er o b je c ts  in the system  (a s  defined in [dC L F 93 , H JS92, RB P"*'91]). F urtherm ore, this 

o b je c t  exists on ly  while th e aggregate ex ists. A  hidden co m p o n e n t m ay on ly  interact w ith 

oth er com pon en ts  in the sa m e  aggregate o r  w ith th e a ggregate . T h e  a ggregate  m anages 

any interaction  between su ch  com p on en ts  and the rest o f  th e m odel. A ll the services 

defined within hidden co m p o n e n ts  which are to  be  offered  to  th e ou tsid e  are on  o ffer by 

the aggregate. W hen these services are required from  the a ggregate  by a n oth er o b je c t ,  the 

aggregate routes the m essage to  one o f  its com p on en ts , receives the answ er, if  any, and 

then returns the result. F igu re  4 .2  show s a  sim ple o b je c t  m o d e l com p osed  o f  an aggregate 

with  tw o hidden com p on en ts  and a client. W e have used a  m odified  version  o f  th e  C oad
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and Y ou rd on  n otation . E ach  b ox  in the o b je c t  m odel represents a class tem plate.
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(—rvtc»_C1) (f fvtc<,C1)

—
Cll«nt_A . » ........If9.».v!0...............

servlca_B1
Mivtce.CI
Mrvtc«.D2

service^l
servic6_A2

Compon«nt_D

Mrvtce_D1
servlc«_D2

Compon«nt_C

Mrvice_C1
servtce_C2

Figure 4 .2 ; A ggregation  w ith  tw o hidden  com pon en ts

T h ere  is a  problem  in representing aggregation  with hidden  com pon en ts. T h e  notation  

used by ob je ct-o r ie n te d  analysis m eth od s, such  as [C Y 9 1a , Jac92, R B P ‘*'91] is confusing, 

since it represents tw o different levels o f  abstraction  in th e  same diagram . T h e  aggregate 

is represented by the to p  b o x  in the d iagram  and the com pon en ts  are  represented by the 

lower b oxes . H ow ever, th e  aggregate is really com posed  o f  everyth ing and the lower boxes 

should  be represented inside the top  b ox .

In S tru ctu red  A nalysis , when draw ing D a ta  Flow D iagram s (D F D s ) , for exam ple, we 

use a d iagram  for each level o f  abstra ction : a D FD  at level n +  1 replaces a process in 

the D F D  at level n. T h is approach  is not used to  build o b je c t  m odels . In a C A S E  tool, 

such as O b je c T o o l* , su b jects  (o r  m odu les, o r  su bsystem s) can be expanded  to  show  their 

o b je c t  com p on en ts , even i f  the resulting final diagram  has a flat structure . H ow ever, an 

aggregate ca n n ot be  sim ply replaced by its com p on en ts , because it is n ot just the collection  

o f  its com p on en ts , as a subsystem  is; it has ex tra  functionality. I f  aggregates are useful 

to  stru ctu re  a  system  in to  levels o f  a b stra ction , we should  be able to  use them  to  build 

o b je c t  m od els  accord in gly . Figure 4 .3  represents this idea.

W e w ant to  use ex istin g  ob ject-o r ien ted  C A S E  to o ls , and so we accept the standard 

O O A  term in ology . W e p rop ose  an a lternative in terpretation  o f  the d iagram , considerin g, at

'O b je c T o o I  U a tradem ark  o f  O b je c t  In tern ation al, Inc.
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a ) b)

Figure 4 .3 : a ) H igher level o f  a bstra ction : aggregate; b ) Lower level o f  abstraction : the 

com pon en ts  and the aggregate ’s ex tra  fun ction ality

the lower level o f  abstra ction , th e  to p  box o f  the diagram  to  be the in terfa ce  o f  the aggregate 

and th e aggregate, i.e. the w h ole  structu re, as the dotted  b ox  shown in  Figure 4 .4 .

Aggr* oat«_B

(■• rvtc^^CI)

MrvtM.AI
Mrvtc«_A2

(result)

Aogragal*  B 
(Inteitecey

servlce_B1
sarvice_C1
service_D2

Component_D

servtce.DI
servlce_D2

(servtee.CI)

^  (result)

Compor>ent_C

servIce.CI
servlce.C2

Figure 4 .4 : A ggregation  w ith  hidden com pon en ts  m arked as a  s in g le  class tem p la te

A t one level o f  a bstra ction , A g g r e g a te —B  represents the com p lete  stru ctu re . A t a  low er 

level o f  abstraction  we have C o m p o n e n t —C , C o m p o n e n t —D  and the e x t r a  fun ction ality  the 

aggregate offers (represented b y  A g g r e g a t e —B  which is now  regarded as th e  interface to  the 

com p on en ts ). W e ch oose to  n a m e the com plete  aggregate with th e sa m e  nam e as the box
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at the top  level o f  the aggregation , since th ey  represent th e  sam e con cep t.

If the n u m b er o f  instances o f  each com p on en t is sta tic , th e internal structure o f  the 

aggregate n ever changes. If the num ber o f  o b je c t  com p on en ts  is d yn am ic, the aggregate 

may create n ew  o b je cts  or even rem ove som e  o f  the ex istin g  ones, ch an ging its internal 

structure. N o t ic e  however, that in b o th  situations, th e interface o f  th e aggregate never 

changes and th e  com pon en ts on ly  exist while  the a ggregate  exists. T h e  creation  o f  new 

com pon en t o b je c t s  is the exclusive decision  o f  the aggregate.

4 . 5 . 2  A g g r e g a t i o n :  S h a r e d  C o m p o n e n t s

A shared co m p o n e n t has a life o f  its ow n , th a t is, it can exist independen tly  o f  the aggre 

gate. W hile  a  non -shared  com pon en t is encapsu lated  in the aggregate and hidden from  

the rest o f  th e  m od el, a shared com p on en t is visible ou tsid e  the scop e  o f  the aggregate 

and therefore it can com m u nicate  d irectly  with oth er o b je c ts . T h e a ggregate  knows its 

shared com p on en ts  by having a specific  a ttribu te  for each  on e . This a ttr ib u te  holds the 

o b je c t  iden tifier o f  the com pon en t. F igure 4 .5  shows the exa m p le  given in Figure 4 .2 , but 

now C o m p o n e n t —C  is visible ou tsid e the aggregate.

Figure 4 .5 : S ta tic  aggregation  with on e  shared com p on en t and one hidden com pon en t

T h e  top  b o x  represents the whole aggregate and each  lower b ox  its com pon en ts . A s 

C o m p o n e n t —C  is shared, it is ou tside the d o tte d  b o x . T h e  services offered  by the shared
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com pon en t ca.n also be offered  by the a ggregate. It is a clien t’ s decision  to  ch oose either 

A g g r e g a te —B  or C o m p o n e n t —C  io r  com m u n ica tion . W h en  an o b je c t ,  ou tside the scope o f  

the aggregate, com m u n icates with th e aggregate , it m ay or  m ay n ot give the identifier o f  

the shared o b je c t  involved.

T here are situation s w hich  m ay be  relevant in understandin g certa in  prob lem s, but 

which are n ot show n by an o b je c t  m odel. W h en  we talk a b ou t a shared com p on en t, we d o  

not specify  in which term s this com pon en t is shared. For exam ple, it m ay be  im portan t 

t o  be able to  determ ine w heth er o r  n ot a given  instance o f  a com p on en t class is shared, 

o r  if the sharing concerns different instances.

Let us consider tw o exam ples. In the first on e, we define an aggregate C a r  with a 

com pon en t E n g i n e .  T h e engine class is shared by another aggregate . P l a n e .  It seems 

reasonable to  assum e that on e  instance  o f  E n g i n e  m ay n ot be shared by a car and a plane, 

at the sam e tim e. T h ere fore , in F igure 4.6 we have sharing o f  a co n ce p t , but not a sharing 

o f  o b je c ts , even if  the con cep t o f  relationship  is defined betw een  instances and not between 

classes.

F igure 4 .6 : Sharing th e class tem p late , b u t not the o b je c ts

For th e  relationship  betw een E n g in e  and C a r , E n g in e  has op tion a l card inality , which 

means th a t an engine m ay o r  m ay n ot have a  relation with  an o b je c t  in C a r  (sim ilarly  for 

the relationship  betw een  E n g in e  and P l a n e ) .  In such a  situ ation , th e o b je c t  m odel does 

not distinguish  betw een  cases where an o b je c t  com p on en t can b e lon g  to  tw o aggregate 

o b jects  at the sam e tim e, b e lon g  to  on ly  on e  o f  th em , o r  t o  none o f  th em .

T h e case in F igure 4 .6  can  be seen as a m ixtu re  o f  sharing and h id ing. T h e  com pon en t
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class is shared, but the com pon en t o b je c t  is hidden. A  com pon en t class b ein g  shared 

m eans th at we can  use the definition o f  the co m p o n e n t to  build different aggregates. 

( I f  the com pon en t class was not shared it would not b e  visible t o  oth er aggregates.) A 

com pon en t o b je c t  be in g  hidden, m eans that the o b je c t  has to  be instantiated  with in  the 

aggregate and no o th e r  o b je cts  know a bou t it. ^

N ow , consider th e  aggregates Feunily and R e s e a rc h -G ro u p  sharing the sam e co m p o 

nent P e r s o n . In th is case, an instance o f  person can b e  sim ultaneously shared by an 

instance o f  fam ily and by an instance o f  research g rou p . A s we can see in F igure 4 .7 , we 

can n ot show  the d ifference between this situation and th e  situation  depicted  in Figure 4.6 

in an o b je c t  m odel.

F igure 4.7: Sharing th e class tem p la te  and the o b je c ts

W e can have sta tic  aggregation , when the n um ber o f  com pon en ts  is con sta n t, and 

dyn am ic a ggregation , when the num ber o f  com p on en ts  is variable. Both cases are dealt 

with in a similar w ay to  aggregation  w ith  hidden co m p o n e n ts , except that now th e  creation  

o f  an o b je c t  com p on en t m ay be initiated  either by th e  aggregate o r  by one o f  the oth er 

o b je c ts .

H artm ann e t  a l. allow  the creation  o f  a dyn am ic a ggregate  w ith  non-existing o b je c t  

com p on en ts  [H JS92]. Such com p on en ts , at the m om en t th e aggregate is defined, have an 

em pty life cycle , b u t their identifiers have to  be pre-determ ined .

A ccord in g  to  som e  authors, on ly  aggregation  with h id ing represents a useful m echa 

nism [Jac92, R D P + g i] .  R um baugh  e t  a l ., for exam ple , a rgu e  that aggregation  w ith  sharing 

should b e  treated as an ord inary con ceptu a l relationship  [RBP'*’ 91]. W e believe that there 

arc advantages in sh ow in g such a relationship  as an aggregation  as it can im prove  ou r



C h a p t e r  4 . F u r t h e r  C o n c e p t s :  C o m p le x  O b j e c t s 99

un derstan d in g o f  a system  and m ay give d irections for reusability. (W e  ju stify  this view 

in S ection s 4 .8 .2  and 4 .8 .4 .) W h ile  a con cep tu a l relationship  is likely to  change when it is 

put in a  different con tex t, an aggregation  m ay n ot change.

W ith  respect to  deletion , a  shared com pon en t can o n ly  be  rem oved when n o other 

o b je c t  in the system  has access to  it.
I

4 . 5 . 3  C a t a l o g  A g g r e g a t i o n

S om e authors classify  aggregation  in to  p h y s ic a l  and c a t a lo g ,  a ccord in g  to  its card inal 

ity  [B la93]. In physical a ggregation , each com p on en t o b je c t  is part o f  at m ost on e aggre 

g a te  o b je c t  o f  a given  class, while, in ca ta log  a ggregation , each  com p on en t o b je c t  m ay be 

part o f  m any aggregate o b je c ts  o f  the sam e class. T h a t is, in a physica l aggregation , each 

re lationsh ip  from  each com pon en t to  the aggregate has m u ltip licity  o n e ,  while in ca ta log  

a ggrega tion , each relationship  from  each com p on en t to  th e aggregate has the m ultiplicity 

m a n y .  This is show n in Figure 4 .8.

F igure 4 .8 : C a ta log  aggregation  and physica l aggregation

(T h e  exam ples discussed in the previous section  are physica l a ggregates.)

C a ta lo g  aggregation  describes sharing betw een instances o f  the sam e class: tw o  differ 

ent instances o f  a  given aggregate class share the sam e com p o n e n t o b je c t .  In Figure 4 .9  

th e o b je c t  Edward is a m em ber o f  the Naural—Natworka and  Artlf Iclal—Intalliganca 

research groups.

W h en  we allow  ca ta log  aggregation  we lose in form ation  h iding, since an o b je c t  co m 

p on en t has to  b e  known by tw o  aggregate o b je c ts . T h ere fore , we treat this kind o f  ag-
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F’ igure 4 .9: O ne person belongs to  tw o  research groups

gregation  as aggregation  with shared com p on en t classes. C a ta log  aggregation  is helpful 

when designing prob lem s where com p on en ts  o f  the sam e typ e  are interchangeable.

W h en  discussing th e design o f  relational d ata  bases, Sm ith forb id s ca ta log  aggregation 

by im posin g  the fo llow in g rule [SS77]: for  a given aggregate class A  with the com pon en t 

classes C i ,  ..., C „ ,  tw o  d istinct real-w orld  instances o f  A  m ust not determ ine the same 

instances o f  C,-. T h a t is, a given m em ber o f  C ; must n ot be shared by tw o instances o f  A .

Kim  e t  a l ., when defin ing d e p e n d e n t  o b je c t s ,  are im plic itly  defln ing physical aggrega 

tion  [K H C '’ 87]. Som e authors classify th e  com plex  o b je c t  o f  a physical aggregation  into 

a g g r e g a te ,  if it has a 1 : 1 relationship  w ith  each co m p o n e n t, and c o l l e c t i o n ,  if it has a 

1 : N  relationship  with  each com p on en t [C iv93]. A collection  is useful to  define h om oge 

neous sets o f  o b je c ts , for exam ple  a F o o tb a ll_ T e a m  is a collection  o f  o b je cts  o f  the class 

F o o t b a l l e r .  H ow ever, we d o  n ot con sider this a special kind o f  aggregation  and we use 

the term  aggregate for both  cases.

4 .6  P r o p e r t i e s  o f  A g g r e g a t i o n

T h ere  are m any different views o f  aggregation  and in the previous sections we have dis 

cussed  som e o f  them . A u th ors seem not t o  agree on  w hich specific  properties aggregates 

should  satisfy. H ow ever, we can identify on e  poin t w hich  they all have in com m on : in 

terestin g aggregates have hidden com p on en ts . A ggrega tes  w ith  hidden com pon en ts are 

im plem ented  using en capsu lation . Th is perm its an aggregate t o  be  seen as a single o b je ct
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at one level o f  abstraction , and so it can be used  as a structuring m echanism .

W e agree that m ost advantages com e from  u sin g aggregates with  h idden com pon en ts . 

H ow ever, instead o f  treating and representing aggregation -w ith -sh arin g  as a regular form  

o f  con cep tu a l relationships, we use the term in o logy  o f  aggregation . B y d oin g  th is, we are 

giving m ore  in form ation  abou t the com p osit ion  o f  an o b je c t ,  im provin g  the understand- 

ability o f  th e relationship that connects the tw o  o b je cts .

W e p rop ose  that aggregates have the fo llow in g  properties:

• A ggregates may have extra  functionality  in  addition  to  the fu n ction a lity  defined in 

their com pon en ts;

• O b je c t  com pon en ts at the sam e level o f  a b stra ction  (w ith in  the sam e aggregate) can 

com m u n ica te  with  each other without h a v in g  to  com m u nicate  v ia  their aggregate;

• T h ere  is a m echanism  o f  service delegation  (propa ga tion  o f  op e ra tio n s ) between 

o b je c ts  at consecutive levels o f  a b stra ction ;

• A n  aggregate acts as the interface to , o r  m anager o f , the aggregate com p on en ts . 

It calls services o f  the com pon en ts, but th e  com pon en ts d o  not ca ll services o f  the 

a ggregate;

• In general, aggregation is not transitive i f  th e  sem antics o f  the relationsh ips involved 

d iffer. A ggregation  is never transitive w ith  respect to  m essage con n ection s . Suppose 

th at aggregate A  has a com ponent B  and B  has a com pon en t C . I f  A  com m u nicates 

w ith  B ,  and B  com m unicates with C ,  th is  does n ot im ply th at A  com m u n icates 

(d ire c t ly )  with C ;

• A ggrega tion  is antisym m etric: if B  is a com p o n e n t o f  A ,  then A  is not a com p on en t 

o f  B .

A ggregates with  hidden com ponents satisfy th e  follow in g extra  properties:

• A n  aggregate encapsulates its com p on en ts ;
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• Each com p on en t is hidden from  the rest o f  the w orld , i.e . it is n ot visib le ou tside the 

scop e  o f  the aggregate;

• T h e  deletion o f  an aggregate im plies the deletion  o f  <dl its com pon en ts .

A ggregates with shared com pon en ts  satisfy  the extra  fo llow in g  properties:

• T h e  com pon en ts  can n ot b e  encapsu lated  as th ey  m ust be visible to  oth er o b je cts  

ou tsid e  the scop e  o f  the aggregate;

• I f  necessary, a  com pon en t m ay know a b ou t its a ggregates. This is th e case for ca ta log  

a ggregation , where it m ay be  useful for  a com p on en t to  know  to  which aggregates it 

belongs;

• T h e  deletion o f  a com p on en t is on ly  possible  i f  there are  no o th er  aggregates with 

references to  it. It m ay be  initiated by oth er o b je c ts  in the m odel;

• T h e  deletion o f  an aggregate does n ot im ply th e deletion  o f  its com pon en ts ;

• T h e  aggregate can exist a fter the deletion  o f  its com p on en ts ;

• T h e  creation  o f  a com p on en t m ay be  initiated b y  o th er o b je c ts  in the m odel.

4 .7  M a n a g i n g  C o m p l e x i t y

A ggregation  gives a  m echanism  for structuring large system s. Such stru ctu ring  m ay be 

accom plished  either t o p -d o w n  o r  b o tt o m -u p .  In a to p -d o w n  a pp roa ch , aggregates can show 

up early. As the developm ent evolves, these com plex  o b je c ts  are refined and their co m p o 

nents identified. Even when we identify  aggregates early, we d o  not have to  guarantee their 

correct classification in to  hidden o r  shared. A s we will show  in Section 4 .8 .4 , m ovin g from  

one ty p e  to  the o th er is very sim ple and brings no p rob lem s. In a b o tto m -u p  approach , 

we m a y  start iden tify in g the low er level o b je c ts  and th en  we m ay grou p  som e o f  them  to  

form  aggregates.

In som e situ ation s, depen d in g on th e style  o f  th e  requirem ents, it m ay be difficult 

to  s ta rt with a top -d ow n  a pp roa ch . W e can  identify  tw o  reasons for this. First, if  the
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requirem ents are w ritten  in a  functional way, w hen dividing a system  according t o  its 

fu n ction a l areas it m ay be that different areas describe parts o f  the sam e o b je ct . I f  each  

team  takes a  fun ction a l area, som e o f  the team s m ay have different views o f  the sam e 

o b je c t . F or a large p ro je c t  it is necessary to  give nam es to  candidate o b jects , w ith ou t 

spendin g m uch tim e considerin g w hether or  not a given  o b je c t  is im portant. T h e a n a lysts 

can use th eir know ledge a bou t the real w orld . N ext, we can m ake groupings o f  o b je c t s  

a ccord in g  to  their role in the system  and keep in teractions between groupings low . E ach 

grou p  o f  o b je c ts  is then  given to  different team s w h o  proceed with the analysis u sin g  a 

m ixtu re o f  top -d ow n  and b o tto m -u p  approaches.

S econ d , the requirem ents docu m en t m ay describe the problem  in a very flat s ty le , 

w ith ou t hierarchical stru ctu re. It is also possible th at the users describe physical d eta ils  

o f  the p rob lem  and are  unable to  abstract con cep ts . If this happens, the candidate o b je c t s  

we start identify ing are  certa in ly  low  level o b je c ts . As the developm en t proceeds, m ore  

com p lex  o b je c ts , such as aggregates, are identified.

M ost O O A  m eth od s start by identify ing o b je c ts . D epending on the style u sed  to  

write th e requirem ents d ocu m en t, we can identify aggregates sooner rather than later. W e 

believe th a t in a large p ro je ct the o b je c ts  we start identify in g are a m ixture o f  com p lex  and 

sim ple o b je c ts . W e can  identify com plex  o b je c ts  in tw o ways: by analysing relationships 

and sim ilarities betw een o b je c ts  (b o tto m -u p  com p os it ion ) and, while describing an o b je c t  

we m ay identify  it as being a  com plex  o b je c t  (top -d ow n  d ecom p osition ).

4 .8  M o d e l l i n g  A g g r e g a t i o n  in  L O T O S

W e have shown in C h apter 3 how to  m odel o b je c ts  and classes in L O T O S . An o b je c t  is 

norm ally  m odelled  b y  a process and one or  m ore A D T s , but when an o b je c t  in the o b je c t  

m odel o n ly  plays the role o f  a ttribu te  o f  another o b je c t ,  it is m odelled by a single A D T .

T o  b e  useful as an a bstra ction , an aggregate m ust play an Im portant role in the system  

and so  it is m odelled as a process and one o r  m ore A D T s . If the o b je c t  on ly  plays the ro le  o f  

an a ttr ib u te , a lthough  an a ttribu te  m ay have internal structu re, we d o  not regard it as an 

a ggregate . For exa m p le , a lthough we can consider the a ttribu te A d d ress  to  be com p o se d
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o f  H o u s e - N u m b e r ,  S t r e e t - N a m e ,  P o s t - C o d e ,  C i t y —N am e a n d  C o x m t r y —N a m e ,  A d d r e s s  is

m odelled  cis an A D T  which is a  com b in a tion  o f  sorts (on e  sort fo r  each co m p o n e n t). A lso , 

if  the com pon en ts o f  an o b je c t  o n ly  play the role o f  a ttribu tes , the o b je c t  is m odelled  as 

an ordinary  o b je c t , not as an a ggrega te .

This section is concerned w ith  showing how  to  m od el aggregates in L O T O S . A s m any 

authors suggest, we m odel a ggrega tion  with  shared com p on en ts  as con cep tu a l relation 

ships. T h e  aggregate and each com p on en t are defined  by separate  p rocesses, and the 

aggregation (th e  relationship) is m od elled  in the sam e way as  fo r  con ceptu a l relationships. 

Unless som eth ing different is said in  the requirem ents, the aggregate knows its com p on en ts , 

but the com pon en ts d o  not k n ow  a b ou t the a ggregate.

An aggregate with hidden co m p o n e n ts  is m odelled  as a p rocess  which encapsu lates a 

process for each o f  its com p on en ts  together with  a process m an ager, or in terface. A s a rule, 

we give the sam e nam e to  b oth  th e  process representing the aggregate and the process 

representing the interface. T h e  follow in g su bsection s discuss this in deta il. A hybrid  

aggregate has hidden and shared com pon en ts . T h e  hidden com p on en ts  are  m odelled  as 

processes em bedded  in the p ro ce ss  defining the a ggregate, w hile  the shared com pon en ts  

are m odelled as separate p rocesses . A  reference t o  each separate  process is m odelled  as 

an A D T  and given as a p a ra m eter o f  the a ggrega te ’s process.

W hile  a sim ple o b je c t  m ay b e  regarded as a sequential m ach ine, an a ggregate  has the 

im plicit con n otation  o f  having in tern al parallelism  [dC L F 93].

H aving a static or a d yn a m ic num ber o f  o b je c t  com p on en ts  does n ot com p lica te  the 

prob lem , since we can easily d e fin e  o b je ct  gen erators. If we are dealing w ith  aggregation  

with hidden com pon en ts , the o b je c t  generators for each  com p on en t are defined inside the 

aggregate and therefore they a re  n ot visible from  th e ou tside. Th is allow s the sam e set 

o f  identifiers to  be used by d ifferen t o b je c t  gen erators  defined inside d ifferent aggregates. 

T h e  advantage o f  this is its s im p lic ity . H ow ever, each  com p on en t is then on ly  uniquely 

identified when the aggregate iden tifier  is given  togeth er w ith  the com p on en t identifier. 

W e d o  not see this as a p rob lem , s in ce  the co m p on en ts  are n ot visible to  th e  oth er o b je c ts  

in the system  and so the a g g re g a te  identifier m ust alw ays be used to  access them .
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T o  dem on strate  how aggregates can be  m odelled  in L O T O S , we use a sim ple v id e o  

p layer with fou r fun ction s: load  a ta p e , play a  ta pe , s to p  p laying and e ject a tape. T h e  

v id eo  has tw o  com p on en ts : a m otor  and an e ject m echanism . Its b ehaviou r is given  b y  

the fin ite  state  a u tom a ton  dep icted  in Figure 4 .10 .

Loaded;
stopped

eiect/

P*ayi

stop

Empty;
stopped

Playing;
k>adM

eject ' play

F igure 4.10: B ehaviour o f  the v ideo  player exam ple  defined as a fin ite  state a u tom aton

4 . 8 . 1  A g g r e g a t i o n  w i t h  H i d i n g

If th e  num ber o f  com p on en ts  is con sta n t, we can define th e internal com position  o f  th e  

aggregate at specification  tim e. C reation  or  deletion  o f  th e aggregate im plies the creation  

or deletion  o f  its com p on en ts . T h ere fore , the deletion  o f  a  com p on en t is im possib le  w ith ou t 

the deletion  o f  th e  aggregate.

L et us su p p ose  that th e  v ideo p layer has on e  m o to r  and one e je c t  m echanism . F ig 

ure 4 .11  shows th e class tem plates for  V id e o , each on e  w ith  its a ttribu tes  and services. 

S t a t e —V can take the values em pty, lo a d e d  and p la y i n g ;  S ta te _ N  can take the values 

s t o p p e d  and ru n ; finally, S ta te _ E  can take the values em pty  and lo a d e d .

A s  the com p on en ts  are  not sh ared, we draw  a d o tte d  box  (s tru ctu re ) around th e  

a ggregate. T h e  sem antics o f  this is th at the class com p on en ts  M otor and  E je c t -M e c h a n is m  

are en capsu lated  within th e  aggregate V id e o , and so th ey  are not v isib le  ou tside V id e o .  

In C h a p ter  6 we sh ow , by fo llow in g  an a lgorith m , how t o  build  an O b je c t  C om m u n ication
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Figure 4 .11 : V id e o  player aggregate

Diagram  (O C D )  as dep icted  in Figure 4 .1 2 . (In this sim ple exam ple , the re s t  o f  the system  

is the in terface scen ario .)

Figure 4 .12 : O b je c t  C om m u n ication  Diagram

In L O T O S , the corresp on d in g  top  level behaviour expression takes th e  form :

(  V l d c o C v ] ( N a k a _ V l d « o ( i d l  o l  V i d « o _ I d ,  a m p ty  o f  S t a t e _ V ,  b r a n d . v l d a o ,

t y p « _ v i d « o ,  i d l  o f  M o t o r . I d ,  i d l  o f  E j « c t _ M a c h a n l a m _ I d ) )

I Cv] I

I n t a r f a c « _ S c « n a r l o [ v ]

)

w h a r a

p r o c a a a  V l d a o f v ] ( t h i a . v l d a o :  V i d a o . S t a t a ) : n o a x l t  :■ 

h l d a  m , a  i n

(  V i d a o C v ,  m . a ] ( t h l a . v l d a o )
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I [ m . e ]  I

(  M o t o r  C m ] ( M a k e _ M o t o r ( G e t _ M o t o r _ I d ( t h i s _ v i d e o ) , s t o p p e d  o f  S t a t e _ M ) )

I I I

E j  e c t _ M e c h e m is m [ e ]

( M a k e _ E j o c t _ M e c h a n i8m ( G e t _ E j e c t _ M o c h a n i8m _ I d ( t h i s _ v i d e o ) , 

e m p t y  o f  S t a t e ^ E ) )

)

)

w h e r e

p r o c e s s  V i d e o C v ,  m , e ]  . . .  e n d p r o c  ( •  V i d e o  *)

p r o c e s s  H o t o r C m ]  . . .  e n d p r o c  ( *  M o t o r  * )

p r o c e s s  E j e c t _ M e c h a o i i s m [ e ]  . . .  e n d p r o c  ( •  E j e c t . M e c h e m i s m  ♦ )

e n d p r o c  ( *  V i d e o  e )

As we discussed b e fore , we nam e the com p lete  aggregate with  the sam e nam e as the b ox  

at the top  level o f  th e a ggregation . This is show n in L O T O S  by having tw o processes 

with the sam e n am e, o n e  encapsu lating the o th er . A t one level o f  abstraction  the ou tside 

process represents th e aggregate (i.e . the b o x  at the top  level o f  the h ierarchy) while at 

a lower level o f  a b stra ct ion  the inner process represents the b ox  at the to p  level o f  the 

hierarchy which is now  regarded as the in terface to  the com pon en t o b je c ts .

As gates m and e are hidden in the external p rocess V id e o , M otor  and E je c t -M e c h a n is m  

are encapsulated  w ith in  V id e o  and defined a fter th e  keyw ord  w h ere. T h e  tw o com p on en ts  

are therefore hidden from  I n t e r f a c e - S c e n a r i o .  In this exam ple we are on ly  creatin g  

one instance o f  each  class tem plate  M otor and E je c t -M e ch a n is m , but we cou ld  create  

others by having m ore  process instantiations in th e  behaviour expression . T h e  op era tion s 

G e t_ M o to r_ Id  and G e t .E je c t .M e c h a n is m .ld  are  defined in the A D T  that defines the 

sort V id e o .S t a t e ,  as fo llow s:

t y p e  V i d a o . T y p e  i s  V i d a o _ I d _ S e t _ T y p e ,  S t a t e _ V _ T y p a ,  B r a n d _ V _ T y p a ,

T y p e _ V _ T y p e ,  M o t o r _ I d _ S e t _ T y p e ,  E j a c t _ M e c h a n i s m _ I d _ S e t _ T y p e  

s o r t s  V i d e o . S t a t e  

o p n s

M a k e . V i d e o  : V i d e o . I d ,  S t a t e . V ,  B r a n d . V ,  T y p e . V ,  M o t o r . I d ,
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C h a n g e . S t a t e

G e t _ V i d e o _ I d

G e t _ M o t o r _ I d

Ej e c t _ M e c h a n i s m _ I d  - >  V i d e o _ S t a t e

: V i d o o _ S t a t e ,  S t a t e _ V  - >  V i d o o _ S t a t e

: V i d e o . S t a t e  - >  V i d e o . I d

; V i d e o _ S t a t e  - >  M o t o r _ I d

G e t _ E j « c t _ M e c h a n i s m _ I d  : V i d a o _ S t a t e - >  E j « c t _ M e c h a n i s m _ I d

e q n s  l o r a l l  v :  V i d e o _ S t a t e ,  b :  B r a n d . V ,  t :  T y p e _ V ,  n :  V i d e o _ I d ,  m: M o t o r _ I d ,  

e :  E j e c t _ M e c h i m i s m _ I d ,  s ,  s i :  S t a t e _ V  

o i a o r t  V i d o o _ I d

G e t _ V i d e o _ I d ( M s i k e _ V i d e o ( n ,  s ,  b ,  t ,  m, e ) )  = n ;  

G e t _ V i d e o _ I d ( C h a n g e _ S t a t e ( v , s ) )  = G e t _ V i d e o _ I d ( v ) ;

o l s o r t  H o t o r _ I d

G e t _ M o t o r _ I d ( M a k o _ V i d e o ( n ,  s ,  b ,  t ,  m, o ) )  = m; 

G e t _ M o t o r _ I d ( C h a m g e _ S t a t e ( v , a ) )  = G e t _ M o t o r _ I d ( v ) ;

o f s o r t  E j e c t _ H e c h a n i s m _ I d

G e t _ E j e c t _ M e c h e a i i s m _ I d ( M a * e _ V i d e o ( n ,  s ,  b ,  t ,  m, o ) )  = e ;  

G e t _ E j o c t _ M e c h a n i s m _ I d ( C h a j i g e _ S t a t « ( v ,  s ) )

= G e t _ E j e c t _ H a c h a n i s m _ I d ( v ) ; 

o f s o r t  . . .  

a n d t y p e

In L O T O S , defin ing an aggregate with  a dyn am ic num ber o f  com pon en ts  is not d ifficu lt, 

since we have th e  facility o f  defining o b je c t  generators. A n o b je c t  gen erator allow s us 

to  crea te  m ultiple instances o f  o b je c ts . Supposing that th e num ber o f  com p on en ts  was 

d yn a m ic, the extern al p rocess  V id e o  w ou ld  be defined as:

p r o c e s s  V i d e o [ v ] ( t h l s _ v l d a o :  V l d e o . S t a t a ) : n o a x l t  

h i d a  m , a  i n

( V i d a o C v ,  m , a ] ( t h l s . v l d a o )

| [m , a ]  I

(  M o t o r s [ m ] ( { >  o f  M o t o r _ I d _ S a t )

I I I

E j a c t . M a c h a n l s m s C a ] ( O  o f  E J a c t _ M a c h a n i s m _ I d _ S a t )

) )
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w h e r e

e n d p r o c  ( ♦ V i d e o  * )

in w hich M o to rs  and Ej e ct_ M e ch a n ism s  are o b je c t  gen erators, ea ch  one in itialised w ith  

an em p ty  set o f  identifiers. A s the com pon en ts  are hidden, their p rocess  defin itions are in 

the s co p e  o f  th e  external p rocess V id e o , after the keyw ord w h ere . A s an exa m p le , let us 

consider the o b je c t  gen erator M o to rs :

p r o c e s s  M o t o r s  [ c ] ( m t s : M o t o r _ I d _ S e t ) : n o e x i t  : = 

c  ' c r e a t e  ? i d :  M o t o r . I d  [ i d  n o t i n  m t s ] ;

(  M o t o r [ c ] ( M a k e _ M o t o r ( i d  o i  M o t o r _ I d ,  s t o p p e d  o l  S t n t e _ M ) )

I I I

M o t o r s [ c ] ( I n s e r t ( i d ,  m t s ) )

)

w h e r e

p r o c e s s  M o t o r [ c ] ( t h i s _ m o t o r :  M o t o r _ S t a t e ) : n o e x i t  :=

(  [ G e t _ S t a t e ( t h i s _ m o t o r )  e q  s t o p p e d ]  - >

(  c  ! p l a y  ! G e t _ M o t o r _ I d ( t h i s _ m o t o r ) : 

e x i t ( C h a n g e _ S t a t e ( t h i s _ m o t o r , r u n ) )

)

[ ]

e n d p r o c  ( •  M o t o r  *) 

e n d p r o c  ( e  M o t o r s  e )

M o to rs  holds th e set o f  identifiers already created . (N otice  that fo r  sim plicity  we are using 

the sam e ga te  c  to  create a  m o to r  and to  op era te  the m o to r , but w e cou ld  use tw o  different 

gates.)

W h en  I n t s r f a c s - S c a n a r i o  requires a service. V id e o  rou tes th e  request to  the right 

com p on en t and then returns th e result, if  any. W hen  m ore th an  o n e  o b je c t  com p on en t 

is ready  to  synchronize , on e  com p on en t will be  chosen n on -d eterm in istica lly . T h e  inner 

V id e o  p rocess , i.e. the p rocess defin ing the interface o f  the a g g reg a te , can b e  defined as:
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p r o c e s s  V i d e o [ v ,  m, e D ( t h i s _ v i d e o : V i d e o _ S t a t e ) : n o e x i t  :=

( h i d e  c r e a t e _ m o t o r , c r e a t e _ e j e c t  i n  

[ G e t _ S t a t e ( t h i s _ v i d e o )  e q  l o a d e d ]  - >

(  V ! p l a y  ! G e t _ V i d e o _ I d ( t h i s _ v i d e o ) ;

m ! p l a y  ? m l : M o t o r _ I d  [ m l  I s i n  G e t _ M o t o r _ I d _ s e t ( t h i s _ v i d e o ) ] ; 

o x i t ( C h a n g e _ S t a t e ( t h i s _ v i d e o .  p l a y i n g ) )

[]

[]

[]

c r e a t e _ m o t o r ; 

m ¡ c r e a t e  ? id m :  H o t o r _ I d ;  

e x i t ( A d d _ M o t o r ( t h i s _ v i d e o ,  i d m ) )

[]

c r e a t e _ e j e c t ;

e  ¡ c r e a t e  ? i d e :  E j e c t _ N e c h a n i s m _ I d ;

e x i t  ( A d d _ E j e c t _ N e c h a n i s m ( t h i s _ v i d e o ,  i d e ) )

) »  a c c e p t  u p d _ v i d e o :  V i d e o _ S t a t e  i n  V i d e o E v ,  m, e ] ( u p d _ v i d e o )  

e n d p r o c  ( *  V i d e o  * )

where c r e a t e _ m o t o r  and c r e a t e _ e j e c t  are internal events. T h e  behaviour expression :

m ¡ p l a y  ? m l :  M o t o r _ I d  [m l I s i n  G e t _ M o t o r _ I d _ s e t ( t h i s _ v i d e o ) ] ;

may syn ch ron ize  with any m otor  w hich is in the right state and whose identifier is known 

by the aggregate .

T h e  crea tion  o f  new m o to rs  is defined in the b o d y  o f  the inner process V id e o , by using 

the internal e ven t c r e a t a .m o t o r  and then synchronizin g on event:

m ¡craate 7 id m :  M o t o r . I d ;

with the correspon din g  even t defined in the o b je c t  generator. T h e  E je c t J la c h a n ls m  is 

dealt w ith in a  similar way.
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T h e  op era tion  A d d .M otor  and A d d .E j e c t .M e c h a n is m  are defined in th e  A D T  V id e o .  

T ype. Th is A D T  has to  be ch an ged  to  su pp ort sets o f  m otors  and sets o f  e je c t  m echanism s.

W hen  oth er o b je c ts  in th e system  know  a bou t the existen ce o f  the co m p o n e n ts , they 

can initiate the creation  o f  a new com p on en t. H ow ever, the com p on en ts  are not visible, 

and so it is alw ays the a ggrega te ’s responsibility  to  select the right com p on en t and to  

create  new on es, by using th e o b je c t  generators.

A s a result o f  having en capsu lated  com p on en ts , another instance  o f  V id e o  can use 

the sam e com p on en t identifiers. T h is m eans that the identifier o f  a co m p o n e n t m ust be 

com bin ed  with the identifier o f  th e aggregate to  give th e full o b je c t  co m p o n e n t identifier.

A lthough a dyn am ic num ber o f  hidden com p on en ts  can be specified  in L O T O S , we 

believe that it is not a com m on  case. O n e situation  is when a  co m p o n e n t breaks dow n. 

If a  com pon en t is not responding to  the services required, the a ggregate  can  su bstitute  it 

w ith a new com p on en t. T h e  A T & T  ESS5 sw itch  has ‘ a u d itors ’ which g o  around checking 

invariants in softw are m odules which have a certain  fun ction ality . If a  m odu le  does not 

satisfy the invariant, the a u d itor shuts them  dow n and reinitialises th em , o r  replaces them 

with  other instances [H oa94].

4 . 8 . 2  A g g r e g a t i o n  w i t h  S h a r i n g

A shared com pon en t exists independen tly  o f  the a ggregate. It is m odelled  in the usual way, 

w ith  a class tem plate  and perhaps an o b je c t  gen erator, but ou tside the p rocess  defin ing the 

aggregate. T h e  aggregation  relationship  will then be  m odelled  as a con cep tu a l relationship  

in the A D T  th at defines the sta te  in form ation . In general, the aggregate has a reference to  

the shared com p on en t, while the shared com p on en t o n ly  has a  reference to  the aggregate 

if it is exp licitly  required.

A s the com p on en ts  are shared, the deletion  o f  the aggregate does n o t  im ply th e dele 

tion  o f  its com p on en ts , as h appened  in th e previous section . H ow ever, the deletion  o f  a 

com pon en t m ay im ply the deletion  o f  th e aggregate.

Let us recall the v ideo player exa m p le , where we have tw o o b je c t  co m p o n e n ts , on e  for 

each com pon en t class. F igure 4 .13  shows the O C D  su pp osin g  th at E J a c t —M achanlsm  and
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M o t o r  can be d irectly  accessed by I n t e r f a c e - S c e n a r i o .

112

Figure 4 .13 : O b je c t  C om m u n ica tion  Diagram

In L O T O S , the to p  level behaviour expression takes th e  form :

( Intorlace_Sconario[v, m, e]

I [v] I

Videofv, m, e](Make_Video(idl of Video_Id, empty of Stato_V, brauid_video, 

type_video, idl of Motor_Id, idl of Eject_Mechanism_Id))

)

I Cm, e] I

( Motor[m](Make_Motor(idl of Motor_Id, stopped of State_M))

I I I

Eject_HechanismCe]

(M □̂ ce_Eject_Mechanism(idl of Eject_Mechanism_Id, empty of State_E))

)

where

T h e difference  betw een this situation and aggregation  w ith  hidden com p on en ts  is that the 

com m u nication  gates m and a  are visible from  the I n t s r f a c a . S c a n a r l o .  P rocess  V i d e o  

correspon ds to  th e interface in the case o f  aggregation  w ith  hiding, although  here we want 

to  regard it as the w hole  aggregate. T h e  A D T  that specifies  the v ideo  sta te  in form ation  

is unchanged . T h e  in form ation  abou t the relationsh ip  between V l d a o  and M o t o r  and 

between V l d a o  and E J a c t - M a c h a n l s m  is given by the param eters o f  M a k a _ V l d a o .  Instead 

o f  m odellin g these relationships in the A D T , we cou ld  m o d e l them  as extra  param eters o f  

the process V l d a o ,  as we d o  for norm al conceptual re lationsh ip s. H owever, w e prefer the 

flrst op tion .
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If w e  had a dyn am ic n u m ber o f  o b je c t  com pon en ts , the param eters o f  M ake_V id eo 

would b e  sets o f  identifiers, instead o f  single identifiers, and the L O T O S  to p  level b e 

haviour expression w ould  instan tia te  an o b je c t  gen erator for each com p on en t, instead o f  

instan tia ting  each com p on en t.

W e can  also m odel ca ta log  a ggregation . For exa m p le , suppose th at tw o videos cou ld  

share a  m o to r  and an eject m echan ism . T h is can be represented as;

(  I n t e r l a c e _ S c e n a r i o [ v ,  m ,  e ]

I [ v ]  I

(  V i d e o f v ,  m, e ] ( M a i : o _ V i d e o ( i d l  o f  V i d e o _ I d ,  e m p t y  o f  S t a t o _ V ,  

b r a n d _ v i d e o ,  t y p e _ v i d e o ,  i d l  o f  M o t o r _ I d ,  

i d l  o f  E j e c t _ M e c h ^ u l i 8 m _ I d ) )

I I I

V i d e o f v ,  m, e ] ( M a k e _ V i d e o ( i d 2  o f  V i d e o _ I d ,  e m p t y  o f  S t a t e _ V ,

i d l  o f  M o t o r _ I d ,  i d l  o f  E j e c t _ M e c h a n i s m _ I d ) )

)

)

I [m , e ] I

(  M o t o r [ m ] ( M a k e _ M o t o r ( i d l  o f  M o t o r _ I d ,  s t o p p e d  o f  S t a t e _ M ) )

I I I

E j  e c t _ N e c h a n i s m [ e ]

( N a k e _ E j e c t _ N e c h a n i s m ( i d l  o f  E j e c t _ M e c h a n i s m _ I d ,  e m p t y  o f  S t a t e . E ) )

)

«h e r e

W hen m od ellin g  cat^llog aggregation  we m ay want to  ch an ge the A D T  o f  the com pon en t 

to  dea l w ith  an ex tra  a ttr ib u te  which gives the set o f  aggregates in which it takes part. 

In the e xa m p le  given in S ection  4 .5 .3 , it is desirable th at a  person know s a b ou t his o r  her 

research groups.

W h ile  in the case o f  static a ggregation  with  hiding th e aggregate had  sole responsibility  

for cre a tin g  its com pon en ts  a t specification  tim e, in th e  case o f  d yn am ic aggregation  

the crea tion  and deletion o f  an o b je c t  com pon en t m ay b e  initiated by o th er  o b je c ts  in
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th e system . A lso, i f  the o b je c t  requiring the service know s th e  identifier o f  the o b ject  

com p on en t which will be involved  in the op era tion , we can use that in form ation  when 

asking the service to  V id e o , instead o f  using value generation :

p r o c e s s  V i d e o [ v ,  m, e ]  ( ' t h i s _ v i d e o : V i d e o _ S t a t e )  : n o e x i t  : =

(  [ G e t _ S t a t e ( t h i s _ v i d e o )  e q  l o a d e d ]  - >  i

(  V ! p l a y  ! G e t _ V i d e o _ I d ( t h i s _ v i d e o )  ? m l : M o t o r _ I d  

[ m l I s i n  G e t _ M o t o r _ I d _ s e t ( t h i s _ v i d e o ) ] ; 

m I p l a y  ! m l ;

e x i t ( C h a n g e _ S t a t e ( t h i s _ v i d e o ,  p l a y i n g ) )

[]

[]

e n d p r o c  (♦ V i d e o  ♦)

4 . 8 . 3  S h a r in g  C o n c e p t s  b u t  n o t  O b j e c t s

In Sections 4 .5.2  and 4 .5 .3  we d iscussed  som e different view s o f  sharing. W hen the com 

ponen t class is shared, the o b je c t  com p on en ts  m ay or m ay n ot be. T he L O T O S  behaviour 

expressions in Section 4 .8 .2  give us b oth  shared com pon en t classes and shared o b je c t  com 

ponen ts. A shared com pon en t class and non-shared o b je c t  com p on en t can be obta ined by 

proceed in g  as we did for hidden com p on en ts , but now the com p on en t class tem plates are 

defined ou tsid e the scope o f  the external V id e o  process while th ey  are instantiated within 

its scop e :

p r o c e s s  V i d e o [ v ] ( t h i s . v i d e o :  V i d e o _ S t a t e ) : n o e x i t  

h i d e  m, e  i n

(  V i d e o C v ,  m, e ] ( t h i s . v i d e o )

I C s i , e ] |

(  H o t o r C m ] ( H a k e _ M o t o r ( G e t _ H o t o r _ I d ( t h i s _ v l d e o ) , s t o p p e d  o f  S t a t e . H ) )

III

E J e c t . M e c h a n i s s i C a ]
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(MaLke_Eject_Mechimi8ni(Get_Eject;_Mechani8m_Id(this_video) , 

empty of State_E))
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)

where

proce88 VideoCv, m, e] ... endproc (• Videb •) 

endproc (* Video *)

proceee Motor[g] ... endproc (* Motor *)

proceee Eject.HechaniemCg] ... endproc (♦ Eject_Mechamism *)

4 . 8 . 4  H i d i n g  a n d  S h a r i n g :  M o v i n g  A r o u n d

H aving m od elled  aggregates with  hidden co m p o n e n ts  and aggregates with shared co m p o 

nents in L O T O S , let us discuss the changes n ecessary  to  transform  o n e  into th e  oth er. T he 

basic d ifferen ce in m odelling these tw o kinds o f  aggregates is concerned with en capsu lation  

and in form ation  hiding. W hile  hidden co m p o n e n ts  are encapsulated  by the a ggregate  and 

hidden from  the other o b je c ts  in the m odel, sh ared  com pon en ts are m odelled  as separate 

processes w hich  are visible from  ou tsid e the a ggrega te .

As we h ave discussed in Section 4 .5 .1 , in o rd er  to  encapsu late  a  hidden com pon en t 

into its a ggrega te , we create a higher level s tru ctu re  which we nam e with th e sam e nam e 

as the class tem plate  at the top  o f  the a ggregation  hierarchy in the o b je c t  m od el.

T o  tran sform  an aggregate with hidden co m p o n e n ts  in to  an aggregate w ith  shared 

com p on en ts , we follow  the tw o steps:

1. R ep lace  the process that defines the h igh er level structu re, i.e . the ou ts id e  process, 

by its b ehaviou r expression which jo in s t h e  inner process with th e com p on en ts . T h e  

inner p rocess now  plays the role o f  the h igh er level structure.

2. M ake all the gates visible outside the a g g re g a te ’ s s co p e , rem ovin g the h id e  op era tor , 

and a d d  those gates to  any process in sta n ces  which need th em .

T h e  o p p o s ite , i.e. transform in g an a ggrega te  with  shared com pon en ts  in to  an aggregate 

with hidden  com p on en ts , can be accom plish ed  in tw o steps:
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1. E ncapsu la te th e aggregate and com pon en ts processes within an extra  p rocess. N am e 

this process w ith  the sam e nam e as the previous aggregate. (N o w , the ou tsid e  process 

represents the aggregate and the inner process represents the interface o f  th e whole 

stru ctu re with  the oth er o b je c ts  in the m od e l.)

2. H ide, in the en capsu latin g process, the gates tvhich are used to  com m u n ica te  with 

the aggregate com p on en ts .

T h e procedu res a b ove  can b o th  be  applied when dealin g with o b je c t  gen erators.

4 .9  C o n c l u s i o n s

A ggregation  is a useful con cep t which can be used to  con tro l the size and com p lex ity  

o f  a largo system . A ggregation  with  hidden com p on en ts  m ainly uses th e con cep ts  o f  

a bstra ction , encapsulation  and in form ation  hiding. T h is  helps in prov id in g  a top -d ow n  

approach  which aids the softw are engineer develop ing th e system  and , at the sam e tim e, 

guides th e reader to  understand the system .

A ggregation  with  shared com p on en ts  does n ot bring  as many advantages and many 

authors a d voca te  th at it should be treated  as an ord in a ry  con ceptual relationship . H ow 

ever, we believe that there are advantages in show in g it in an o b je c t  m od el. It will give 

hints a b ou t the stru ctu re o f  a system , helping us to  understand it, and it can a lso give di

rections for reusability. W hile  a con ceptu a l relationship  is m ore likely to  ch ange when the 

system  is put in a different co n te x t , an aggregation  m ay n ot change and so  we can  see it as 

reusable in oth er con tex ts . T h a t is why we prop ose  m odellin g it w ithin th e A D T , instead 

o f  m odellin g it as an extra  argum ent in the process tem p late , as we d o  with  con ceptu a l 

relationships.

L O T O S  can m odel aggregation  with  shared and w ith  hidden com p on en ts . E n capsu 

lation is dealt with b y  changing the scop e  o f  processes and using the h id e  op e ra to r . By 

defining sets and o b je c t  gen erators, L O T O S  also deals well w ith the cases o f  a  sta tic  and 

a dyn am ic num ber o f  o b je c t  com p on en ts .



C h a p t e r  5

F o r m a l i s i n g  O b j e c t - O r i e n t e d  

A n a l y s i s  W i t h  L O T O S

5 .1  I n t r o d u c t i o n

T he p u rp ose  o f  this ch apter is to  sp ec ify  the com p on en ts  o f  an o b je c t  m odel and their 

relations in such a w ay as to  illum in ate  the form al sy n ta ct ic  tran sform ation s used in 

O O A  m eth od s, m ore precisely, in th e R O O A  m eth od . O n e  goa l is to  provide a sim ple-as- 

possible den otation  o f  each con cep t so  that p ractition ers  o f  ob ject-or ien ted  analysis can 

get on  w ith  the hard jo b  o f  build ing m od els  w ith ou t, say, hav in g  to  learn ca tegory  theory, 

universal a lgebra  or  fixpoint theory . T h e  actu a l form a lisa tion  o f  the con cepts  is thus 

o f  secon d ary  im p orta n ce , a ccom plish ed  where possib le s im p ly  by listing com pon en ts  as 

tuples, and  function s and relations b y  giv ing their d en ota tion a l typ e  (i.e . the dom ain  and 

range se ts ). N evertheless, th ere are techn ica l p rob lem s a risin g  with even  so stra ightforw ard  

an a p p roa ch . O ur m ain con cern  is to  iden tify  and solve th ese  prob lem s. T h e  m ain problem  

solved here is: how  the behaviou r o f  o b je c ts  (in  th e system ) is derived  from  the expressions 

o f  gen eric behaviour con ta in ed  in the class tem pla tes in th e  m odel.

In th is chapter we will on ly  h andle  the con cep ts  we believe  are the m ore im portan t 

and th e basic ones. T h e  th eory  we present can  be used t o  ex ten d  the defin itions over the 

rest o f  th e  O O A  con cepts.

117
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W e  assum e som e fam iliarity with  th e  Z  n ota tion  [Spi89].

5 .2  T h e  R e a s o n s  F o r  t h i s  W o r k

T h e  first reason is precision , i.e. the fo rm a lisa tion  o f  o b je c t  m odellin g con cep ts . W e 

m otiva te  the approach  taken in R O O A  and its serriantics by  con trastin g  th e goa ls  o f  

R O O A  with  those o f  oth er work.

A n oth er reason is enhanced exp ressive  pow er. O b je c t  m od els  suggested  in th e  O O A  lit 

era tu re  are rendered less expressive by th e ir  depen den ce  on  particu larly  sim ple behaviou ral 

m od els  (e .g . finite a u tom a ta  [C Y 91a , R B P '* '9 1 ]) and particu lar n otion s o f  a tom ic  action . 

T h e  sem antics o f  L O T O S , used for R O O A , allow s m uch richer expression  o f  b ehaviou r 

than these prop osed  m odels.

O th er approach es to  giving form al s tru ctu re  to  o b ject-o r ien ted  con cep ts  have started 

with o b je c ts  as fundam ental and d erived  oth er con cep ts  from  these. T h ey  are m ainly 

con cern ed  with  ob ject-o r ien ted  p r o g r a m m in g ,  o r  w ith  o b je ct -o r ie n te d  d e s ig n ,  not w ith  

O O A . E xam ples include a form a lisa tion  [B M S93] using L a m p o rt ’s T L A  log ic  [Lam 94], 

and form alisation s using universal a lg e b ra  and ca teg ory  th eory  [E G S 93, E G S 9 1 , ESS89]. 

T h ese  approach es are as pow erfu l as L O T O S  for  describ ing the b ehaviou r o f  o b je c ts . 

H ow ever, the existin g ob ject-o r ien ted  a n a lysis  m eth od s  g ive prim acy  to  class tem pla tes 

and th eir m eaning, and o b je c ts  are s im p ly  not a rou n d . (O b je c t s  on ly  appear durin g the 

execu tion  o f  an execu tab le  m odel, su ch  as the o n e  created  b y  R O O A , but n ot in the 

defin ition  o f  that m od el.) H ence those a p p roa ch es  d o  not a pp ear to  exp lain  th e con cep ts  

o f  O O A  in practica l m eth ods such as O M T  as R O O A  d oes , in a way understan dab le  by 

p ra ctition ers  w ith ou t advanced m a th em a tica l experien ce.

F u rth erm ore, those oth er a p p roa ch es  d o  not m ake a clear d istinction  betw een static 

stru ctu re  and behaviou r, in the way em p h asised  by m eth ods such as O M T  [R B P ‘*'91] or 

som e app roa ch es t o  O pen  D istributed  P rocess in g  [G ot93]. R ecovery  from  failure (e .g . 

[L S83]) ca n n ot be properly  solved in th e  analysis stage. T h e  p h ilosop h y  o f  O O A  suggests 

that th ey  should be  addressed at the d esign  stage, using m eth od o log ies  d evelop ed  for this 

p u rp ose . A ccord in g  to  this philosophy, su ch  classes o f  p rob lem s should be separated  from
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th e architecture o f  th e system  as expressed by the specification  te x t , as in R O O A .

O ther approach es to  the d evelopm en t o f  form al system  specifications in an o b je c t -  

oriented  m anner m ay be fou n d  in the paper by C u sack  and Lai [C L 91], in th e work 

proposed  b y  Jones [Jon93] and in the work p rop osed  by L aorakpon g and Saeki [LS93]. 

Th ese approach es in troduce new m eth od o log y  in o rd e r  to  ob ta in  form al specification s, 

and it is n o t  clear th at they build  on  practica l app roa ch es such as [Jac92, RBP'*‘ 91], as in 

R O O A . T h e  goal o f  Cusack and Lai is to  integrate ob je ct-o r ie n te d  con cepts  in to  L O T O S  

specification s (ra th er than the o th er way around, as in R O O A ), and “ the im m edia te  area 

o f  app lica tion  ... is the developm ent o f  international standards for ... O pen  D istributed  

P rocessin g (O D P ) system s” . A  sim ilar goa l w ith resp ect to  V D M -sty le  developm en t un 

derlies th e  work o f  L a ora k pon g and Saeki. Finally, Jones is con cern ed  w ith  a form al 

n otation  fo r  ob ject-or ien ted  p rogram m in g and design , not w ith O O A . B ecause o f  their 

goa ls , these approaches focus on  the specification  o f  o b je c ts  rather than the con cep ts  o f  

O O A , and d o  not strictly  adhere to  the division  betw een  analysis and design  recom m en ded  

by [C Y 9 1a , Jac92, R B P + fil , SM 89] and em ployed in R O O A .

5 .3  B a s i c  C o n c e p t s :  S e t  o f  V a lu e s  a n d  V a r i a b l e s

First we define the set s e t—o f—v a lu e s  o f  all possible  sets  o f  values o f  d a ta  typ es . W e also 

define an infinite set o f  v a r ia b le s . Specification  languages have various ways to  handle 

d a ta  typ in g , som e extensional (d a ta  types are identical if  their sets o f  possib le  values are 

identica l, n o  m atter what the n am es) o r  intensional (n o t  exten siona l). W e on ly  need to  

use data  values (i.e . extensional d ata  typ in g ) for this w ork , but a language such as L O T O S  

does not h ave fully extensional d a ta  typ ing . W e m ust therefore be flexible  en ou gh  in what 

we do t o  coh ere w ith  the d a ta  typ in g  principles w e m ight en cou n ter in this and oth er 

languages. W e define V as th e  set con ta in in g all d a ta  values, and d a t a - t y p e s  as th e set 

o f  data  ty p e s  (w h atever they m ay b e ). W e define a  separate nam in g fu n ction  e x t e n s i o n  

which associates a  d a ta  type  with  a  set o f  values, and  d o  not say (b eca u se  we d o  not 

need to )  w h a t the properties o f  this fun ction  are, o r  h ow  identities betw een d a ta  types 

are handled . Our developm en t ensures that the sets c l a s s - t e m p l a t e s ,  o b j e c t s ,  a t t r ib u t e s .
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s e r v i c e s ,  d a ta —t y p e s ,  m e s s a g e —t y p e s  are all d is jo in t. W e furth er require that th e  tw o  sets

s e t - o f —v a lu e s  =  { u | t ) C V }  =  P V  

v a r ia b l e s  =  { x i  \ i €  N }

are d is jo in t from  each oth er and from  everyth in g  else in sight. W e define a n am in g  relation

n a m ed —b y .  S T R I N G  x  { v a r ia b le s  U d a t a - t y p ^ s  L) c l a s s - t e m p l a t e s  LI o b j e c t s  O  

U  a tt r ib u t e s  U s e r v i c e s  U m e s s a g e —t y p e s  U  o b j e c t —g e n e r a t o r s )

which assigns nam es to  everyth in g  in sight. W e also have a m appin g 

e x t e n s i o n  : d a ta —t y p e s  —► s e t —o f —v a lu e s

which gives the extension  o f  each  d ata  typ e . F inally th e set

v a r i a b le —ty p e —p a ir s  =  { { x , d )  \ x  €  v a r ia b l e s ,  d  €  d a t a - t y p e s )

allow s binding o f  variables in a particu lar co n te x t w ith  d a ta  types.

T h e  ju stification  for these defin itions is as fo llow s. W e accu m u late  all p oss ib le  set-of- 

values values in V , and th erefore  a specific  d a ta  typ e  will have an extension  w h ich  is a 

specific  subset o f  the values o f  V . W e need an infinite set o f  variables for stan d ard  syn ta ctic  

reasons. Variables in a particu lar use are generally  b ou n d  to  d a ta  types: we w a n t t o  be 

able t o  select a variable x  o f  specific  typ e  r e a l ,  say, in a  given applica tion . T h e re fo re  we 

need a  set o f  va ria b le -to -d a ta -ty p e  bindings.

5 .4  D e f i n i n g  t h e  C o n c e p t s  o f  O b j e c t - O r i e n t e d  M o d e l s

W e define the various con cep ts  c la s s  t e m p la t e , a t t r ib u t e  and s e r v i c e  in the s ta t ic  stru ctu re . 

W e m a y  define from  these con cep ts  the derivative n otion s o f  o b j e c t  and c l a s s  w h ich  are not 

in th e  o b je c t  m odel, but in the im plem ented  system . A n  o b je c t  is an in stan ce  o f  a class 

tem p la te , which is t o  say th at it heus th e a ttribu tes  specified  in th e tem p late , th e  services 

p rov id ed  therein , and the b eh aviou r defined therein . T h e  n otion  o f  em b o d im e n t is thus 

quite sim ple: since everyth in g  is defined in th e  tem p la te  excep t the identity  o f  particu lar 

o b je c ts  (a lth ou gh  their sort is d efin ed ), an o b je c t  is defined  by assigning an id en tifie r , and 

assigning behaviour by instan tia ting a free variable in the class tem plate  t o  th e  o b je c t  

iden tifier. A  class is defined as th e set o f  all o b je c ts  th at m ay be instantiated  fro m  a  given
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class tem pla te . A s we show  in C h apter 3 , in R O O A  we define th e instantiation  o f  o b je c ts  

from  class tem plates by m ea n s  o f  an artifact we call an o b j e c t  g e n e r a t o r .

S uppose the item  i t e m  is  the nam e o f  an elem ent o f  a  tuple  (o r  sequence o r  record ) 

defin ing c o n c e p t .  W e shall in  general w rite c o n c e p t . i t e m  t o  refer to  the value o f  this i t e m  

in c o n c e p t ,  as one n orm ally  does for records. ,

5 .4 .1  C l a s s  T e m p l a t e

A  class tem plate  is defined b y  a n a m e ,  a  finite set o f  a ttribu tes S / i ,  a finite set o f  services 

E 5 and a behaviour d escrip tion  B  w hich apply  t o  all o b je c ts  instantiating th is tem pla te. 

T h u s, we define;

c la s s —te m p la t e  =  ( n a m e ,T Ì A ' , o b j —i d , Y l s i T , B )

where n a m e  €  d o m {n a m e d — b y[>  c l a s s —t e m p l a t e s )  is the nam e o f  the class tem plate* . I here 

is a distinguished a ttribu te  o b j —id  €  known as the o b je c t  identifier a ttrib u te . Values 

o f  o b j - i d  are the possible identifiers o f  the different o b je c ts  instantiated from  B . T h e  

function  I  : S e t describes th e services that are available for each given  state

o f  an instantiated o b je c t ,  i .e . the in terface o f  an o b je c t  at a given state. T h is  function  

is explained in Section 5 .4 .3 . B  describes the typica l b ehaviou r o f  o b je c ts  instantiated  

from  the class tem pla te, a n d  is defined by m eans o f  L O T O S  con stru cts . W e th us com m it 

ourselves here to  a specific fo rm  for B .  It is, how ever, im portan t that no m a tter what lan 

guage B  is form ulated  in, it  has certa in  p roperties which m ay be expressed using con cepts 

from  the syntax o f  logic . (T h e  fun ction  o f  B  is expla ined in Section  5 .4 .2 .) T h e  purpose 

o f  this requirem ent is th at a  class tem p la te  c< defines th e behaviour o f  a rb itrary  o b je c ts  

instantiating c<, and m en tion s no specific  o b je c t  by nam e. It m ay also refer t o  o b je c ts  

instantiating oth er tem p la tes , inclu d in g the services th ey  o ffer , again w ith ou t m ention 

ing specific o b je c ts  by n a m e . Th is is accom plish ed  in logical syntax sim ply b y  using free 

variables.

T h e  syn ta ctic details o f  how  this is accom plish ed  in particu lar behaviour description  

'F o r  de fin ition  o f  th e d om a in  and  range restr iction  o p era tors  <  and as well as the d om a in  and range 

selectors  d o m  and  ran , see [S p i8 9 , pages 96, 98]
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languages such as L O T O S , S D L , M anna-P nueli tem p ora l log ic , or  T L A , are depen den t on  

these particu lar languages. T h ere fore  we exp lain  such syn ta ctic  restrictions here gen eri- 

caJly, but illustrate  with  the R O O A  derivation  in L O T O S . Individual languages will require 

that the restrictions are transla ted  in to  the syn ta ctic  restrictions th at m ake sense for these 

languages. i

5 . 4 . 2  T h e  G e n e r i c  B e h a v i o u r  D e s c r i p t i o n  c t - B

T he behavioural description  C f B  con ta in ed  in a defin ition  o f  c< m ay have different form s, 

dependin g on  the description  lan gu age chosen. In R O O A , it is part o f  a L O T O S  specifi 

ca tion , usually a L O T O S  p rocess  defin ition . B u t a sem antic exp lan ation  o f  C/.B should  

also exp lain  its fun ction  if expressed  in another d escrip tion  m eth od  such as SD L or  T L A . 

W e explain  it here and in S ection  5 .5 .3 .

T h e  behavioural d escription  C t-B  is g e n e r i c ,  in th at it should provide a sch em a for 

describing the behaviou r o f  an  arb itrary  o b je c t  instan tia ted  from  c<. W e describe featu res 

we require o f  C f B  so  that it m a y  be  tran sform ed  in to  a description  o f  the behaviour o f  an 

individual o b je c t  instantiated  from  c<. T h e  p rocedu re  for  tran sform ation  itself is d escribed  

in Section 5 .5 .3 .

W e describe th e  stru ctu re o f  C f.B  in general syn ta ctic  term s taken from  log ic , using 

the n otions o f  (lo g ica l) in d iv id u a l  v a r ia b le^ , and s u b s t i t u t i o n .  W e need to  interpret these 

notions in a given target lan gu age (L O T O S , S D L , T L A , e t c . ) .  W e illustrate with a L O T O S  

exam ple in R O O A .

Since C t.B  is intended to  b e  a generic behaviou r expression , it m ust conta in  term s w hich 

are n ot con sta n t, but which ta ke  d ifferent values w hen used to  describe the behaviou r o f  a 

particular o b je c t .  (In  log ic , these term s are said to  r a n g e  o v e r  their collection  o f  va lu es.) 

There is n o b ou n d  on  the n u m ber o f  o b je c ts  instan tia ted  in a  system  from  th e class 

tem plates in the o b je c t  m od e l. W e require a set Y  o f  individual variables ranging over 

values o f  the a ttr ib u te  o b j - i d  (th a t is, over the set d o m {n a m e d —b y >  o b j e c t s ) ) .  W e a lso  use

^This n otion  shou ld  o f  course b e  d istin gu ish ed  from  th e  n otion  o f  program  variable , or v a r ia b l e  as used 

in L O T O S .
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the set o f  term s C  referring to  the class tem plates. T h ere is a f ix e d  set o f  class tem plates 

in th e m od el, nam ely, the set r a n {n a m e (L -b y >  c l a s s - t e m p l a t e s ) ,  a n d  the set o f  th eir nam es 

is C  =  d o m ^ n a m e d —b y  >  c l a s s —t e m p l a t e s ) .

W h en  a variable ¡/ 6  T  is used in the behaviour expression C t .B  t o  refer generically  to  

an o b je c t ,  it m ust range over o b je c ts  instantiated  from  a p a rticu la r  class tem p la te  c. W e 

d en ote  this b in d in g by c . y .  W e also require a  distinguished in d iv id u a l variable t, used in 

C t-B  in the form  C/ . ¿ .  W hen c t .B  is used to  describe the behaviour o f  a particu lar o b je c t  o b  

the value o f  w hose o b j —id  is o i d ,  the term  c<.t will be replaced b y  o i d  (see S ection  5 .5 .3 ). 

Th u s C( . ¿  is used to  refer to  th e ‘ c u r r e n t l y  in s ta n t ia t e d  o b j e c t ’. T h is  corresp on ds to  the 

con cep t called ‘ s e l f  ’ in  Sm allta lk , o r  ‘ t h i s ’ in  C +  +  . See Section 5 .5 .1  for defin ition  o f  the 

con cep t o b je c t ,  and Section 5 .5 .3  for an exp lan ation  o f  how  the b e h a v io u r  o f  th e  o b je c t  o b  

is ob ta in ed  from  th e expression  C (.B .

W h en  C f.B  m entions a service  o f  an o b je c t  instantiated  from  a  different class tem pla te  

c , we w rite the occu rren ce  â s c . y  . s e r v i c e ,  n a m e ,  where c  £  C ,  y  E  Y , and s e r v i c e  £  c .E s  

(th e  set o f  services offered by tem plate  c ) .  Similarly, when an a ttribu te  o f  an o b je c t  

instantia ted  from  C( is referred to  (on ly  attribu tes o f  o b je c ts  in sta n tia tin g  th e  current 

class tem plate  m ay be referred to  —  all values o f  attributes o f  o b je c t s  instantiating o th er 

tem pla tes must be  accessed by services offered  by those o b je c ts )  th en  a term  o f  the form  

C t .y .a t t r ib u t e .n a m e  is used.

In order to  exp lain  how the generic behaviour expression C t.B  is used to  gen erate  an 

expression  describ in g the b eh aviou r o f  a particu lar o b je c t  in the sy s te m  with identifier o i d ,  

we m ust identify th e term s o f  th e form  c<.t, c . y ,  c . y . s e r v i c e .n a m e  a n d  C f .y .a t t r ib u t e .n a m e  

and all occu rren ces o f  them  in C t . B .

5 . 4 . 3  T h e  V i s i b i l i t y  F u n c t i o n  J

O b je c ts  have ‘ s ta te ’ [RB P"'’ 91]. W e define the v a lu e  o f  an o b je c t  a t any p oin t to  be the 

co llection  o f  values o f  the a ttribu tes  o f  the o b je c t .  W e identify  th e  s t a t e  o f  the o b je c t  at a 

given tim e with  its value. In any particu lar state , not all o f  the serv ices  m ay b e  offered  by 

the o b je c t .  I  is th e  v i s ib il i ty  fu n ction , that for  each state  o f  an o b je c t  tells w h ich  services
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are visible in th a t  state. In the ban k in g  system  problem  we have been usin g th rou gh  

the chapters o f  th is  thesis, we cou ld  im pose , fo r  exa m p le , that in an A c c o u n t  o b je c t ,  

a w ith draw  serv ice  can n ot b e  o ffered  i f  the value, o f  B a la n c e  is 0 (see S ection  5 .4 .4 ). 

W ith  each state  o f  the o b je c t  we m a y associa te  the set o f  services which are  offered  in 

that state. H ow ever, which services are offered  in a particu lar state  is (a )  d epen d en t on  

properties o f  the s ta te  o f  that o b je c t  a lon e; and (b )  invariant over all o b je c ts  in sta n tia tin g  

the sam e tem p la te . For exam ple, th e  fact that w ith d ra w  is not offered  in a s ta te  in w hich 

B alein ce is 0 is a  generic con strain t on  all o b je c ts  o f  ty p e  A cco u n t . T h u s, visib ility  is 

statically d eterm in ed : the co llection  o f  all such  con stra in ts, the v i s ib il i ty  fu n ction , is a 

feature o f  the cla ss  tem plate . W h ere  is th e  set o f  states (defin ed  b e lo w ), I  has th e 

type X  : S et -+  P  S 5 .

Since a state  o f  an o b je c t  is its value, the set o f  a ttribu te-va lu e pairs o f  the o b je c t  at a 

particu lar tim e, w e  require that the set o f  states S ^  is the collection  o f  all possib le  co m b i 

nations o f  values o f  all a ttribu tes. B u t n ot all o f  these sets o f  at tr ibute-value pairs m ay be  

attained by som e o b je c t  in som e run o f  som e system , in o th e r  w ords, these p oten tia l states 

m ay not be r e a c h a b le .  H ow ever, it is o ften  com bin atoria lly  in tractable  to  d eterm in e which 

states are rea ch a b le  [R S88]. Fu rth erm ore, it is eviden t from  reachability  analyses that th e 

d istinction betw een  those states w hich are reachable or n ot is properly  a log ica l co n se 

quence o f  the b eh a v iou ra l d escription  o f  the system , and thus o f  logical p rop erties  o f  th e 

behavioural d escrip tion s  c . B  for all class tem plates c . T h ere fore  the d istin ction  betw een  

reachable and n on -rea ch a b le  states should  n ot be  m ade in the den otation al d escrip tion  

o f  the class te m p la te . T h u s, we m ay define to  be the co llection  o f  all assignm ents  o f  

values o f  the right typ e  to  a ttribu tes in w h ere a . v a l u e s e t  is the value d om a in  o f  th e  

a ttribu te (see S ection  5 .4 .5 ):

=  { /  I /  : 5]^ —► V A V a  e  E .4 • / ( f l )  €  a . v a l u e - s e t )

where v a lu e —s e t  €  d a ta X ty p e s ,
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5 . 4 . 4  C l a s s  T e m p l a t e  in  L O T O S

C on sider the banking system  defined in S ection  3 .3 .1 . A  possible defin ition  o f  the class 

tem p la te  A cc o u n t  is^:

p r o c e s s  A c c o u n t [ a D ( t h i s _ a c c o u n t : S t a t e . A c c o u n t )  : n o e x i t  :=

(  a  ¡ d e p o s i t  ! G e t _ A c c o u n t _ N u m b e r ( t h i s _ a c c o u n t i )  ?m : M o n e y ; 

e x i t ( C r e d i t . A c c o u n t ( t h i s . a c c o u n t , m ) )

[]

a  ! g e t _ b a l a n c e  !G e t _ A c c o u n t _ N u m b e r ( t h i s _ a c c o u n t )

! G e t _ B a l a n c e ( t h i s _ a c c o u n t ) ; 

e x i t ( t h i s . a c c o u n t )

[]

(  c h o i c e  z e r o _ b a l 2m c e : B o o l  [ ]

[ n o t ( z e r o _ b a l a n c e ) ]  - >

(  a  ¡w i t h d r a w  ¡ G e t _ A c c o u n t _ N u m b o r ( t h i s _ a c c o u n t )  ?m : M o n e y ;

(  c h o i c e  e n o u g h _ m o n e y : B o o l  □

[ e n o u g h _ m o n e y ]  - >

a  ¡ r t n _ w i t h d r a w  ¡ G e t _ A c c o u n t _ I u m b e r ( t h i s _ a c c o u n t )  ¡ t r u e ;  

e x i t ( D e b i t _ A c c o u n t ( t h i s _ a c c o u n t , m) )

[]

[ n o t  ( e n o u g h .m o n e y ) ]  - >

a  ¡ r t n . w i t h d r a w  ¡ G e t _ A c c o u n t _ l u m b e r ( t h i s _ a c c o u n t }  ¡ f a l s e ;  

e x i t ( t h i s . a c c o u n t )

)

)

[ z e r o . b a l a n c e ]  - >  e x i t ( t h i s _ a c c o u n t )

)

)  >>  a c c e p t  u p d a t e . a c c o u n t : S t a t e . A c c o u n t  i n  A c c o \ i n t [ a ] ( u p d a t e . a c c o u n t )  

e n d p r o c

W e expla in  how to  identify  th e  various syn ta ctic  co m p on en ts  o f  the o b je c t  defin ition  in 

th e  L O T O S  expression  in form ally . T h e  nam e o f  the class tem plate  is A c c o u n t ; the set o f

’ For aimpU city, we are ig n orin g  th e  fa c t  th a t A c c o u n t  is an a b s tra c t  su p erc li
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a ttribu tes inclu d in g th e o b j —id ,  are given in the A D T  w h ere  the sort S t a t a —A c c o u n t  

is specified ; the set E 5 o f  services are defined as the b eh a v iou r expressions o f  th e ch oice  

o p era tor  T h e signatures o f  the services are the first a c t io n  prefixes o f  those b eh aviou r 

expressions together w ith  any correspon din g return events. Specifica lly , the signatures o f  

the th ree  services offered  b y  A cco u n t are: 1

a ¡d e p o s i t  ! G et_A ccoim t_H unibor(th is_accou iit) ?m: Money;

a !g e t_ b a la n ce  •G et_A ccount_N iunber(th is_account) !G o t_ B a la n c e ( th is _ a c c o u n t ) ; 

for th e services d e p o s i t  and g e t —b a la n c e  and:

a ¡s ith d ra w  IG et_A ccount_N um ber(th is_account) ?m: Money;

a ! rtn _v ith d ra w  . . . ;

for th e service  w ith d raw .

Get_Account_Nuniber(this_account) is an operation  specified  in th e A D T  w here the 

sort State.Account is defin ed, returning the o b je c t  iden tifier o f  an o b je c t  instantia ted  

from  th e class tem plate  Account. It correspon ds to  the in d iv id u a l variable Ct-t reserved 

for th e ‘ c u r r e n t  o b j e c t ’, E 5 is the set o f  services whose n am es are deposit, get—balzmce 

and withdraw. Specifica lly ,

Es = ron({deposit,get_balance,withdraw} < n a m e d —b y )

Given these bindings o f  syn ta ctic  parts o f  the L O T O S  exp ression  to  the form al parts 

o f  th e class-tem plate  tu p le  and the identification  o f  exp ression s o f  th e  form  c^.t, c . y ,  

c . y . s e r v i c e .n a m e  and C t .y .a t t r ib u t e .n a m e ,  the behaviou r d escrip tion  B  is given by the 

b od y  o f  the process defin ition .

T h e  interface fu n ction  I  is defined in L O T O S  by iden tify in g  gu arded  expression s in 

the b eh a viou r d escription . C on sider, for exam ple , the exp ression :

[n o t (z « r o _ b a la n c « ) ]  ->  a ¡w ithdraw ¡G st_A ccount_lu m bar . . .

[ z a r o . b a l a n e a ]  - >  • x l t C t h l a . a c c o u n t )

This ensures that a  client m ay on ly  use the service w ith d ra w  i f  the ba lan ce  is not zero . A s 

R O O A  deals w ith the analysis phase, a reference t o  the state o f  an o b je c t  m ay be a sym b o lic
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reference. T h e re fo re , in process A c c o im t  we use th e generalised L O T O S  ch oice  op e ra to r  

c h o i c e  to  c o v e r  th e tw o  p ossib le  s itu ation s expressed  by th e tw o  guards z e r o —b a la m ce  

and n o t  ( z e r o —b a l a n c e ) , w hose values depen d  on  the sta te  o f  th e o b je c t  w hen the guard  

is evaluated a t  run tim e. T h e  ga te  a  is used to  represent th e channel o f  com m u n ica tion  

between A c c o u n t  and C o im te r—T e l l e r .  i

T h e  a rgu m en t t h i s —a c c o im t  defines the sta te  o f  o b je c ts  o f  class tem plate  A c c o u n t , 

that is, it d efin es  Ha and the co lle ction  o f  values a t any tim e. In R O O A , this is defined by 

an A D T , as sh ow n  in Section  3 .3 .2 . T h ere  is in each  such A D T  a  d istinguished  op era tion  

always p re fixed  with  the term  Make— w hich has Ha as dom ain  ty p e  and returns the sort 

o f  the o b je c t .  It is used by th e o b j e c t  g e n e r a t o r  t o  instantia te  o b je c ts . Ha m ay be read 

directly  o ff  th e  dom ain  expression  in the L O T O S -ty p e  o f  the w h a te v e r  op era tion .

T h e  A D T  A c c o im t -T y p e  show s the a ttribu tes  in Ha as A c c o u n t—Niimber and B a l w c e .  

T h e  o p e ra tio n s  defined in A c c o u n t—T y p e  are com p on en ts  o f  the m eth od s used to  perform  

the services o ffe red  (see  S ection  5 .4 .6 ).

E r r o r  H a n d l in g

T h e process A c c o u n t ,  as it was specified  a b ov e , brings us a  p rob lem : w hat happens when 

a client w h o  h as no balance in her or  his a cco u n t, asks for a w ithdraw al? T h ere  will be  no 

process a cco u n t  to  synchronise with  it and th erefore  we w ould  have a state  o f  dead lock ! 

W e could  res tr ic t  the tellers t o  not a cce p t w ithdraw als from  clients w hose accou n ts have 

no balance. H ow ever, this w ould  n ot b e  a realistic solu tion  and a lso it w ould  im pose  that 

tellers w ould  have to  know  th at piece o f  in form ation  a b ou t each  single a ccou n t. In fa c t , 

what is n eed ed  here is to  deal w ith  a bn orm al errors , i.e. errors which m ay on ly  o ccu r  if  

we take the p essim istic  view  o f  the p rob lem .

In L O T O S  these errors are n ot in tellectu a lly  difficult t o  handle , as th ey are alw ays 

specified in t h e  sam e general m an ner. H ow ever, because o u r  events d o  not deal on ly  with  

variables, b u t  a lso w ith  values, we ca n n ot p rop ose  a general event to  catch  all the erron eou s 

situations, a s  p rop osed  in [M cC 9 3 ], fo r  exa m p le . T h ere fore , we have to  deal w ith  them  in 

each single p la ce  th ey can appear.
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In an early stage o f  R O O A , and for th e banking system , we were dealin g with  these 

kinds o f  errors in this way. W e soon  realised that the benefits did n ot com pen sate  the 

ex tra  work. T h e  specification  was grow in g  quick ly and we were losing readability . It was 

really “ slave”  work w ith  not enough  com pen sation s. For these reasons, and because we 

are in the analysis phase, we decided to  leave this tq  be treated  in the design  phase.

Th erefore , in R O O A , instead o f  defin ing the class tem plate  Account as shown a bove , 

we specify  it as show n in C hapter 3.

5 . 4 . 5  A t t r i b u t e s

W e define an a ttribu te  as a tuple

a tt r ib u te  =  { n a m e ,  v a lu e  s e t )

where n a m e  £  d o m {n a m e d —b y >  a t t r ib u t e s )  and v a l u e s e t  £  s e t - o f s a l u e s  is the set o f  all 

values that the a ttribu te  m ay have.

In R O O A , an a ttribu te  is defined in a L O T O S  A D T . In the bankin g exam ple , we saw 

th at the class tem plate  Account has tw o attribu tes: Account_Number and Balance. These 

attributes appear as argum ents o f  the op era tion  Make-Account.

5 . 4 . 6  S e r v i c e s

A service £  Cf.U s is offered by all o b je c ts  instantiating a given  class tem plate  C(. It is 

used by oth er o b je c ts  to  query or  change the state o f  th e o b je c t  which offers it. O b jec ts  

which  are instances o f  the sam e class tem plate  m ay not d irectly  use each  oth ers ’ services. 

( I f  an o b je c t  A  uses a service o f  o b je c t  B ,  we say that o b je c ts  A  and B  c o m m u n ic a t e .  

T h e  com m u nication  channels betw een o b je c ts  are determ ined statically , in the m od el, and 

correspon d  to  gate  a in the previou s exa m p le .) Each service is defined b y  a unique nam e 

and by on e  or  m ore m eth od s. W e define its type as fo llow s:

s e r v i c e  =  s ig n a tu r e  ^  { m e t h o d i , „ m e t h o d n )

s ig n a tu r e  =  { n a m e ,  o b j - i d ,  i n —p a r a m e t e r s ,  o u t - p a r a m e t e r s )

i n - p a r a m e t e r s  £  a t t r ib u t e s ’  ̂ x  v a r ia b l e —t y p e - p a i r s ’”  X D
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where is the con ca ten a tion  o p era tor  on  sequences, D  6  d a ta —t y p e s ’’ is a  p -tu p le  o f  

specific d a ta  typ es ; and

o u t —p a r a m e t e r s  €  Q

where Q  G d a ta —ty p e s ' ’ \ a lso  n a m e  6 d o m (n a m e d —b y  >  s e r v i c e s ) .

W e distinguish here th e  sta tic  stru ctu re o f  a  m ethcid  (s im p ly  its signatu re w ith  its  input 

and o u tp u t param eters) from  the description  o f  how the m e th o d  is used or h ow  th e  value 

returned in the o u tp u t param eters is ca lcu la ted . T h e  use o f  a m eth od  p rop erly  b e lon gs to  

the d yn am ic d escrip tion , as does the description  o f  how  th e  value is ca lcu la ted , a n d  m ust 

be described  in B .  (T L A  [Lam 93] a c t i o n s  corresp on d  to  o u r  m e th o d s .) T h e re fo re , these 

features belon g  t o  the L O T O S  description  o f  th e b eh a v iou r o f  the service . A  m e th o d  is 

defined by a L O T O S  b eh aviou r expression  such as 

m e th o d i  =  a ;  e x i t { A D T - o p { . . . ) )

where a  is a co llection  o f  a ction  den otation s which ca n  include in v oca tion  o f  services 

defined in oth er o b je c ts , fo r  exam ple . T h e  e x i t  con stru ct in d ica tes  successfu l term in a tion . 

Th is con stru ct m a y  have argum ents  which we use, in th is  case, t o  ch an ge th e  value o f  

one or m ore a ttribu tes  o f  th e o b je c t ,  by invoking an o p e ra tio n  defined  in an A D T .  Th is 

op eration  has th e form :

A D T —o p  : s t a t e - s o r t ,  v a r i a b l e - t y p e - p a i r s ’" —► s t a t e —s o r t

where s t a t e —s o r t  represents  the sort o f  the states o f  an o b je c t ,  e.g . S t a t e —A c c o im t  in the 

A D T  a bove .

T h e  b eh aviou r o f  th e m eth od  which specifies the se rv ice  withdraw in th e  bankin g 

system , is given b y  the tw o  fo llow in g  behaviou r exp ression s:

( choice anough.money: Bool []

[anough_money] ->

a Irtn.wlthdraw IOot_Account_luMber(thls_account) Itrue; 

exit(Deblt.Account(thle.account, m))

C]

[not (anough.monay)] ->
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a  ! r t n _ « i t h d r a w  ! G o t _ A c c o \ u i t _ H u m b e r ( t h i s _ a c c o u n t )  ¡ f a l s e ;  

e x i t ( t h i s _ a c c o u n t )

)

w here th e A D T - o p  is Debit-Account. E ach one o f  these tw o  behaviou r expressions 

define o n e  m e th o d , each o f  w h ich  is used as an 2dternative o f  th e oth er. N otice  that there 

are m e th o d s  w hich  change th e sta te  o f  an o b je c t  (ca lled  m o d i fi e r s )  and oth ers w hich  d o  

not (ca lle d  s e l e c t o r s ) .  T h e  se lectors  on ly  return the value o f  on e  or  m ore a ttribu tes , as 

h ap p en s with  Get-Balance. In any case th e  e x i t  con stru ct alw ays returns th e state o f  the 

o b je c t ,  w hether u pd a ted  (as in exit(Debit_Account(this_account, m))) or not (a s  in 

exit (this.account)).

5 . 4 . 7  O b j e c t  G e n e r a t o r

In R O O A , an o b je c t  is in sta n tia ted  from  th e class tem plate  by a special m echanism  called  

an o b j e c t  g e n e r a t o r .  A lth ou gh  an o b je c t  gen erator know s a b ou t the o b je c ts  (identifiers) 

a lread y  created , it is m ainly  used  to  instan tia te  a class tem pla te.

o b j e c t —g e n e r a t o r  — ( n a m e ,  Ct, c r e a t e —o b j —Cf, o b j e c t —id  s e t , f i )

A n  o b je c t  gen erator has a  n am e, n a m e  6  d o m (n a m e d —b y  >  o b j e c t - g e n e r a t o r s ) ,  and 

in sta n tia tes  o b je c t s  from  the tem p la te  by  o fferin g th e service c r e a t e - o b j - C t  in a m anner 

d escrib ed  by th e b ehaviou r /3. It also con ta ins a distinguished nam e o b j e c t —i d s e t  fo r  the 

set o f  identifiers o f  o b je c ts  a lread y  instantiated  from  c«.

W h e n  an o b je c t  is in sta n tia ted  by a call t o  o b j e c t —g e n e r a t o r  . c r e a t e —o b j —Ci, it has an 

initial s ta te . T h e  initial sta te  is defined in th e behavioural d escription  f i .  A  behavioural 

d escrip tion  w ith ou t a specified  initial sta te  is an invalid d escrip tion . M ost behavioural 

sp ec ifica tion  languages such as L O T O S , S D L  and T L A  either inclu de or  require such  an 

initial s ta te  defin ition .

A n  o b je c t  gen era tor for  class tem p la te  Account look s as fo llow s:

process Accounts[sD(sees: Account.lumber_Sst) ; noszlt :■

( s (crests Tscc.counter: Account.lunber [(scc.counter notln sees)];
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(  A c c o u n t [ a ]  ( M a k e _ A c c o \ i n t ( a c c _ c o u n t e r ,  0  o f  B a l e m c e ) )

I I I

A c c o u n t s [ a ] ( I n s e r t ( a c c . c o u n t e r ,  a c c s ) )

)

w here Accovints is th e nam e o f  th e o b je c t  gen erator and accs is th e set o f  identifiers o f  

o b je c ts  a lready instantia ted  from  class tem p la te  Account. T h e  service  w hose signature is: 

a  ' c r e a t e  ? a c c _ c o u n t e r : A c c o u n t _ N u m b e r  C ( a c c _ c o u n t e r  n o t i n  a c c s ) ] ;  

corresp on ds to  c r e a t c - o b j - C t  and it uses value gen eration  t o  gen erate  an o b je c t  identifier 

o f  sort Account—Number which is th en  used to  instan tia te  th e  class tem p la te  by execu tin g 

A c c o u n t [ a ] ( M i J c e _ A c c o u n t ( a c c _ c o u n t o r ,  0  o f  B a l a n c e ) )

T h e  op era tion  Make_Account is defined in the A D T  Accoimt_Type and it creates a value 

o f  th e  sort State_Account. T h e initia l sta te  o f  the o b je c t  a ccou n t created  is the result 

given  by Make_Accoimt.

T h e  b eh aviou r ¡3 is given by th e  b o d y  o f  the process d efin ition . T h e  o b je c t  generator 

is defined  recursively  so  that we can  con tin u e to  create o b je c t s .

5 .5  D e f in i n g  t h e  C o n c e p t s  o f  O b j e c t - O r i e n t e d  S y s t e m s

C erta in  co n ce p ts  o f  ob je ct-o r ie n te d  m eth od s  are n ot p rop erly  part o f  the o b je c t  m od el, as 

described  for exa m p le  in [R B P + Q l], but are  part o f  the system  design  that derives from  

a g iven  o b je c t  m od el. M ost a ttem p ts  to  define the sem an tics  o f  o b je ct-o r ien ted  system s 

con cen tra te  on  o b je c ts , classes, in h erita n ce  and a ggrega tion , and are p rop erly  part o f  the 

system  design , n ot th e m odel. O ur a p p roa ch  produ ces a  m o d e l which fits closely  w ith  the 

o b je c t  m odel a n d , at th e sam e tim e , uses th e p ow er o f  L O T O S  to  d escribe  behaviour.

5 . 5 . 1  O b j e c t

A n o b je c t  in th e  design represents w h a t ‘ ru n s ’ in th e  im plem en ted  system . A  class tem pla te  

is a  defin ition  wiiich  is used to  crea te  o b je c ts . A n  o b je c t  is an instan tia tion  o f  a class 

tem p la te . T h e  class tem plate  inclu des th e  d escription  o f  th e  generic behaviou r o f  an
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o b je c t ,  as well a s  defin ing all a ttribu tes w hich th e  o b je c t  m ay have. In o rd er to  know  all 

a b ou t an o b je c t  it  is sufficient to  know  a b ou t o n ly  which tem p la te  c t  it was instantiated  

from , and its iden tifier (th e  value o f  th e a ttr ib u te  C f o b j - i d ) .  T h e  o b je c t ’ s b eh a v iou r must 

be derived  from  C t - B .  H ence we define

o b j e c t  =  { i d e n t ,  c l a s s —t e m p l a t e .n a m e )  ,

where id e n t  £  d o m ( n a m e d —b y  >  o b j e c t s ) .

5 . 5 . 2  B e h a v i o u r a l  C o n s t r a i n t s  v s .  B e h a v i o u r a l  H i s t o r y

In the defin ition  o f  o b j e c t  in Section 5 .5 .1 , th e  o b je c t  itself is rath er bare . O b je c ts  have 

a h istory o f  b eh a v iou r, which m ay be different fo r  each o b je c t ,  and fu rth erm ore  is not 

derivable from  th e  class tem plate . W h ere , o n e  m a y  ask, is this b eh a viou ra l h istory  in the 

defin ition  o f  o b je c t ?

T h e  answer is that the history o f  b eh aviou r o f  an o b je c t ,  n o m a tter how  im p orta n t for 

the op era tion  o f  the o b je c t  in the system , is n o t p roperly  part o f  a s e m a n t i c  a ccou n t o f  

class tem p la te , o b je c t ,  and their rela tion . In co n tra s t , an a ccou n t o f  h ow  the c o n s t r a in t s  

on  an o b je c t ’ s possib le  behaviour are ob ta in ed  i s  properly  part o f  th e  sem an tics . C i.B  is 

a constraint exp ress ion , w ith lots o f  free variab les. W e d escribe  in S ection  5 .5 .3  how  the 

behavioura l con stra in ts  on  an o b je c t  are o b ta in e d  from  the con stra in t expression  in the 

tem pla te .

Th is p osition  m ay be  com pared  with that o f  sem an tics  o f  p rogra m s. C o m p a re  o b je c ts  

w ith  program s. A  specification  includes the con stra in ts  on  a p ro g r a m ’s b eh a v iou r. An 

actual b eh a v iou r o f  the program , o r  a partia l b eh a v iou r (a  h i s t o r y )  is d escribed  by a 

(p a rtia l) trace . T h e  specification  describes th e  set o f  all possib le  traces. Each ind ivid ual 

partial trace th a t  satisfies the specification , and  w hich m ay o r  m ay n ot o ccu r  d u rin g  the 

lifetim e o f  the sy s te m , is n ot considered  part o f  sem an tics . It is u p  to  th e  p rogra m  w hether 

it wants to  keep around  such in form ation  a b o u t  its  previous b eh a v iou r. In m an y o b je c t -  

oriented  sy s te m s , this m ay be im portan t for  a u d itin g , ju s t  as in p rev iou s designs in the 

before  o b je c t -o r ie n ta tio n  era , keeping h istory variables arou n d  for  th e sam e pu rp oses  was 

a lso con sidered  im p orta n t. But it is n ot part o f  sem an tics . It is part o f  p rogra m m in g .
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5 . 5 . 3  D e r i v i n g  t h e  B e h a v i o u r  o f  a n  O b j e c t  f r o m  t h e  C l a s s  T e m p l a t e

Let o b  b e  the ‘ c u r r e n t  o b j e c t ’ a n d  let its identifier o b . iden i be o i d  for n ota tion a l sim plicity . 

T h e  b eh aviou r o f  ob  can  be  d escribed  by S [ c , . i /o » d ]  where B [c t .t /o id ]  is the expression  

ob ta in ed  by su bstitu tin g  o id  for  every occu rren ce  o f  th e distinguished individual variable  

C(.t in B  [Lad94]. B [ c f i l o i d ]  still con ta ins ind iv idu al variables, say for  exam ple  sim ply  

c . y ,  for  o th er o b je c ts  w h ose services ob  m ay use. S ince the expression  still has an u n bou n d  

ind ivid ual variable c . y ,  it does n o t yet d escribe  co n cre te  beh aviou r. T h e  d escrip tion  is 

su pposed  to  say w hat b ehaviou r is allowed betw een  o b  and o th er  o b je c ts  instantiated  from  

c .

S u ppose that o b i and o b 2 are precisely the instan tia ted  o b je c t s  from  tem pla te  c ,  w ith  

identifiers d b \ .id e n t  and  6b 2- id e n t  respectively, w hich  we d en ote  c .o id \  and c . o i d 2 fo r  sim 

plicity. T h e  required d escrip tion  o f  o b ’s in tera ction  with on e  specific  o th er o b je c t  is o b 

tained when any value o f  a n oth er o b je c t  identifier in stan tia tin g  a  tem p la te  c  is su bstitu ted  

for the variable c . y  appearin g  in B [c t .t ./ o id ] .  T h e  o b je c t  o b  m ay en gage in its c -o b je c t  

interactions with o b i ,  and also w ith  o b j .  T h u s the tw o  expressions f? [c i .< ./o it /] [c .j / /c .o id i]  

and B [ c i . i l o i d ] [ c . y / c .o id -^  d escrib e  the in tera ction s in which o b  can en gage.

A com b in a tion  o f  these b eh a v iou r expressions expresses th e b eh aviou r o f  o b  in term s o f  

all the o th er  c -o b je c t s  o b i and o b j .  T h e com b in a tion  o f  expression  B [ c t . i / o i d ] [ c . y / c .o id ^ ]  

with expression  B [ c t . t / o i d ] [ c . y / c .o id -^  m ay take different form s accord in g  to  the specific  

language in which B  is w ritten . In L O T O S , the com b in a tor  is *[]’ and the com bin ed  

expression  is:

B [ c t . L l o i d ] [ c . y / c . o i d i ]  [] B [ c t . i l o i d ] [ c . y / c . o i d 2 ]

If a log ica l language is used, then  the com b in a tion  is lo g ica l  d i s j u n c t i o n ,  yielding 

B [ c ( . i / o i d ] [ c . y / c . o i d i ]  V B [ c t . i / o i d ] [ c . y / c . o i d 2 ]

This states that ob  can  engage in B  b eh aviou r w ith  e i t h e r  o h \  o r o b j .

A lth ou gh  this op e ra tio n  has been expressed  w ith  one tem p la te  and tw o  instan tia ted  

o b je c ts  for sim plicity , it generalises d irectly  to  m u ltip le  class tem p lates  and instan tia ted  

o b je c ts . W h atever its specific  fo rm , this syn ta ctic  op era tion  o f  s u b s t i t u t i o n  -h c o m b i n a t i o n
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yield s the beh aviou ra l description  o f  o b je c t  ob  at any sta te  o f  th e system . A s oth er o b je c t s  

are crea ted , a  sim ilar op era tion  m u st be  p erform ed : say oba is newly instantiated w ith  

identifier o b a .id e n i, d en oted  c .o i d s  for  sim plicity . T h e  expression  e [ c , . t /o id ] [ c .y /c .o » d a ]  

m ust be  form ed  and com òm ed  with  th e  o th er b ehaviou r expression s to  yield the b eh a viou ra l 

d escrip tion  o f  o b je c t  o b  in the new en viron m en t. ^

N o te  that th e  expressions d escribed  here need not a ctu a lly  be form ed . It is su ffic ient 

that a  p roced u re  exists  to  ob ta in  a  precise description  o f  the behaviour o f  an o b je c t  in 

its ru n -tim e en viron m en t from  th e b eh a v iou r expression  C f . B  in the class tem pla te  Cf.  W e 

have given  such a  p rocedu re .

5 . 5 . 4  D e r i v i n g  t h e  B e h a v i o u r  o f  a n  O b j e c t  in  L O T O S

T o  illustrate  th e  p rocedu re  in L O T O S , we in trod u ce  part o f  a process definition w h ich  

specifies the class tem p la te  C o u n t e r - T e l l e r :

p r o c e s s  C o u n t e r _ T e l l e r [ t ,  a ]  ( i d :  I d _ T e l l e r s )  : n o e x i t  : =

(  t  ! g e t _ b a l a n c e  ! i d  ? a c c _ n r :  A c c o u n t .n u m b e r  ; 

a  ! g e t . b a l a n c e  i a c c . n r  ? b :  B a l a n c e ;  

t  i r t n . b a l a n c e  ! i d  i a c c . n r  ! b ;  

e x i t ( i d )

[]

)  »  a c c e p t  i d :  I d . T e l l e r s  i n  C o u n t e r . T e l l e r [ t , a ] ( i d )  

e n d p r o c

O b je c ts  o f  th e class tem p la te  C o u n t e r - T e l l e r  invoke services o f  o b je c ts  o f  the class te m 

p la te  A c c o u n t . Let C o u n t e r - T e l l e r  be  the class tem p la te  c , ,  the value i d  be the o b je c t  

identifier o f  th e  current o b je c t ,  w hile  the L O T O S -va ria b le  a c c . n r :  A ccou n t.N u m b er c o r 

resp on ds to  th e  ind ivid ual variable c . y .

A n  expression  d escrib in g  the b eh a v iou r o f  an o b je c t  instan tia ted  from  C o u n te r—T e l l e r ,  

h av in g , say, identifier 125 , i.e, th e  expression  corresp on d in g  to  B [ C o u n t e r - T e l l e r . i / 12B] ,  

is:

t  Iget.balance 1126 Tacc.nr: Account.number; ...
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C ou n ter teller num ber 125 can co m m u n ica te  w ith  any o b je c t  instan tia ted  from  the class 

tem plate  A cco u n t . Suppose we cre a te  precisely tw o  a ccou n ts  w ith  identifiers 35467 and  

35468. T h e  com plete  behaviour o f  cou n ter  teller 125 w hen co m m u n ica tin g  w ith  any o f  th e  

tw o  accou n ts , asking for any serv ice , is given b y  th e  com b in a tion  o f  th e services offered by 

C o u n t e r - T e l l e r .  W e su bstitu te  3 5467  and 35468  for  the expression  a c c _ n r ,  and  com bin e
I

w ith  the ch oice  op era tor  [] to  o b ta in

B [ C o u n t e r - T e U e r . i /  1 2 S ] [ a c c - n r / 3 5 4 6 7 ]  [] e [C o u n ie r _ T e Z /e r .t /1 2 5 ][a c c _ n r /3 5 4 6 8 ]

N otice  that the behaviour o f  co u n te r  teller 125 changes w ith  tim e, a ccord in g  to  the ser 

vices execu ted . S uppose we crea ted  th e  tw o a cco u n ts , on e  su bsequ en tly  t o  the o th er . W h en  

com m u n ica tin g  with accou n t n u m b e r  35467, b e fore  a ccou n t 34568 was crea ted , cou n ter 

teller 1 2 5 ’ s behaviour is d escribed  b y : B [C ou n < er_T 'eZ Z er.i./12 5 ][acc_n r/35 46 7]. A fter a c 

cou n t 35468 is created , the b e h a v io u r  expression  changes t o  inclu de in the com bin ation  

th e expression f? [C o u fit c r _ 7 e //c r . i /1 2 5 ] [a c c _ n r /3 5 4 6 8 ] .

Th is in form al description  h^ls illustrated  h ow  a d escrip tion  o f  th e behaviou r o f  an 

o b je c t  in a  specific system  m ay b e  ob ta in ed  by purely  sy n ta ctic  m eans from  th e  behaviou r 

description  B  in the class tem p la te . T h e  d escrip tion  has been  given  in a  generic way and th e 

particu lar syn tactic op era tion s n eeded  to  effect th is for the given  behaviou ral specification  

language L O T O S  have been used as illustration . T h is  show s h ow  th e b eh aviou r o f  o b je c t  

o b  instantiated  from  tem plate  c< is determ in ed  by the beh aviou ra l d escrip tion  c t .B .  A 

form al defin ition  o f  o b  needs t o  specify  n o e x tra  behaviou ra l com p on en t beyon d  th at 

con ta ined  in C t.B .

5 . 5 . 5  I s —i n s t a n c e ,  C l a s s e s  a n d  O t h e r  C o n c e p t s

T h e  is—in s t a n c e  relation is a b in a ry  relation  betw een  o b je c t s  and th e class tem pla tes o f  

which th ey  are instances. W h en  an  o b je c t  is crea ted , a ccord in g  to  the sem an tics  it is a pair 

o f  nam es ob  =  { i d e n t i f i e r , c l a s s  t e m p l a t e ,  n a m e ) .  T h e  im age o f  ob  under th e  n a m ed —b y  

relation  [Spi89, page 123] { n a m e d —b y  o o b ) ,  is thus the pair con sistin g  o f  the o b je c t  a lon g  

with  th e class tem plate  it was in sta n tia ted  fro m . T h is pair is an elem ent o f  is—in s t a n c e .  

If on e  requires this relation  fo r  a n y  p u rp ose , it is necessary t o  require o f  the o b je c t -
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gen erator th at when it creates an o b je c t  o b , it a lso adds { n a m e d - b y  o o b )  to  i s - i n s t a n c e  

(w hich  is defined to  have value 0  when n o o b je c ts  h ave yet been  cre a te d ). O ne m a y  then  

stra igh tforw ard ly  define th e class gen erated  by c<, c l a s s ( c t )  =  d o m { i s - i n s t a n c e >  { c « } ) .

A n  a ccou n t o f  the con cep ts  o f  an o b je c t -o r ie n te d  system  will a lso  inclu de a sem antics 

for m e s s a g e - p a s s in g  and for  i n h e r i t a n c e ,  w hich  require som e m ore  deta iled  a tten tion  than 

the rath er sim ple defin ition  o f  class and is—i n s t a n c e  a bove .

5 .6  C o n c l u s i o n s

In this ch a p ter, we have given a  sim ple d en ota tion a l sem antics for the con cep ts  o f  o b je c t -  

oriented  analysis, which inclu de c la s s  t e m p l a t e ,  s e r v i c e ,  a t t r ib u t e , b e h a v io u r , o b j e c t  g e n e r 

a t o r  and v is ib il i ty .  W e d escrib ed  the form  required  o f  a b e h a v io u r  expression  in a  class 

tem p late , so  that the b eh a v iou r o f  any o b je c t  instan tia ted  from  th at tem p la te  is precisely  

specified . W e em ployed  th e n o tion s  o f  in d iv id u a l  v a r ia b l e  and .s u b s t i tu t io n  from  th e syn tax 

o f  log ic  to  expla in  in general term s how this b eh a viou ra l d escription  was tran sform ed . W e 

illustrated this tran sform ation  w ith  R O O A  tem p la tes  and b eh a v iou r expression s w ritten  

in L O T O S .



C h a p t e r  6

T h e  R i g o r o u s  O b j e c t - O r i e n t e d  

A n a l y s i s  M e t h o d

6 .1  I n t r o d u c t i o n

T h e  R igorous O b ject-O rien ted  A n alysis  (R O O A ) m eth od  takes the sta tic  p rop erties  o f  a 

system  ca p tu red  in an o b je c t  m od el and the d yn am ic and fun ction al p ro p e rt ie s  described  

in th e original set o f  requirem ents and  produces a form al o b ject-o r ien ted  a n a lysis  m od el. 

T h e  o b je ct  m od el can be built by  any o f  the existin g O O A  m eth ods.

T h e  form al ob ject-or ien ted  analysis m odel:

1. form a lises  the o b je c t  m odel describ ing each  class tem pla te  and re la tion sh ip  in a 

m athem atical m anner.

2 . A dds sta te  in form ation  and b eh aviou r to  each  class tem plate  and d e scr ib e s  the ord er  

in w hich the events occu r.

3. Shows th e m essage con n ection s between o b je c ts  and the in form ation  passed  durin g  

com m u n ica tion .

4 . Defines the behaviour o f  th e w h ole  system  b y  p uttin g  togeth er its cla sses .

5. Is form a l and execu tab le , and  therefore rapid  p ro to ty p in g  can b e  used  to  check

137
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the con form a n ce  o f  th e  specification  against the original requirem ents and  to  d etect 

inconsistencies, om ission s and am bigu ities in th e original requ irem ents .

T h e  form alisation  o f  th e in form ation  in an o b je c t  m od e l can b e  don e sem i-a u tom atica lly ,

i.e. it requires som e d ec is ion s , but m ost o f  th e  work  is fairly  stra igh tforw ard  and is sim ilar 

for each class tem p la te . H ow ever, iden tify in g  the Ibehaviour o f  each  class tem p la te , the 

events and their o rd e r  and  the in form ation  passed d u rin g  m essage com m u n ica tion  is not 

trivia l. E xisting O O A  m eth od s  p rop ose  tw o  ex tra  m od els  (see F igure 6 .1 ) t o  ca p tu re  the 

behaviour o f  a system  (th e  d yn a m ic m od e l) and the tran sform ation s o f  the d a ta  (th e  fu n c 

tional m od el). T h ey  th en  end up w ith  th ree  m odels , each  o f  w hich  shows d ifferent a sp ects  

o f  the system  and w h ich  are d ifficu lt to  in tegra te  and keep con sisten t. F u rth erm ore , the 

dyn am ic m odel is d ifficu lt t o  understand sin ce it does n ot give an in tegrated  view  o f  the 

behaviour o f  the system . It is usually com p o se d  o f  a set o f  state  transition  d ia gra m s, on e  

for each class tem p la te .

Analyti*

(Ob^«ct Ort«nt«d Analysis Methods)

Figure 6 .1 : T h e  m od els  built by  m an y o b je ct-o r ie n te d  analysis m eth od s

In con tra st, the R O O A  m eth od  p rod u ces  a single form al m od el w hich integrates the 

static , dyn am ic and fu n ction a l p rop erties  o f  a  system . T h e  R O O A  m od el is prim arily  a 

dyn am ic m od el, b u t it preserves th e  stru ctu re  o f  the o b je c t  m od el.
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6 .2  T h e  R O O A  M e t h o d

R O O A  gives us an in tegra ted  view o f  the system , show ing at the sam e tim e its sta tic , 

d yn am ic and fun ction a l p rop erties . T h e  form al description  technique (F D T )  we have 

chosen is L O T O S . A s L O T O S  has a  precise syn tax  and m ath em atical sem an tics , the 

resu lting m odel is form al a n d  unam biguous. M or^oyer, as L O T O S  is execu ta b le , the 

m odel is execu tab le , and so  p ro to ty p in g  can b e  used to  g ive im m ediate feedb ack  to  the 

clients w h o  can check  if th e p ro to ty p e  exh ibits th e intended  behaviour.

R O O A  uses a stepw ise refinem ent approach  for  the developm en t and for validation  o f  

the specification  against th e  requirem ents. T h e  developm en t process is iterative . D iffer 

ent o b je c ts  m ay b e  represented  at d ifferent levels o f  abstra ction  and the m od el refined 

increm entally .

R O O A  involves three tasks:

1. Build an o b je c t  m odel.

T h e  con stru ction  o f  th e  o b je c t  m odel is perform ed  by apply in g any o f  th e existing 

o b je ct-o r ie n te d  analysis m eth od s, such as O O A  by G oad  and Y ou rd on , O O S E  by 

J a cob son , O M T  by R u m ba u gh  e t  a l. [C Y 9 1 a , Jac92 , RBP'*'91].

2. R efine the o b je c t  m od e l.

T o  refine th e o b je c t  m o d e l we start by guaranteein g th a t it includes in terface  o b je cts , 

a ttribu tes , and static relationsh ip s; then we identify initial d yn am ic behaviou r by 

identify in g services a n d  m essage con n ection s; finally, we structu re th e o b je c t  m odel 

by  identify in g su bsystem s.

3. Build  the form al L O T O S  O O A  m odel.

T h e  L O T O S  form al m o d e l specifies  the o b je c t  m od el, gives the d yn a m ic behaviour 

o f  each o b je c t  and o f  th e w hole system , show s the m essage com m u n ica tion s b e 

tw een o b je c ts  in the system  and also m od els  the in form ation  passed w hen o b jects  

com m u n ica te .

R O O A  acts as th e central part o f  th e analysis phase, b u t it interacts w ith  requirem ents 

captu re and can provide th e  starting poin t o f  th e  design phase. Figure 6 .2  illustrates
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R O O A  in th e con tex t o f  th e so ftw are  developm ent life cycle  a n d  shows h ow  the variou s 

tasks are con n ected .

_ Ana ly iti D—tgn,...

RO O A

(Ob fM l Mo<tol Con a tn ict lon )

Figure 6 .2 : C o n te x t o f  R O O A  in the d evelop m en t life cy cle

T h e  o b je c t  m od el co n stru ction  is, o f  necessity, inform al. It is p erform ed  by read in g 

th rou gh  the requirem ents d o cu m e n t, interview ing the clients ( o r  the u sers ), e tc ., fin d in g 

th e o b je c ts  o f  th e system  and th e relationships betw een th em . W e  use the p a rt o f  an O O A  

m eth od  that builds the o b je c t  m od el to  perform  it. T h e  a p p lica tion  o f  th e n ext tw o  tasks 

o f  R O O A  m ay lead us t o  ch an ge th e o b je c t  m od el, and if  we fin d  any om ission s or  in c o n 

sistencies we also change the requirem ents d ocu m en t where the p rob lem  w e are ana lysin g 

is s ta ted . W e can use R O O A  w ith  p rototy p in g  to  analyse the system  increm enta lly .

T h e  resu lting R O O A  specifica tion  can then be used as th e  first s tage  in a so ftw are  

d evelopm en t tra je c to ry  w here th e requirem ents specification  is tra n sform ed  in to  a design  

specification  either by  using correctn ess preserving tran sform ation s or  by u sin g  p ro to ty p in g  

to  ensure that the tw o  sp ecifica tion s con form  to  on e  another.

F igure 6 .3  gives a view o f  th e tw o  main tasks o f  R O O A , R e f i n e  O b je c t  M o d e l  and B u il d  

F o r m a l  L O T O S  O O A  M o d e l ,  sh ow in g  their com p osit ion .

T h e  main goa l o f  R O O A  is t o  p rod u ce  a form al L O T O S  o b je c t -o r ie n te d  analysis m o d e l. 

T o  a ccom plish  th is, R O O A  has to  refine the o b je c t  m odel p ro d u ce d  by o n e  o f  the O O A  

m eth od s  and form alise it. It then  has t o  identify  the d yn a m ic p rop erties  o f  each  class 

tem p la te  and o f  th e overall system  in the original requirem ents a n d  form a lly  specify  th em .
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F igu re  6 .3: C o re  o f  R O O A

Finally, it has t o  identify th e  in form ation  passed during com m u n ica tion , also in th e original 

requirem ents , and form a lly  specify  it. H ow ever, if  the startin g  p oin t is th e  result o f  a 

separate t e a m ’ s app lica tion  o f  on e  o f  the O O A  m eth od s, d yn am ic and fu n ction a l m odels  

m ay a lready h ave  been p rod u ced . In th is s itu a tion , R O O A  w ould  in tegrate  th e in form ation  

spread a m o n g  the three m odels  and give a form al and execu ta b le  specifica tion  o f  the 

system . G iven  the ex istin g  d yn am ic and fu n ction a l m odels , the app lica tion  o f  the R O O A  

tasks w ould  b e  much faster.

A n a lysts  k n ow  how im p orta n t it is to  in volve  the clients (o r  th e users) o f  the system  

in the d eve lop m en t p rocess . S om e can  argue that F D T s should  n ot be used so early in 

the so ftw are  d evelop m en t life cy cle , since th ey  are not easily u n d erstood  by m ost clients. 

T h at m ay b e  true , but there are o th e r  advan tages o f  using F D T s  as early as possible to  

develop  so ftw a re , especia lly  if  the resulting specification  is execu tab le . A p a r t  from  th e 

advantages a lready  m en tion ed  (su ch  as h av in g  a  form al d escription  o f  th e system  and 

using p ro to ty p in g  to  fin d  incon sisten cies, om ission s and am bigu ities ea rly ) there is a lso 

the a d va n ta ge  o f  increasing the a n a ly s t ’s con fid en ce  in th e system . T h is is due to  tw o  

main reason s:

B y u sin g  F D T s , ana lysts have t o  u n derstan d  every “ corn er”  o f  a  p rob lem  in order to  

specify  it . T h e use o f  in form al techn iqu es allow s them  to  be  vague in th e  description
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and so m ay u n in tentionally  avoid  certa in  ch aracteristics o f  th e system  that they 

d o  n ot fu lly un derstan d . B y the tim e  th ey finish the analysis using F D T s  th ey will 

know  m uch m ore a b ou t th e system  than th ey  would know  if th ey  w ere using inform al 

techniques. T h is kn ow ledge  helps them  t o  present their id ea  o f  the system  to  the 

clients and understand  their exp lan ation s. ^

• If th e analysts use an F D T  which p rod u ces  execu tab le  specification s th ey can also 

use rapid p ro to ty p in g  fo r  checking the specification  against th e requirem ents. T h e  

possib ility  o f  using p ro to ty p in g  gives them  con fiden ce in th e specification  th ey are 

develop in g . B y using R O O A , th ey also have the possib ility  o f  d evelop in g  the system  

increm entally , using com p on en ts  w hich  h ave already been verified.

Th ese advantages com p en sa te  for the d ifficu lty  th e  clients m ay have in reading the sp ec 

ification . T h e  sim ulation  to o ls  can be used to  sh ow  the system  to  the clients. For ou r 

m eth od  we suggest the a n a lysts  use the sim u lator SM IL E  [E W 93] for their work since, as 

we said in C h ap ter 2 , it su p p orts  n on -d eterm in ism  and value gen eration . H ow ever, this 

too l is perhaps t o o  com p lica ted  to  be used to  sh ow  the system  to  th e  client. T h e  sim ulator 

H IP P O  [vE V D 89 ] does n ot o ffer as m any possibilities to  check th e  specifica tion , but it 

has a m uch sim pler in terface and so we advise it to  be used when the specification  is to  

be show n to  th e client.

T h e  final pu rp ose  o f  th is ch apter is to  d escrib e  each task o f  th e  R O O A  m eth od . This 

description  is accom plish ed  b y  using, as a case study , a  running exa m p le . T h e  exam ple 

we have chosen  is the a u to m a te d  bankin g system  whose requ irem ents  were presented in 

C h ap ter 3. R O O A  was first applied t o  this p rob lem  with  C oa d  and Y o u rd o n ’s m eth od  

(F igu re  3 .2  d ep icts  the o b je c t  m odel o b ta in e d ). L ater, we have app lied  R O O A  w ith O M T  

to  the sam e p rob lem . T h e  goa l o f  th is exercise  was t o  test h ow  R O O A  w ould  behave 

in co n ju n ction  w ith  a d ifferen t m eth od . T h is turned  ou t to  be  an in teresting exercise, 

as it show ed  us im p orta n t differences betw een  th e  tw o O O A  m eth od s  w ith  regard to  the 

in form ation  their resulting o b je c t  m od els  con ta in . T h e  iden tifica tion  o f  th ose  d ifferences 

led us t o  im prov in g  R O O A  to  b etter in tegrate  o b je c t  m od els  p rod u ced  by m ost O O A  

m eth od s. In th e  fo llow in g section , as we present each task , we give th e results o f  the
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a pp lica tion  o f  R O O A  togeth er with  O M T .

6 .3  T h e  R O O A  P r o c e s s

A n o b je c t  m od el show s class tem plates and con cen tra tes  on  th e  static relationsh ips b e 

tw een o b je c ts . T h e  in tegrated  analysis m odel p ro d u ce d  by R O O A  specifies a sy s te m ’s 

d y n a m ic b ehaviou r and the d a ta  transform ations as well as th e  static re lationsh ip s. It 

typ ica lly  involves m an y instances o f  each class tem p la te . T o  avoid  bein g overw h elm ed  

w ith  deta il in the first iteration  o f  R O O A , on ly  a sin gle in sta n ce  o f  each class tem p la te  is 

con sid ered , i.e . we fo cu s  on  th e con cep t o f  a single ty p ica l o b je c t  o f  a class. For this reason , 

the nam es given  to  th e  d ocu m en ts  and diagram s use th e  term  o b je c t  (e .g . o b je c t  m od e l, 

o b je c t  com m u n ica tion  table and o b je c t  com m u n ica tion  d ia g ra m ) and the discussion  in the 

fo llow in g  section s is in term s o f  o b je c ts  rather than classes.

In later itera tion s, the m od el is generalized so  th a t we deal w ith  classes rather than 

o b je c ts . H ow ever, th e term  o b je c t  is kept for the d ia gra m s and  d ocu m en ts , even th ou gh , 

by  th e  end o f  the last itera tion , they reflect the m ore  general con cep t o f  class tem p la te  

and class.

T a s k  1 ;  B u i l d  a n  O b j e c t  M o d e l

A n o b je c t  m od el show s the class tem plates that c o m p o s e  the system  and th e  relationsh ips 

betw een  their o b je c ts . T h e  o b je c ts  can be found b y  lo o k in g  for physica l entities and 

co n ce p ts  in th e  p rob lem  d om ain . N ot all the o b je cts  a re  exp licit  in the system  requirem ents 

d ocu m en t; som e are im plic it to  the prob lem  dom ain  o r  th e gen era l k n ow ledge o f  th e real 

w orld . In general it is not difficu lt to  identify o b je c t s , b u t it is d ifficu lt t o  select w hich  o f  

them  are relevant to  the system . O ur goa l is to  id en tify  th e o b je c ts  w hich  are essential 

th rou g h ou t th e sy s te m ’s d evelopm en t life cycle.

T h e  con stru ction  o f  the o b je c t  m odel can be  con s id ered  as a  separate task from  the 

o th e r  R O O A  tasks, and it can  b e  accom plished  by a  d ifferen t tea m . D u rin g a p p lica tion  o f  

ou r m e th o d , th e o b je c t  m od el m ay be m odified . T h e  a d va n ta ge  o f  startin g  w ith  an o b je c t  

m od el p rod u ced  by any ob je ct-o r ie n te d  analysis m e th o d  is th a t we can bu ild  on  the w ork
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which h as already been  d on e  t o  identify  o b je c ts .

T h e  o b je c t  m od el is the m a in  focu s o f  m ost O O A  m eth od s. T h is brings n o p rob lem s, 

if the p rob lem  we are m od ellin g  is prim arily  sta tic . H ow ever, there are oth er prob lem s 

which h a v e  a p repon deran t d yn a m ic co m p o n e n t. For this kind o f  p rob lem , we m a y  need 

to  use techniques such as E ven t Trace D iagram s (E T D s ) [R B P"'‘ 91] to  help us b u ild  the 

o b je c t  m od el.

A n  exa m p le  o f  an o b je c t  m od el fo r  the p rob lem  described  in Section  3.3 and  which 

was b u ilt  by using O M T  [RBP"*‘ 91] is d ep icted  in Figure 6 .4 .

F igure 6 .4 : O b je c t  m od el p rod u ced  by the O M T  m eth od

T a s k  2 :  R e f i n e  t h e  O b j e c t  M o d e l

M any O O A  m eth od s are m ain ly  con cern ed  with  the identification  o f  e n t i t y  o b j e c t s .  E ntity 

o b je c ts  corresp on d  to  those o b je c ts  th a t su p p ort the in form ation  th at the system  m ust 

keep a n d  m aintain . A cco rd in g  to  J a co b so n , th ere are how ever o th e r  kinds o f  o b je c ts : 

i n t e r f a c e  o b je c t s  and c o n t r o l  o b j e c t s  [Jac92]. In terface o b je c ts  are th e o b je c ts  th a t the 

a c t o r s  u se  to  com m u n ica te  w ith  the system , ask it for services and receive answ ers from  

it. (A c t o r s  are th e external o b je c t s , clients or  users, that in teract w ith  th e sy s te m .) T h ey
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trans fer the a c to r s ’ a ction s in to  system  events and th e  sy s tem ’s answ ers in to  som eth ing 

th at the a ctor  can  read and un derstan d . T h e  con tro l o b je c ts  d ea l w ith the functionality  

th at does not fit in to  any o f  the e n tity  or interface o b je c ts . T h e  en tity  o b je c ts  will exist 

in th e  initial o b je c t  m od e l, but the in terface  o b je c ts  m ay n ot.

D uring this task , we add  in terface  o b je c ts  to  th e o b je c t  m o d e l. N ext we refine the 

resulting o b je c t  m od el so  that each  class tem p la te  is d escribed  w ith  a ttribu tes and ser

v ices. T h en  we define sta tic  relationsh ip s and m essage co n n e ctio n s  betw een o b je c ts , and 

finally, we start s tru ctu rin g  the system . T o  stru ctu re  th e sy s te m , we use aggregates and 

su bsystem s. A ggrega tes  are co m p le x  o b je c ts , built from  sim pler o b je c ts , which m ay al

ready have been  iden tified in Task 1. Subsystem s are a lso  g rou p in gs  o f  o b je c ts , but they 

d o  n ot en joy  th e status o f  bein g an o b je c t .  T h ese  grou p in gs are o fte n  found by m inim izing 

the static relationships betw een o b je c t s . W e wish to  iden tify  su bsystem s by taking into 

con sideration  m essage con n ection s as well as sta tic  relation sh ip s.

T h ere fore , b e fore  we start p rod u cin g  the L O T O S  form al m o d e l, we want ou r o b je c t  

m od el to  reflect th e sta tic  p roperties and the d yn a m ic d e p e n d e n cy  betw een o b je c ts . This 

is ach ieved by gu aran teein g that it in corp ora tes :

1. In terface o b je c ts .

2. S tatic re lationships.

3. A ttr ib u tes  and services in each  class tem p late .

4. M essage con n ection s .

T a s k  2 .1 :  C o m p l e t e  t h e  O b j e c t  M o d e l

D urin g this task  we start addin g in terface  o b je c ts  t o  th e  o b je c t  m od el and then we add 

m ore in form ation  to  each  class tem p la te . In o b je c t  m od els  crea ted  using som e O O A  

m eth od s [R B P '* '91], th e class tem p la tes  are defined on ly  by  n am e and a list o f  a ttribu tes. 

In oth ers  [C Y 91a] we a lso have serv ices and m essage co n n e ctio n s . W e  p rop ose  that a class 

tem p la te  can o n ly  be  fully  u n d erstood  if  it is defined b y  a  n am e, a  list o f  a ttribu tes and a
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list o f  o ffered  services. M oreover, in ou r o b je c t  m o d e l the class tem pla tes are rela ted  by 

static re lationsh ip s (and m essage connections w h ich  are added  in Task 2 .2 .2 ).

T a s k  2 .1 .1 :  A d d  I n t e r fa c e  O b je c t s

In terface o b je c t s  m odel behaviour and in form ation  th,at is part o f  the system  interface with  

the sy s tem ’s environm ent. T hus, everything in th e  system  that is con cern ed  w ith  an in ter 

face is p laced  in interface o b je c ts . A n exam ple o f  an  interface o b je c t  is A u t o m a t i c - T e l l e r .

T a s k  2 .1 .2 :  A d d  S ta t ic  R e la t io n s h ip s

A  static re lationsh ip  betw een tw o (o r  m ore) o b je c t s  means th a t on e  o b je c t  “ know s a b o u t”  

the o th er  (o r , i f  the relationship  is b id irectional, th ey  “ know  a b o u t”  each  o th e r). T h ere  

are three k inds o f  static relationships:

1. C on cep tu a l relationships.

2. A g g reg a tion .

3. In h eritance.

R ela tion sh ip s are present in m ost o b je c t  m od els  given by O O A  m eth od s. H ow ever, the 

m eth od  p rop osed  by Berard [Ber89, Ber93] puts th e  o b je cts  togeth er in th e o b je c t  m odel 

by sh ow in g  th e  visibility between o b je cts  (w h ich  correspon d  to  m essage co n n e ctio n s ), 

w ith ou t defin in g  relationships. A lso , som e relation sh ip s in O M T  turn o u t  to  be  m essage 

con n ection s.

T a s k : I f sta tic  relationships are not already in the o b je c t  m odel, iden tify  them  and 

add them  t o  it.

T a s k  2 .1 .3 :  A d d  A t t r ib u t e s  (a n d  S e r v ic e s )

A ttr ib u tes  can  be viewed as the com pon en ts (e lem en ta ry  or n o t )  which m ake up the sta te  

o f  an o b je c t ,  a lthough it is possible  for an o b je c t  n ot to  have a ttribu tes . T h e  services 

offered by an o b je c t  con stitu te  the m echanism  th a t allows o th er o b je c ts  to  ch an ge or  

query th at o b je c t ’ s state in form ation . Som e a u th o rs  argue that as services will ch an ge
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d u r in g  the design  phase, it is n ot relevant t o  add  th em  to  the o b je c ts  in the analysis 

p h a se  [Jac92, R B E + Q l]. W e believe th at m ost o f  th e services identified durin g  this phase 

will b e  retained w ith  few  changes durin g the design . H en ce , we p rop ose  th a t for  an o b je c t  

t o  b e  fully u n d erstood , its defin ition  should include its a ttribu tes , i f  any, and its services.

T o  identify th e services offered  by each o b je c t ,  v fe  can  fo llow  tw o  steps. F irst, p la ce  

ou rse lves  inside each o b je c t  an d , a ccord in g  to  the orig in a l requirem ents o f  the system , 

id en tify  the services each  o f  the o b je c t s  has t o  offer t o  its en viron m en t so  th at the o b je c t ’ s 

a ttr ib u tes  can be  in terrogated  and u pd a ted . Further services m a y  be identified w hen  we 

d ea l w ith m essage con n ection s.

T a s k :  If a ttribu tes  and services are n ot a lready in th e o b je c t  m od el, identify  th em  

and  add  them  to  it. T h e  services m ay be  left until T ask  2 .2 .

T a s k  2 .2 : In it ia l  I d e n t i f i c a t io n  o f  D y n a m i c  B e h a v i o u r

A n  o b je c t  m od el describes the sta tic  p roperties o f  a  system . T o  ca p tu re  and record  

d y n a m ic  behaviou r from  the in form ation  given  in th e  inform al requ irem ents, we p roceed  

a cco rd in g  to  th e fo llow in g  steps:

1. we m odel the b ehaviou r that th e  environm ent requires from  the system  as a set o f  

i n t e r fa c e  s c e n a r i o s ,  related to  th e u s e  c a s e s  o f  J a cob son  [Jac92]; th en ,

2 . we build E T D s  to  show d yn a m ic behaviour o f  th e system  (th ey  m ay already exist 

from  Task 1); and finally,

3 . we collect the in form ation  in th e E T D s  in an O b je c t  C om m u n ica tion  Table.

N otice  that in terface o b je c ts  b e lon g  to  th e  system , b u t interface scenarios d o  n o t .

T a s k  2 .2 .1 :  D e f in e  I n t e r fa c e  S c e n a r io s

In ter fa ce  scenarios m od el the in tera ction  o f  a  system  w ith  its en v iron m en t, i.e. th ey sh ow  

a  series o f  services (requests and responses) that th e  a ctors  (c lien ts  or users) can requ ire 

fro m  the system . E ach  on e , m od ellin g  different p arts  o f  the fu n ction a lity  o f  the sy s te m .
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can be seen as a list o f  calls t o  the services offered  b y  the in terface  o b je c ts  together with 

the ex p e cte d  responses.

B y using interface scenarios togeth er w ith  the o b je c t  m o d e l, we can  understand the 

system ’s fu n ction a lity  and d yn am ic b eh a viou r.

T h e  in terface scenarios will be  m od elled  in L O T O S  in T ask  3. T h ey  p lay an im portant 

role d u rin g  the p ro to ty p in g  o f  the form a l specification .

T a s k  2 . 2 . 2 :  D e f i n e  E T D s  a n d  S t a r t  O b j e c t  C o m m u n i c a t i o n  T a b le

S tarting w ith  an interface scen ario  even t, w e trace th rou gh  th e  o b je c t  m od el identifying the 

o b je c t  in teraction s required t o  satisfy th e  requested  b eh a v iou r and record  the inform ation 

in an E T D . T h e  events in th e E T D s m a y  suggest ad d ition a l services t o  add to  the class 

tem plates in the o b je c t  m odel. Som e services cou ld  have a lrea d y  been identified in Task 

2 .1 .3 .

C on sider on ce  m ore the bankin g exa m p le . In C h ap ter 3 w e  showed how  to  m ap O O A  

con stru cts  in to  L O T O S  and illustrated som e  o f  the L O T O S  c o d e  for the banking system . 

H ere, we will consider on e  o f  th e class tem p lates  which we fo u n d , as we will show during this 

ch a pter, m ore difficult to  m od el: C heque. In Figure 6 .5  we present a sim ple E T D  showing 

the even ts exchanged  betw een  o b je c ts  w h en  a d e p o s i t —c h e q u e  service is required.

Scenario Countar Tallar

dapoatLchaqua .

Chaqua

o* va_raoa>pt

dapoatt
paftiapa_dapoa* t

Othar Bank 

chaqua_wHhdraw

rtn.wHhdraw

fuN.dapoaH

Figure 6 .5 : E T D  fo r  d ep os it in g  a  cheque b e lon g in g  to  another bank

O th er E T D s  show ed  us th a t C h e q u e  sh ou ld  offer tw o  serv ices : d e p o s i t  and w i t h d r a w .  

B y d ra w in g  E T D s we could  understand b e tter  w hat a  ‘ ch e q u e ’ was. E T D s  help us reason
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a b ou t the b eh a v iou r o f  o b je c ts  w ith out having t o  w orry yet a b ou t form ality . W h ile  draw ing 

th is E T D , w e d iscovered  that we needed to  in c lu d e  tw o e x tra  services in C h e q u e -A c co u n t : 

p e r h a p s - d e p o s i t  and f u l l - d e p o s i t .  T o g e th e r  with these services, we identified an extra  

a ttrib u te  in A c c o u n t , which is B a la n c e -P e n d in g . W h en  d epositin g  a  ch eq u e, B a la n c e -  

P e n d in g  takes the am ount to  be  deposited , b y  using th e service  p e r h a p s —d e p o s i t  and, 

w hen  the ch eq u e  is cleared , f u l l - d e p o s i t  a d d s  the value o f  B a la n c e -P e n d in g  to  B alau ice . 

In C h ap ter 3 , we did not identify these serv ices  while build ing the o b je c t  m od el by  using 

C oa d  and Y o u rd o n ’s m eth od  (see Figure 3 .2 ) .

T h e  in form ation  from  the different E T D s (a n d  from  th e o b je c t  m o d e l) is then co llected  

in an O b je c t  C om m u n ication  T able (O C T ) .  E ven tu ally , th is table will be co m p o se d  o f  five 

co lu m n s, b u t now  we are on ly  build ing the first tw o  colu m n s. In the first co lu m n  we list the 

class tem p la tes  that form  the o b je c t  m odel a n d  in the secon d  co lu m n  we list th e services 

offered  by ea ch  class tem pla te. If the services are given in the o b je c t  m od e l, co lu m n  one 

and colu m n  tw o  can be filled in d irectly  (see T a b le  6 .1 ).

T a s k : D efin e interface scenarios and E T D s , add services, if  a p p rop ria te , to  th e class 

tem plates in th e  o b je c t  m odel. Fill co lum ns o n e  and tw o  o f  the O C T .

T a s k  2 . 2 . 3 :  A d d  M e s s a g e  C o n n e c t i o n s

A m essage con n ection  shows a processin g (d y n a m ic )  d epen d en cy  betw een a client and its 

server. It is defined as single arrow , not a d o u b le  arrow . T h ere fore , if A is a client o f  I)  

and B  is a  client o f  A ,  we draw tw o  arrow s, a s  shown in F igure 6 .6 .

Figure 6.6: M essage co n n e c t io n s  betw een  A  and B

D uring th is  task we fill the third and fo u r th  co lum ns o f  the O C T . In th e th ird  colum n 

{ R e q u i r e d  S e r v i c e s )  we list, for each service o ffe r e d  by a  class tem p la te  in co lu m n  o n e , the 

services th a t that class tem pla te  requires f r o m  other class tem plates to  a ccom p lish  that 

particu lar serv ice . T h e  n otation  K c la a s —t e m p l a t e . s e r v i c e >  is used to  refer t o  th e required
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s e r v i c e  defined in c la s s  t e m p la t e .  In the fou rth  co lu m n  ( C l i e n t s )  we list, for each serv ice  

offered  in co lu m n  on e , th e class tem pla tes (c lien ts ) w hich  require that service. For each  

offered  service we m ay have a list o f  clients. N ote  th at th e clients o f  th e interface o b je c ts  

are the in terface scenarios.

T o  help  us t o  identify  the required services we  ̂use the in terface scenarios and the 

E T D s. For exa m p le , startin g  w ith  an in terface scen ario  event, we can  fo llow  com p le te  

paths o f  fu n ction a lity  in th e  system , filling th e  tab le  and creatin g  corresp on d in g  m essage 

con n ection s as we trace instances o f  th e class tem p la tes  in the o b je c t  m od el. A s we tra ce  

th rou gh  the o b je c t  m od el “ sim u latin g”  th reads o f  its fun ction a lity , new services m a y  be 

identified which  should  be  added  to  the a p p rop ria te  class tem plate  and  inserted  in the 

second co lu m n  o f  th e ta b le . N otice  that by p erform in g  this step we are a lso ch eck in g the 

necessity  for each  service in the o b je c t  m odel.

E T D s  are a  m a jo r  help  in sh ow in g m essage con n ection s , a.s th ey show  the even ts 

exch an ged  betw een  instances o f  class tem plates.

For th e o b je c t  m od el in F igure 6 .4 , and con siderin g  each  class tem p la te  with  its services, 

the first four co lu m n s o f  th e O C T  w ould  be filled as show n in T able 6.1 and the in form ation  

added  to  the o b je c t  m od el, as show n in F igure 6 .7 .

W h en  we co n stru ct th is tab le  we m ay iden tify  in form ation  that we are  not yet a b le  to  

describe. In gen era l, if  a service  requires m ore than o n e  service  from  o th er class tem p la tes , 

there is an ord er in which th e required services o ccu r . If this ord er is sequential, it can  be 

given by the o rd er in w hich we fill co lu m n  th ree. T h ere  are , how ever, s itu ation s w here the 

services required are  a ltern atives. For exa m p le , the class tem p la te  C heque offers d e p o s i t .  

If the ch equ e is draw n on  ou r ban k , then we can w ith draw  the am ou nt from  the a ccou n t 

where it is draw n and cred it th e payee ’s a ccou n t. H ow ever, i f  the ch equ e is draw n  on 

another ban k , b e fore  we cred it it to  ou r c lien t ’ s a cco u n t, we m ust query 0 th «r_ B a n k  to  

know w h eth er o r  n ot funds are available t o  cover th e  cheque. Part o f  this in form ation  

m ay b e  given  in th e  E T D s  w hich  can be  used later as a  guidelin e to  build  the L O T O S  

specification .

T h e  first tw o  co lu m n s in th e O C T  d u p lica te  in form ation  given  in th e  o b je c t  m od e l.
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C l a s s O f f e r e d R e q u i r e d C l i e n t s

T e m p l a t e s S e r v i c e s S e r v i c e s

E n t r y —S t a t io n  (E S ) w i t h d r a w ^ a s h A c c o u n t  .w ith d r a w I n t e r fa c e -S c e n a r io

C o u n t e r —T e lle r  ( C T ) o p e n —a c c o u n t A c c o u n t  .c r e a te I n t e r fa c e -S c e n a r io

c l o s e -a c c o u n t A c c o u n t  .r e m o v e I n t e r fa c e -S c e n a r io

d e p o s i t - c a s h A c c o u n t  .d e p o s it I n t e r fa c e -S c e n a r io

g iv e -b a la n c e A c c o u n t  .g e t -b a la n c e I n t e r fa c e -S c e n a r io

d e p o s i t - c h e q u e C h e q u e .d e p o s it I n t e r fa c e -S c e n a r io

ask—t r a n s fe r A c c o u n t ,  w i th d r a w  

A c c o u n t .d e p o s i t

I n t e r fa c e -S c e n a r io

O B  .s e n d —t r a n s fe r

s e t - s t a n d in g - o r d e r S O .c r e a t e I n t e r fa c e -S c e n a r io

c a n c e l - s t a n d in g - o r d e r S O .c a n c e l I n t e r fa c e -S c e n a r io

A u t o m a t i c —T e lle r  ( A T ) m in i - s t a t e m e n t C h e q u e —A c c o u n t .p r in t -m i  n i - s ta t I n t e r fa c e -S c e n a r io

O t h e r —B a n k  ( O B ) r e c e iv e - t r a n s fe r A c c o u n t  .d e p o s it I n t e r fa c e -S c e n a r io

s e n d —t r a n s fe r C T ,  S O

c h e q u e —w ith d r a w C h e q u e

r e m o t e —w ith d r a w A  c c o u n t . w i t  h d ra w in t e r fa c e -b c e n a r io

S t a n d in g J O r d e r  (S O ) c r e a te C T

c a n c e l C T

d e b it A c c o u n t ,  w ith d r a w  

A c c o u n t  .d e p o s it  

O B .s e n d —t r a n s fe r

in te rn a l

C h e q u e w ith d r a w A c c o u n t ,  w ith d r a w C T

d e p o s it A c c o u n t ,  w ith d r a w  

A c c o u n t  .d e p o s it  

A c c o u n t  .p e r h a p B -d e p o s it  

O B .c h e q u e —w ith d r a w  

A c c o u n t  . fu l l -d e p o s it

C T

A c c o u n t  ( A ) c r e a te C T

r e m o v e C T

d e p o s i t C T ,  C h e q u e , O B ,  S O

w ith d r a w C T ,  E S , C h e q u e , 

O B , S O

b a la n c e C T

C h e q u e —A c c o u n t  ( C A ) p r in t - m in i -s t a t A T

p e r h a p s -d e p o s i t C h e q u e

f u l l - d e p o s i t C h e q u e

S a v in g s —A c c o u n t  ( S A ) c r e d i t - in t e r e s t in te rn a l

u p d a t e - d a t e in te rn a l

T a b le  6 .1 : O C T  with  class tem p la tes , services o ffered , services required  and clien ts

T oo ls  such  as O b je c T o o l  perm it ex tra  in form ation  t o  be recorded  a b ou t attribu tes, serv ices , 

e tc . Such  in form ation  is n o t presented  d ia gra m m a tica lly  in the o b je c t  m od el, b u t  is 

available in textual form . Instead o f  build ing th e  O C T  by hand, we can re co rd , for 

each serv ice , its clients and the low er level services it requires. A  transla tor has been  

co n stru cted  by C lark  [Cla94a] which takes the tex tu a l o u tp u t from  O b je c T o o l and crea tes  

the corresp on d in g  O C T .
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T h e  m essage con n ection s a re  drawn in th e  o b je c t  m od el a cco rd in g  t o  th e O C T . I f on e  

class tem p la te  requires services defined in m o re  than o n e  class tem p la te  (serv er ), then there 

is an arrow  starting from  the first class tem p la te  reach ing each  o f  th e servers. O nly  on e 

m essage con n ection  is drawn fr o m  on e p articu la r class tem p la te  t o  a n oth er class tem p late , 

independen tly  o f  the num ber o f  services th e  first class tem p la te  needs from  the secon d .

T a s k : C om p lete  co lum ns th ree  and fo u r  o f  th e O C T  and a d d , i f  necessary, m essage 

con n ection s to  the o b je c t  m o d e l.

T a s k  2 .3 :  S t r u c t u r e  t h e  O b j e c t  M o d e l

G rou p in g  class tem pla tes in to  su bsystem s or in to  aggregates is necessary when we are 

dealin g w ith  large com plex  system s.

T h is task is d ifficu lt to  a ccom p lish  a n d  so we ca n n ot e x p e ct  to  d o  it com plete ly  and 

correctly  in the first iteration . T h e  low  level class tem p la tes  in th e o b je c t  m odel often  

rem ain a lm ost unchanged d u r in g  the d eve lop m en t, b u t the high level stru ctu re is less 

stab le . O ur suggestion  is to  d o  on ly  w hat is ob v iou s to  begin w ith , and then  com e back  to  

it as ou r know ledge a bou t each  ind ivid ual class tem p la te  increases. W e use aggregates and 

subsystem s to  stru ctu re a large system . T h e  fun dam ental d ifference b etw een  an aggregate 

and a subsystem  is th a t, w h ile  the co m p o n e n ts  are an intrinsic part o f  the aggregate , 

and the aggregate is itself an o b je c t  from  the p rob lem  d om a in , a  su bsystem  is m erely  a 

grou p in g  o f  related class tem p la tes .

D uring the first iteration , o n ly  o b v io u s  g r o u p in g s  are identified . Su itab le  can didates

are:

• C lass tem pla tes that p a rtic ip a te  in an  aggregation  relationsh ip ; th ey  form  an aggre 

gate .

• C lass tem pla tes that p a rtic ip a te  in an inheritance relation sh ip ; th ey  form  a su bsys 

tem .

G rou p in g  o th er class tem p la tes  sh ou ld  be left until la ter itera tion s , when we have 

a b etter know ledge a bou t th e  system . H ow ever, w hen we iden tify  su bsystem s we have
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to  m ake sure th at their com p on en ts  are logically  related , h ighly cou p led  and th a t the 

in teraction  betw een  subsystem s should  b e  low . O th er can didates to  form  su b system s, 

which m ay on ly  be g rou p ed  in later stages, are:

• a set o f  clients w hich  use the sam e servers;

• a  set o f  servers w hich  have th e sam e clients.

W e show  grou p in gs in the o b je c t  m od el by su rrou n d in g  the class tem plates by a  r e c t 

angle w ith  d o tte d  lines. T h e  O C T  sh ou ld  be ch an ged  to  en cod e  this in form ation . T h e  

changes inclu de using th e nam e o f  the su bsystem  o r  aggregate in the first colu m n  o f  the 

table , instead o f  the co m p o n e n t ’ s n am e, and using the nam e o f  the su bsystem  or  a g g r e 

gate  follow ed  b y  the nam e o f  the com p o n e n t betw een  brackets in any oth er p lace w h ere  

that com p on en t is m en tion ed. For exa m p le , instead o f  con siderin g Counter-Teller, 

Automatic—Teller and Entry-Station independen tly , we should  on ly  deal w ith  w ith  

Teller. (T h e  sam e can be  said a b o u t Account, Savings—Account and Cheque-Account.) 

Th ese changes are show n in colu m n s on e  to  four in T able  6.2.

Figure 6 .7  represents the refined o b je c t  m odel first shown in F igure 6 .4.

T a s k  3 :  B u i l d  t h e  L O T O S  F o r m a l  M o d e l

T h e advan tage o f  build ing a L O T O S  form al m od el is that we end up with  a single m o d e l 

which:

• M odels th e sta tic , dyn am ic and fun ction a l a sp ects  o f  the system .

• Has a  form a l sem antics.

• Is execu ta b le .

T h e  resu lting m od el acts  as a  form a l requ irem ents  specification . Since a  L O T O S  s p e c i 

fication  is e xecu ta b le , rap id  p ro to ty p in g  can  be used to  d iscover and correct in con sisten cies, 

om issions, con tra d iction s  and am bigu ities while we are still d o in g  analysis. M o re o v e r , the
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F ig u re  6 .7: Refined o b je c t  m odel

resulting m odel in corp ora tes  th e ch aracteristics  o f  o b je ct-o r ien ted  sy s te m s , since it co n s id 

ers a  system  as a set o f  con cu rren t o b je cts  w here m essage passing is m odelled  by o b je c ts  

syn ch ron izin g on  an event d u rin g  which in form ation  m ay be passed.

W e start by  build ing an o b je c t  com m u n ication  d iagram , which sh o w s  the system  as a 

set o f  com m u n ica tin g  o b je c ts . It g ives  the stru ctu re  o f  the L O T O S  sp ec ifica t ion . T h e n , we 

m od el each class tem p la te  in th e  o b je c t  m odel in L O T O S  and we a d d  to  it its b eh a v iou r. 

N ext, by fo llow in g  th e stru ctu re  o f  the o b je c t  com m u n ication  d ia g ra m , we co m p o s e  the 

o b je c ts  (in stan ces o f  the class te m p la te s ) by  using parallel op era tors  a n d  we p r o to ty p e  the 

specifica tion . Finally, we refine th e  specification .
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T a s k  3 . 1 :  C r e a t e  a n  O b j e c t  C o m m u n i c a t i o n  D i a g r a m  ( O C D )

T h e O C D  is a g ra p h  where, in the first ite ra tion , each n od e  represents  an o b je c t  and each 

arc con n ectin g tw o  o b je c ts  represents a g a te  o f  com m u n ica tion  betw een  th em . In later 

iterations, the d ia g ra m  is generalised to  dea l w ith m ultip le  in stan ces o f  the sam e class 

tem pla te. In th e begin n ing , som e o f  th e o b je c ts  ipay not be con n ected  by arcs to  the 

rest o f  the d ia gra m . A s the m eth od  is a p p lied , these o b je c ts  w ill either d isap p ear or be 

con n ected  to  the o th e rs , and new grou p in gs m ay a pp ear, refining th e  d iagram .

T h e  central fe a tu re  o f  the final L O T O S  specification  is that it is prim arily  a  dyn am ic 

m odel, a lthou gh  it con ta ins all the sta tic  in form ation  given  in an o b je c t  m od el. A  m a jor  

task in the creation  o f  the form al L O T O S  m odel is th e  tran sform ation  from  a  static to  

a dynam ic m od el. T h e  O C D  and the O C T  are interm ediate  stru ctu res created  to  help 

in the tra n sform a tion . T he O C D  shows th e  structure  o f  the o b je c t  m odel w hich  then is 

preserved in the s tru ctu re  o f  the b eh aviou r expression in the L O T O S  d yn am ic m odel.

During this task  we also com plete  th e  O C T  that we started  build ing in Task 2 .2 .2 , 

by adding to  it th e  colu m n  G a te s .  Th is co lu m n  will g ive  the n a m e o f  the ga tes  that the 

o b je cts  in colum n o n e  and colum n four use to  com m u n ica te  b etw een  each o th e r . T h e  fifth 

co lum n o f  the O C T  is then used to  label th e  arcs in th e  O C D .

T h e  follow in g a lgorithm  shows how t o  con struct the O C D  from  the O C T  and the 

o b je c t  m odel:

1. Draw the n o d e s .

In the first itera tion , take an in sta n ce  o f  each class tem p la te  in colu m n  on e  o f  the 

O C T  and fo r  each  one draw a n od e  in the O C D . For each  o b je c t  g rou p in g  already 

identified, p ro ce e d  in a similar way, con siderin g the co m p o s ite  o b je c t  o r  subsystem  

as a node a n d  show ing each o b je c t  com p on en t as an inner n o d e  o f  the first. A ga in , 

each inner n o d e  corresponds to  an instan ce o f  each  com p on en t class tem p la te .

2. C on nect n o d e s  by  arcs.

For each m essa ge  con n ection  b etw een  tw o  class tem pla tes in th e o b je c t  m o d e l, draw 

an arc betw een  the tw o corresp on d in g  nodes in the O C D . I f  a m essage con n ection
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t o  a com p on en t o f  a  co m p o s ite  o b je c t  o r  su bsystem  is defined, d raw  the arc in the 

O C D  to  th e higher level n od e . A t the end o f  th e  first itera tion , so m e  nodes m ay be 

u n con n ected  to  the rest o f  th e  d iagram .

3. Label arcs.

R epeat this step  for each  class tem p la te  in thp first colum n o f  th e O C T .

(a )  C om p le te  co lu m n  five in the table.

L ook in g  at the secon d  { O f f e r e d  S e r v ic e s ' )  and fourth  { C l i e n t s )  co lu m n s:

• G ive  the sam e ga te  nam e for the o b je c t  com m u n ica tion s w h ich  require the 

sam e set, o r  su bset, o f  services; i.e. w here there is an o v e r la p  betw een the 

set o f  serv ices required  by different clients.

• G ive  d ifferen t ga te  nam es for o b je c t  com m u n ica tion s w hich  require a d iffer 

ent set o f  services, i.e . where there is n o overlap  betw een  th e  set o f  services 

required by each client.

T h ese  tw o  rules are the result o f  requiring that an o b je c t  ca n n ot use the 

sam e ga te  to  com m u n ica te  with  b o th  an o b je c t  at th e sa m e  level o f  a b 

s tra ction  and a n oth er o b je c t  at a different level o f  a b s tra ct io n .

T able  6.2  show s th e ga te  nam es for th e banking exa m p le .

(b )  G ive  g a te  nam es to  th e arcs in the O C D  as follow s:

For each  class tem p la te  in colum n on e  o f  the O C T , iden tify  th e arc in the 

O C I )  th at co n n ects  th e corresp on d in g  o b je c t  to  each o f  th e clien ts  in colum n 

fou r. T h e  nam e o f  the a rc  is the nam e o f  the gate  given  in co lu m n  five t o  the 

corresp on d in g  server and client pair.

T h e  initial O C D  bu ilt by  fo llow in g  the a b ove  rules is d ep icted  in F igu re  6.8.

4. Deal w ith  superclasses.

In general, we d o  n ot require instances o f  th e  superclass. If this is th e  case rem ove 

the corresp on d in g  n o d e  from  th e O C D . (C o a d  and Y ou rdon  have d ifferen t n otation s 

for classes w ith ou t in stan ces, i.e. a bstract classes, and classes w ith  instances, but 

oth ers d o  n ot [C Y 9 1 a ].)
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5. A d d  m ore arcs.

During th e specifica tion  o f  each  individual o b je c t  w e m ay identify  new m essage 

con n ection s, w hich  will require m ore arcs in the O C D . If th is  happens, p roceed  

accord in g  to  steps 2 and 3.

C la s s O f f e r e d R e q u i r e d C l i e n t s G a t e s

T e m p l a t e s S e r v i c e s S e r v i c e s

T e lle r o p e n —a c c o u n t  ( C T ) B A .c r e a t e I n te r fa c e -S c e n iu - io t

[E S  +  C T  +  A T  ] c l o s e - a c c o u n t  ( C T ) B A .r e m o v e I n t e r fa c e -S c e n a r io t

d e p o s i  t - c a s h  ( C T ) B A .d e p o s i t I n t e r fa c e -S c e n a r io t

w i t h d r a w ^ a s h ( E S ) B A . w ith d r a w I n t e r fa c e -S c e n a r io t

g i v e —b a la n c e  ( C T  ) B A .g e t —b a la n c e I n t e r fa c e -S c e n a r io t

d e p o s i  t - c h e q u e  ( C T  ) C h e q u e .d e p o s it I n t e r fa c e -S c e n a r io t

m in i - s t a t e m e n t  ( A T  ) B  A  .p r in t - m i n i - s i a t I n t e r fa c e -S c e n a r io t

a s k —t r a n s fe r (  C T ) B A . w ith d r a w I n t e r fa c e -S c e n a r io t

B A .d e p o s i t

O B .s e n d —t r a n s fe r

s e t - s t a n d i n g - o r d e r ( C T ) S O .c r e a te I n t e r fa c e -S c e n a r io t

c a n c e l - s t a n d in g - o r d e r ( C T ) S O .c a n c e l I n t e r fa c e -S c e n a r io t

O t h e r -B a n k  ( O B ) r e c e iv e - t r a n s fe r B A .d e p o s i t I n t e r fa c e -S c e n a r io o b i

s e n d —tr a n s fe r T e l l e r ( C T ) ,  S O o b 2

c h e q u e -w it h d r a w C h e q u e o b 3

r e m o t e —w ith d ra w B A .w ith d r a w I n t e r fa c e -S c e n a r io o b i

S ta n d in g  J D r d e r c r e a t e T e l l e r ( C T ) s o

(S O ) c a n c e l T e l l e r ( C T ) s o

d e b i t B A .w ith d r a w in te r n a l

B A .d e p o s i t

O B .s e n d - t r a n s fe r

C h e q u e w ith d r a w B A .w ith d r a w T e l l e r ( C T ) c

d e p o s i t B A .w ith d r a w T e l le r !  C T ) c

B A .d e p o s i t

B A . p e r h a p s - d e p o s i t

O H .r h e q u e -w it h d r a w

B A .f u l l -d e p o s i t

B a n k ^ c c o u n t  ( A ) c r e a t e ( A ) T e l l e r ( C T ) b a

(A  +  C A  +  S A ] r e m o v e (  A ) T e l l e r ( C T ) b a

d e p o s i t (  A ) T e l l e r ( C T ) , b a

C h e q u e ,  O B , S O

w it h d r a w (A ) T e l l e r ( E S .C T ) , b a

C h e q u e ,  O B , S O

g e t _ b a l u i c e ( A ) T e l le r !  C T ) b a

p r i n t - m i n i - s t a t ( C A ) T e l le r !  A T ) b a

p e r h a p s -d e p o s i  t  ( C  A ) C h e q u e b a

f u lL jd e p o s i t (C A ) C h e q u e b a

c r e d i  t - in t e r e i t  ( S A ) in t e r n a l

u p d a te -d «te (S  A ) in t e r n a l

T able  6.2: O C T  with  ga tes

In the later itera tion s o b je c t  generators and new grou p in gs  are  added to  th e  m od el.
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F igure 6 .8 : Initial o b je c t  com m u n ica tion  d iagram  

This requ ires the fo llow in g  changes in th e  d iagram :

6. In trod u ce  o b je c t  generators.

A ft e r  in trod u cin g  o b je c t  gen era tors , each n od e  represents m u ltip le  o b je c ts , i.e. a 

c la ss  o f  o b je c ts . W e use nam es in th e singular for the class tem p lates  in the o b je c t  

m o d e l and for  th e  nodes in the in itial O C D , b u t we use n am es in th e plural for o b je c t  

gen era tors . H ence each n ode co rresp on d in g  to  a  class tem p la te  w ith  a gen erator 

n o t  all the class tem pla tes need a  gen erator —  has a p lu ral form  o f  nam e. (T h e  final 

O C D  for th e bankin g system  is illustrated  in Figure 6 .9 .)

7. In trod u ce  new grou pin gs o f  o b je c t s .

N ew  grou pin gs o f  o b je c ts  m ay lead  us to  m erge som e a rcs . If tw o  or  m ore  o b je c ts  

a r e  g rou p ed , w e can decide to  use th e sam e com m u n ica tion  arc for  the services the 

co m p o n e n t o b je c t s  o ffer , i.e. all th e  services offered  (n o t  requ ired ) b y  the co m p o s ite  

o b je c t  or su bsystem  w ould  b e  o ffered  at th e  sam e g a te . T h e  id ea  is to  treat the 

h igh er level o b je c t  as on e  o b je c t ,  instead o f  dealing w ith  each o b je c t  com p on en t 

separately . W h en  we create  g rou p in g s , nam e clashes can  o c c u r  in th e  O C T . T o  avoid  

th is  p rob lem , w e put th e  nam e o f  the com p on en t b etw een  brackets after the nam e 

o f  the service  in colu m n  tw o (see  Tables 6 .2  and 6 .3 .)  N otice , h ow ever, th at nam e 

cla sh es  d o  n ot o ccu r  in th e L O T O S  m odel as th e services will be d istingu ished  by th e 

o b je c t  iden tifier o f  the o b je c t  o ffe r in g  the service. T h e re fo re , usin g the com p on en t
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nam e betw een  brackets is a  p recau tion  we on ly  have to  ta k e  during the construction  

o f  the o b je c t  com m u n ica tion  table.

A fter this w e have t o  ch an ge co lu m n  one o f  the O C T  t o  deal w ith  the groupings 

and change co lu m n  fou r to  replace the nam e o f  a  co m p o n e n t w ith  th e nam e o f  its 

subsystem  o r  aggregate . N ext, we re -a pp ly  again the ru les in step 3 o f  Task 3.1 to  

all th e cases where th e groupings o r  their com p on en ts  a re  referred. T h is can  cause 

som e o f  th e gates to  be  a m alga m ated .

T a s k  3 .2 :  S p e c i f y  C l a s s  T e m p l a t e s

As ou r goa l is to  p ro d u ce  a  form a l m odel in L O T O S , we should  n o t spend to o  m uch tim e in 

Tasks 2.3 and 3.1 durin g  the first itera tion . A lth ou gh  p rod u cin g  a  hierarchica l architecture 

is fundam ental t o  the understan dab ility  o f  a system , and a b eh a v iou r expression  with a 

large num ber o f  p rocesses m ay not be  easily u n d erstood , w e start build ing the form al 

m od el by m od ellin g  ind ivid ual o b je c ts  in L O T O S , before  we h ave  defined m uch hierarchy 

in th e  system . B y  specify in g  o b je c ts  in L O T O S  we gain m ore kn ow ledge  a b ou t the system  

and this will help  in later iteration s to  find su itable grou pin gs.

In C h apter 3 w e discussed  how  to  m od el o b je c ts , class tem p la tes , classes and inher 

itan ce  in L O T O S  and in C h a p ter  4 w e d iscussed  how to  m o d e l aggregates. W e now 

start specify in g th e  m ore com p lex  o b je c ts . T h e  behaviour o f  an o b je c t  is specified by a 

class tem plate  and  its state  in form ation  by one or  m ore A D T s  given  as param eters o f  the 

tem pla te . A n d  s o , for each  ind ivid ual o b je c t ,  we:

1. Specify  th e  class tem p la te  by a L O T O S  process defin ition .

2 . Specify  A D T s  using A C T  O N E .

A  process defin ition  w ith  its A D T s  fu lly  specifies  an o b je c t ,  i.e. defines the class tem 

p la te. It defines th e  s ta tic , d yn a m ic and fu n ction a l aspects o f  an  o b je c t . T h e  o b je c t  m odel 

defines each class tem p la te  b y  its nam e, a  list o f  services and a  list o f  attribu tes. A n  A D T  

a lon e cou ld  define and form alise  the in form a tion . T h e  b eh a v iou r o f  each  class tem plate  is 

n o t , how ever, g iven  by th e o b je c t  m od el. T h e  O O A  m eth od s g ive  it in a  separate  m odel.
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the d yn a m ic m odel. A  process*, together w ith  A D T s , is required form ally t o  sp ec ify  

the b e h a v io u r  o f  each individual o b je c t . T h e  tra n sform a tion  o f  d a ta  and in form ation  e x 

changed d u rin g  m essage passing is given by a n o th e r  separate m odel b y  the O O A  m e th o d s , 

the fu n ction a l m odel. H ere, w ith processes and A D T s  we specify  th e  in form ation  passed  

durin g syn ch ron ization  and specify  the tra n sform a tion s  w hich cause an o b je c t ’ s sta te  to  

change. W e a lso  m odel th e interface scenarios as processes and each sta tic  relationsh ip  in 

the o b je c t  m od e l. Finally, follow in g the s tru ctu re  in the O C D , we co m p o se  th e processes 

in to  b eh a v iou r expressions, defining in this way th e  behaviour o f  th e whole system .

W e end u p  with an execu tab le  specification  where we can use rapid  p ro to ty p in g  to  

validate the specification  against the requ irem en ts.

D uring th e  whole process we m ay find o b je c t s  which we decide t o  specify  as a single 

A D T . T h ese  o b je c ts  usually play a secondary r o le  in the system , a c t in g  only as a ttr ib u tes  

o f  o th er o b je c t s . H owever, they can be p r o m o te d , to  be specified  w ith  a process , if  w e 

change their im p ortan ce  in the problem .

T a s k  3 . 2 . 1 ;  S p e c i f y  D y n a m i c  B e h a v i o u r

T o  specify  th e  dyn am ic behaviour o f  a class te m p la te  we take as a startin g  p oin t co lu m n s 

tw o  and th ree  o f  the O C T . C olu m n tw o gives t h e  services offered  b y  the class tem p la te  

and co lu m n  three gives the services required b y  that class tem p la te , from  a n oth er clzuss 

tem plate . T h e n , we have to  find ou t the o rd e r  in which the calls to  the required ser 

vices o ccu r . For th a t, we should im agine ou rse lves  inside an o b je c t  specified  by the class 

tem plate  and  act as if it was the centre o f  th e  system . T h e  o ffered  services are o fte n  

represented in  the process as the alternatives in a  ch oice  expression . T h e  required services 

usually co m e  in sequen ce after an offered se rv ice  in a behaviou r exp ression . In L O T O S , 

o b je c ts  com m u n ica te  via  event synchronization  w h ich  takes p lace th rou gh  gates. T h e  a rcs  

in the O C D  corresp on d  to  gates through which th e  o b je c ts  com m u n ica te .

T h e  services offered  and required are m od e lle d  in L O T O S  as stru ctu red  even ts, as

'A n  o b je c t  co rresp on d s  to  the in stantia tion  o f  a L O T O S  process. W h en  th e  d istin ction  is c lear fro m  

th e co n te x t , w e use the term  p r o c e s s  for b oth  a p rocess  d e fin itio n  and a  process  in stan tia tion .
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discussed in S ection  3 .3 .8 . S p ecify in g  a class tem p la te  as a p rocess , we show  th e services 

and their ord er , w e show m essage passin g with  in form ation  b e in g  passed durin g syn ch ro 

n ization , and we g ive  it a precise m ean in g . T h e  A D T s  given  as param eters o f  th e  process 

give th e o b je c t ’ s sta te  in form ation . It is im portan t to  define th e  signature  o f  th e services 

and to  describe th e  class tem plate  in term s o f  its a ttribu tes. C om p a rin g  th e class tem plate  

defined with a  p rocess  and A D T s  w ith  the class tem plate  as it appears in th e o b je c t  m odel 

we can a pp recia te  how m uch  m ore new  in form ation  we now have. S om e o f  this in form a 

tion , such as d yn a m ic beh aviou r, is described  b y  the O O A  m eth od s in supplem entary 

m odels  (d y n a m ic and fu n ction a l). H ere, we have a single in tegrated  m od el th at defines 

the s ta tic , d y n a m ic  and fu n ction a l properties in a  form al m anner.

In order to  sp ec ify  a p rocess increm enta lly , on ly  a subset o f  services m ay be dealt w ith  

in the first itera tion .

For exam ple, let us con sider th e class tem plate  C heque. W h ile  specify in g  it, we d iscov 

ered on e  m ore serv ice  e n q u ir e —ch e q u e  which is on ly  offered  a fter a d eposit or a w ithdraw  

have been  o ffered . O ne solu tion  fo r  this could  be the use o f  a  b oolean  flag w hich , when 

“ true” , on ly  a llow s a deposit or a w ithdraw al t o  be a ccep ted . A fter a deposit or  a w ith 

drawal occu rs , th e  flag will be  set t o  “ false” and on ly  state  in form ation  enqu ires are then 

Allowed. T h e  a ltern ative , w hich  we prefer, is to  split the ch equ e process in to  tw o processes, 

one dealing w ith  th e active  part o f  the cheques (d ep os it and w ith draw  o p e ra tio n s ), and 

oth er dealing w ith  the passive part (enquiries a b ou t the ch equ e state  in form a tion ). Th is 

approach  is related  to  the d iscussion  in C h ap ter 3, S ection  3 .3 .7 , a b ou t the sta te  o f  an 

o b je c t .  O nce m o re , we ch oose  the so lu tion  which  gives us less co d e . S o, we specify  C h a q u e  

by using the tw o  auxiliary processes : A c t l v a _ C h a q u a  and P a s s l v a —C h a q u a .

procass Chaquafc, ob3 , ba](ch: Chaqua.Iuaibar) : noaxlt 

( Actlva_Chaqua[c, ob3 , ba](ch)

»  accapt thia.chaqua: Stata.Chaqua In Paaalva.ChaquaCc](this.chaqua)

)

andproc

F irst, we w ou ld  like to  m ention  that the param eter defined in C h a q u a  is n o t exa ctly



C h a p t e r  6 . T h e  R i g o r o u s  O b j e c t - O r i e n t e d  A n a ly s i s  M e t h o d 162

the kind o f  sort w e w ould  e x p e ct . T h is  was the first solu tion  we th ou gh t o f  to  deal w ith  

cheques. T o start w ith , we on ly  define a sim ple A D T  w hich is com p osed  o f  the a ttribu te  

Cheque-Number. O n ly  then d oes  th e tem p la te  Passive-Cheque deal w ith  the full state o f  

cheques. Secondly, n otice  th at we ca n n ot access Passive-Cheque until Active-Cheque is 

finished. This sequentiality  is in trod u ced  b y  the en ab le  o p era tor  >>.
I

Active-Cheque is then specified  as fo llow s:

p r o c e s s  A c t i v e _ C h e q u e [ c ,  o b 3 ,  b a ] ( c h :  C h e q u e _ H u m b e r )  e x i t ( S t a t o _ C h e q u e )  :=

(  (  c  ' d e p o s i t  ? i d :  I d _ T e l l e r s  ? b k :  B ank_H am e

? c h _ l r o m :  A cco \ in t_ M u m b o r  ? c h _ t o :  A c c o u n t_ M u m b e r  ! c h  ?m : M o n e y ; 

b a  ! p e r h a p s _ d e p o s i t  ! c h _ t o  !m ;

< [b k  e q  T h i s _ B a n k ]  - >

( b a  ' » i t h d r a v  I c h . f r o m  !m ;

b a  ! r t n _ w i t h d r a w  ! c h _ f r o m  ? c h e q u e _ v a l i d :  B o o l ;  

b a  ! t u l l _ d e p o s i t  ! c h _ t o  !m ! c h e q u o _ v a l i d ; 

o x i t ( M a k o _ C h e q u e ( c h ,  c h _ l r o m ,  c h _ t o ,  b k ,  m ) )

)

[]

[b k  n e  T h i s . B a n k ]  - >

(  o b 3  ! c h e q u e _ « i t h d r a w  !b k  ! c h _ f r o m  ! c h  !m ; ( *  t o  o t h e r  b a n k s  * )  

o b 3  ! r t n _ c h e q u a _ w i t h d r a v  I b k  ! c h _ f r o m  ! c h  !m ? c h e q u e _ v a l i d :  B o o l ;  

b a  i f u l l . d e p o s l t  l c h _ t o  Im I c h e q u e . v a l i d ; 

e x i t ( M a k e _ C h a q u e ( c h ,  c h . l r o m ,  c h _ t o ,  b k ,  m ) )

) ) )

[]

(  c  ( w i t h d r a w  7 i d :  I d . T e l l e r s  7 b k ;  B a n k .R a m e

7 n : A c c o u n t . l u n b e r  ( c h  7m : M o n e y ; . . .  ( *  w i t h  my c h e q u e  i n  my b a n k  * )

) )

e n d p r o c

W h en  an instance o f  A c t i v e —C h e q u e  asks for the serv ice  f u l l —d e p o s i t  from  an instan ce 

o f  C h e q u e - A c c o u n t ,  the b eh a v iou r o f  C h e q u e - A c c o u n t  depends u pon  the value o f  th e  

b oolea n  variable c h e q u e - v a l i d .  I f this variable takes th e value ‘ tru e ’ , the am ount m is
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ad d ed  to  the current balance, oth erw ise  it is not.

Finally , Passive-Cheque can be:

p r o c e s s  P a s s i v e _ C h e q u e [ c ] ( t h i s _ c h e q u e :  S t a t e _ C h e q u e )  : n o e x i t  :=

(  c  ! e n q u i r e _ c h e q u e  ? i d :  I d _ T e l l e r s

!G e t _ C h e q u e _ H u m b e r ( t h i s _ c h o q u e )  ! t h i s _ c h e q u e ; 

e x i t ( t h i s . c h e q u e )

)  »  a c c e p t  u p d a t e . c h e q u e : S t a t e _ C h e q u e  i n  P a s s i v e _ C h e q u e [ c D ( u p d a t e _ c h e q u e )  

e n d p r o c

H avin g d iscovered  one m ore service (enquire.cheque), we have to  u p d a te  the O C X s  and 

th e refined o b je c t  m odel accord in gly.

T a s k  3 .2 .2 :  S p e c i f y  A D T s

A n  A D T  defines the necessary e q u a tion s  to  allow th e  o b je c ts  to  be p ro to ty p e d  with  state 

in form ation  and values to  be passed d u r in g  the com m u n ica tion , b u t w ith ou t g iv ing to o  

m uch  detail a b ou t how each  service is  perform ed  internally. T h e  A D T  describes the 

a ttr ib u tes  o f  an o b je c t  and the o p e ra tio n s  which deal w ith th ose  a ttr ib u tes .

• A s with  a process, an A D T  can b e  specified  increm enta lly . W e can  start by specify in g 

on ly  som e o f  the attribu tes and serv ices  and add m ore  detail in later iteration s.

In C h apter 3 we discussed how to  m o d e l A D T s  in L O T O S  and we ga ve  the rules to  be 

fo llow ed  when apply in g R O O A . A s th e  A D T  we presented there fo r  an accou n t is m ore 

in terestin g  than the A D T  where the s o r t  S t a t e —Cheque is defin ed, w e d o  not show  the 

L O T O S  cod e  for  C h eq u e .T yp e .

T h e  order in which we specify  p ro ce sse s  and A D T s  (Tasks 3.2.1 and  3 .2 .2 ) is arb itrary. 

W e can  start w ith  a process and then  m ov e  to  th e  corresp on d in g  A D T s , o r  we can start 

w ith  th e A D T s  and then m ove to  the p ro ce ss . W e m ay d ecide  to  sta rt specify in g  a  grou p  

o f  p rocesses and then specify  the A D T s ,  or  v ice-versa . A lso , part o f  th e system  m ay be  

fu lly  dealt w ith , ignoring the rest.

T h e  applica tion  o f  this task (T a sk  3 .2 ) m ay require a pp lica tion  o f  Task 2 .2 , i.e. if  

fu rth er relationships, a ttribu tes , s e rv ice s  and m essage con n ection s  are  identified, th ey
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m ust be added  to  the refined o b je ct  m odel. T ask  3.1 must a lso  be app lied  if  new m essage 

con n ection s are iden tified.

T a s k  3 . 3 :  C o m p o s e  t h e  O b j e c t s  i n t o  a  B e h a v i o u r  E x p r e s s i o n

Follow ing the stru ctu re o f  the O C D , we co m p o se  the o b je c ts  defined in T ask  3.2 in to  a  LO -
I

T O S  behaviour expression  by using the parallel op era tors . T h e  a lgorithm  b y  Clark [C la94b] 

describes how  this can be  d on e for an O C D  o f  arb itrary  com p lex ity  and identifies situations 

in which an O C D  ca n n ot be represented in L O T O S . T h e m ain  poin t o f  this a lgorithm  is 

th at a server can n ot b e  grou ped  with a subset o f  its clients.

N otice  th a t, since in th e first iteration each n od e  in the O C D  represents a single o b je c t ,  

th e com p osed  behaviour expression is built o f  sin gle o b je cts . F'or e xa m p le , the o b je c ts  that 

form  the O C D  in F igure 6 .8  would be com p o se d  as follow s:

(  O t h a r . B a j i k C o b l , o b 2 ,  o b 3 ,  b a ]  ( M a k o _ B a n l t (  . . . )  )

I [o b 2 , ob3]I

( T e l l e r [ t ,  ob 2 , c ,  s o , ba]

I [ c , s o ] I

( C heque[ob3, c ,  ba](M ake_C heque(. . . ) )

I I I

S ta n d in g .O rd e r [o b 2 , s o , ba](H ake_SO ( . . . ) )

) )

I [ b a ]  I

B ank.A ccount[ba]

)

w h e r e  . . .

B efore we can start th e  next task, we have t o  m odel the in terface scen arios and co m p ose  

th em , on e  at a tim e, w ith  the behaviour expression  above. C onsider th e  fo llow in g  part o f  

an interface scenario for  th e banking system :

p r o c a s s  l n t a r l a c a _ S c « n a r l o [ t , o b i ] :  n o w x l t  :■

( a  c r a a t s  a n  a u t o m a t i c  t a l l a r  a n d  a  c o u n t a r  t a l l a r  * )  

t  I c r a a t a  T i d e :  I d . T a l l a r a ;
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t  ¡ c r e a t e  ? i d a :  I d _ T e l l e r s ;

(•  o p e n  a  c h e q u e  a c c o u n t  f r o m  c o u n t e r  t e l l e r  • )  

t  ! o p e n _ a c c o u n t  ! i d c  ¡ c h e q u e ;

t  ¡ r t n _ o p e n _ a c c o u n t  ¡ i d c  ? n c :  A c c o u n t _ H u ln b e r ;

( *  d e p o s i t  f r o m  c o u n t e r  t e l l e r  * )

t  ¡ d e p o s i t . c a s h  ¡ i d c  ¡ n c  ¡T h is _ M o n ;  ,

t  ¡ r t n _ d e p o 8 i t _ c a s h  ¡ i d c  ¡ n c  ¡T h is _ M o n ;

( e  b a l a n c e  f r o m  a u t o m a t i c  t e l l e r * )  

t  ¡ p r i n t _ m i n i _ 8 t a t e m e n t  ¡ i d a  ¡ n c ;

t  ¡ r t n _ p r i n t _ m i n i _ s t a t e m e n t  ¡ i d a  ¡ n c  ? a :  A c c o u n t ;

( *  w i t h d r a w a l  f r o m  a u t o m a t i c  t e l l e r  * )  

t  ¡ w i t h d r a w _ c a s h  ¡ i d a  ¡ n c  ¡T h is _ M o n ;  

t  ¡ r t n _ w i t h d r a w _ c a s h  ¡ i d a  ? v a l :  B o o l ;

( h i d e  s u c c e s s  i n  s u c c e s s ;  s t o p )  

e n d p r o c

T h e Interface-Scenario p rocess acts as i f  it was th e client o f  the w hole system . It 

initiates calls to  the tellers on g a te  t  and to  o th e r  banks on gate  o b i ,  and waits fo r  the 

respective answ ers. W e com p osed  it in parallel w ith  the a bove  behaviour exp ress ion , by 

using gates t  and o b i ,  as fo llow s:

(  (  O t h e r _ B a n k [ o b l . o b 2 ,  o b 3 ,  b a ] ( M a k e _ B a n k ( . . . ) )

)

I [ba] I

B a n k . A c c o u n t [ b a ]

)

I[ t ,  obi] I

I n t « r f a c a _ S c s n a r i o [ t , o b i ]

In later iteration s, when o b je c t  generators a re  in troduced  to  deal w ith  m u ltip le  in 

stances, th e  com p osed  b eh aviou r expression  is refined and built up o f  a co m b in a tio n  o f  

o b je c t  generators and o f  single o b je c t s  (in cases w here generators are not requ ired ).
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W e m ay decide to  deal on ly  w ith  part o f  th e system  and  then , in further iterations, 

a d d  m ore o b je c ts  until the w hole s y s te m  is considered .

T a s k  3 . 4 :  P r o t o t y p e  t h e  S p e c i f i c a t i o n

W e  use in terface scenarios and rapid  p ro to ty p in g  t o  check services, m essage con n ection s
♦

a n d  a ttribu tes. T h e syntax and sta tic  sem an tics  o f  th ie 'L O T O S  specification  are checked by 

th e  L O T O S  too ls  and the sp ecifica tion  can be p ro to ty p e d  b y  using SM ILE  or som e other 

L O T O S  sim ulator. A n y errors, om iss ion s  or  incon sisten cies found durin g the sim ulation 

will lead us to  iterate Tasks 2 .2 , 3 .1 , 3 .2  and 3.3  and  to  u p d a te  the original requirem ents 

d o cu m e n t, the o b je c t  m odel, the O C T  and the O C D .

In the first iteration , as the e m p h a sis  is on  ensuring th a t the individual class tem plates 

h ave been correctly  specified, a b e h a v io u r  expression  con sistin g  o f  single instances o f  class 

tem p la tes  is p ro to ty p ed . In later ite ra tio n s , m u ltip le  instances are dealt w ith and  we check 

th a t the com plete  system  has been p ro p e r ly  specified .

T a s k  3 . 5 :  R e f i n e  t h e  S p e c i f i c a t i o n

W e refine the specification  by re -a p p ly in g  Tasks 2 .3 , 3.1, 3 .2 , 3.3 and 3 .4 . D urin g successive 

refinem ents we m ay:

1. M odel static relationships.

2. In trodu ce o b je c t  generators.

3. Iden tify  new higher level o b je c t s .

4. D em ote  an o b je c t  to  be specified  on ly  as an  A D T .

5. P rom ote  an o b je c t  from  an A D T  to  a p rocess  and an A D T .

6. Refine processes and A D T s  by in trod u cin g  m ore deta il.
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T a s k  3 . 5 . 1 :  M o d e l  S t a t i c  R e l a t i o n s h i p s

T h e  first a ction  we have to  take in th e second iteration  is to  m odel con ceptu a l re lationsh ip s. 

N otice  that a t this stage we are still dealing with  a sin gle  instance o f  each class tem plate  

defined  in th e o b je c t  m odel.

D epen din g  on  its card inality , a static relationship  is either m odelled  as an  a ttribu te , 

or  as a set o f  a ttribu tes , in on e  o f  the o b je c ts  in vo lved  in the relation (o r  b o th  if  the 

relationship  is b id irection a l), as described  in C h ap ter 3 .

T h is  task involves Tasks 3 .2 , 3 .3  and 3.4.

T a s k  3 . 5 . 2 :  I n t r o d u c e  O b j e c t  G e n e r a t o r s

D u rin g a first iteration  we deal on ly  with a single in stan ce  o f  each  class tem p la te . T h is 

sim plifies th e prob lem  and allow s us to  p ro to ty p e  w ith  a specific num ber o f  o b je c ts . H ow 

ever, in general, several instances o f  the sam e class m a y  be required. T h is is ach ieved by 

defin in g an o b j e c t  g e n e r a t o r  for a  class tem plate .

W hen  dealin g with su bsystem s, we can decide to  define an o b je c t  g en era tor  for each  

co m p o n e n t, o r  else define an o b je c t  generator for th e  w hole su bsystem . W h ich  is to  be 

preferred depen ds on  each particu lar situation.

In C h ap ter 3 we d iscussed  in deta il how R O O A  specifies o b je c t  gen erators in L O T O S . 

T h ere  we presented the m ost o ften  used view o f  an o b je c t  gen erator. H ow ever, to  deal 

w ith  certain  specific  p rob lem s w e m ay require a variation  o f  the o b je c t  g en era tor . R O O A  

allow s it. For exa m p le . C heque is on e  o f  those specia l cases. D u rin g later refinem ents o f  

th e L O T O S  specifica tion , this class tem pla te  was o n e  o f  the class tem pla tes th a t suffered 

m ore  changes. O n e o f  the im p orta n t changes was t o  consider that we h ad  tw o kinds 

o f  cheques: th e  ones to  w ith draw  and the ones to  d ep os it . S o , we split C h equ e in to  a 

C h eq u e .W lth d ra w  and C h e q u e .D e p o e lt .  A n oth er d ifferen ce  in cheques is th a t the o b je c t  

identifier is n o t generated  by th e system . T h ese  lea d  us to  define an o b je c t  gen erator 

w hich  can b e  used to  create  o b je c t s  o f  b oth  kinds:
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p r o c e s s  C h e q u e s [ c ,  o b 3 ,  b a ]  : n o e x i t

c  ! c r e a t e _ c h e q u e  ? c h :  C h e q u e _ M u m b e r  ? b k :  B ank_H iune

? l r o m _ a c c :  A c c o u n t _ H u in b e r  ? t o _ a c c :  A c c o u n t _ H u m b e r  ?m : M o n e y ;

(  C h e q u e _ D e p o s i t [ c ,  o b 3 ,  b a ]  ( M a k e _ C h e q u e ( c h , f r o m _ a c c ,  t o _ a c c ,  b k ,  m ) )

I I I

C h e q u e s [ c ,  o b 3 ,  b a ]  i

)

[]

c  ! c r e a t e _ c h e q u e  ? c h :  C h e q u e _ H u m b e r  ? b k :  B^u^k_Il^une 

? n :  A c c o u n t _ H u m b e r  ?m : M o n e y ;

(  C h e q u e _ W it h d r a w [ c , o b 3 ,  b a ]  ( M a k e _ C h e q u e ( c h , n ,  n ,  b k ,  m ) )

I I

C h e q u e s [ c ,  o b 3 ,  b a ]

)

e n d p r o c

T h e  o b je c t  gen erator has n o  param eters n o w , but each branch  o f  the choice h as still th e  

sam e stru ctu re o f  the o b je c t  generators discussed in C h apter 3.

T h is  task a ffects 'fksks 3 .1 , 3 .2 , 3 .3  and 3.4.

T a s k  3 . 5 . 3 ;  I d e n t i f y  N e w  H i g h e r  L e v e l  O b j e c t s

T h e  identification  o f  new higher level grou p in gs (su bsystem s and a ggrega tes) leads us 

t o  ch ange b o th  the initial O C D  and the O C T  in order to  in corp ora te  the n ew  o b je c ts . 

T h ere fore  we should  apply  again Tasks 3 .1 , 3.3 and 3.4.

In the ban k in g exa m p le , we g rou p ed  Chaquas with  S ta n d in g —O rdars  t o  form  th e  

su bsystem  F ln a n c la l - I n s t r u m a n t B . T h ese  changes can be  seen in the O C T  represented  

in T able  6 .3 . T h e  revised O C D , based on  T able  6 .3  and after we have in trod u ced  o b je c t  

gen erators, is d ep icted  in F igure 6 .9 .
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C l a s s O f f e r e d R e q u i r e d C l i e n t s G a t e s

T e m p l a t e s S e r v i c e S e r v i c e

T eU er o p e n - a c c o u n t  ( C T  ) B A .c r e a t e I n t e r fa c e -S c e n a r io t

O th e r _ B & n k  ( O B ) r e c e iv e ^ r a n s f e r B A .d e p o s i t I n t e r fa c e -S c e n a r io o b l

s e n d - t r a n s fe r T e l i e r ( C T ) ,  F I ( S O ) o b 2

c h e q u e —w ith d r a w F l ( C h e q u e ) o b 2

r e m o t e —w ith d r a w B A .w ith d r a w I n t e r fa c e -S c e n a r io o b l

F in a n c ia l - I n s t r u m e n t  (F I ) c r c a t e ( S O ) T e l l e r (C T ) c s

[ S O  +  C h e q u e  ] c a n c e l ( S O ) * , T e l l e r (C T ) c s

d c b i t ( S O ) B A .w ith d r a w  

B A .d e p o s i t  

O B  .s e n d - t r a n s fe r

in te rn a l

w i t h d r a w (C h e q u e ) B A . w ith d r a w T e U e r (C T ) CB

d e p o s i t ( C h e q u e ) B A .w ith d r a w  

B A .d e p o s i t  

B  A  .p e r h a p s ^ e p o s i t  

O B .c h e q u e —w ith d r a w  

B A .fu lL jd e p o s it

T e l l e r (C T ) c s

B a n k - A c c o u n t  ( B A ) c r e a t e T e l l e r (C T ) b a

r e m o v e T e l l e r (C T ) b a

d e p o s i t T e i l e r ( A T ,C T ) ,  O B , 

F I (C h e q u e , S O )

b a

w ith d r a w T e l l e r (E S ,C T ) .  O B ,  

F I (C h e q u e , S O )

h a

T e l l e r (C T ) b a

T able  6 .3 : R efined O C T

N ow , the com position  o f  the o b je c t  gen erators in the O C D  w ould  take th e form :

(  O t h o r _ B a n k s [ o b l , o b 2 ,  b a ] ( I n s e r t ( T h i s _ B a n k ,  { }  o i  B e m k _ N a m e _ S e t) )

I Cob2 ] I

(  T e l l e r s [ t ,  o b 2 ,  c s , b a ]

I [ c s ]  I

F i n a n c l a l _ I n s t r u m e n t s [ o b 2 ,  c s ,  b a ]

) )

I [ba] I

Bank.Accounts[ba]

T a s k  3 .6 .4 :  D e m o t e  a n  O b j e c t  t o  b e  S p e c ifie d  o n l y  a s  a n  A D T

I f an o b je c t  plays a  secon d a ry  role in th e  system , i.e. it o n ly  acts as an a ttr ib u te  o f  o th er 

o b je c ts , it should  be specified  as a  single A D T .
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Figure 6 .9 : Revised o b je c t  com m u n ica tion  diagram

In th is case, delete  that o b je c t  from  the O C D . This a ffects  Task 3 .1 , 3 .2 , 3 .3  and  3.4. 

N ote  th at in Task 3.2 we o n ly  need to  delete  th e  process corresp on d in g  to  that o b je c t .

T a s k  3 . 6 . 5 ;  P r o m o t e  a n  O b j e c t  t o  b e  S p e c if ie d  a s  a  P r o c e s s

A n o b je c t  that we con sidered  to  have a secon d ary  role in th e system  m ay rise in im p orta n ce  

when we add m ore detail t o  the specification . B ecause we allow  processes and A D F s  to  

be specified  increm enta lly , n ew  in form ation  ca n  have this effect on  th e  form al m od e l. 

T h is task affects Task 3 .1 , 3 .2 , 3 .3  and 3 .4 .

T a s k  3 . 5 . 6 :  R e f in e  P r o c e s s e s  a n d  A D T s

T h e  com p le te  defin ition  o f  a  process or  an A D T  can be  don e increm enta lly . In each 

refinem ent we can add m ore deta il to  the sp ecifica tion . W h en  m ore in form ation  is added  to  

th e form a l m odel, m ore s ta t ic  re lationships, a ttr ib u tes , services, and m essage con n ection s 

can be identified. In this ca se , add them  all t o  th e  o b je c t  m od el and a p p ly  again Tasks 2 

and 3.

In th e  specifications we d eveloped  by using R O O A , th ere were m a jo r  d ifferences be 

tween th e  initial ones and th e  final ones. T h e se  differences are o f  tw o  kinds: stru ctu re 

and d eta il. T h e  stru ctu re o f  a  specification  ca n  change a ccord in g  to  th e  ex tra  com plex  

o b je c ts  and subsystem s we find  durin g re finem ent. T h e  detail in volved  when specify in g  

each  class tem plate  for th e first tim e d epen d s on  the exp erien ce  a lread y  acqu ired  with



C h a p t e r  6. T h e  R ig o r o u s  O b j e c t - O r i e n t e d  A n a ly s i s  M e t h o d 171

R O O A . Even th en , we advise  com p lex  o b je c ts  to  be  specified  increm en ta lly . S tart by ju st 

u sin g  the services (and  a ttr ib u tes ) we understand a b o u t, leaving fo r  fu rth er iterations the 

on es  which we d o  not u n derstan d  well. A  g o o d  exam ple  o f  this w a s  the class tem pla te  

C h equ e. It kept changing d u rin g  the application  o f  the m eth od . T h e  final version o f  the 

p rocess  specifying C h e q u e -D e p o s it  is as follow s:

p r o c e s s  C h e q u e _ D e p o s i t [ c s , o b 2 ,  b a ] ( t h i s _ c h e q u e : C h e q u e )  : n o e x l t  :=

(  C h e q u e _ D e p o s i t _ l [ c s , o b 2 ,  b a ] ( t h i s _ c h e q u e )

»  a c c e p t  t h i s _ c h e q u e :  C h e q u e  i n  P a s s i v e _ C h e q u e _ D e p o s i t [ c s ]  ( t h i s _ c h e q u e )

)

» h e r e

p r o c e s s  C h e q u e _ D e p o s i t _ l  [ c s , o b 2 ,  b a ]

( t h i s _ c h e q u e :  C h e q u e )  : e x i t ( C h e q u e )  :=  

b a  ! p e r h a p s _ d e p o s i t  ! G e t _ A c c _ T o ( t h i s _ c h e q u e )

! G e t . A m o u n t ( t h i s . c h e q u e ) ;

(  [ G e t _ B a u i k ( t h i s _ c h e q u e )  e q  T h is _ B a n k ]  - >

( b a  iw i t h d r a w  ! G e t _ A c c _ F r o m ( t h i s _ c h e q u e )  ! G e t _ A m o u n t ( t h i s _ c h e q u e ) ; 

b a  ! r t n _ w i t h d r a w _ o k  ! G e t _ A c c _ F r o m ( t h i s _ c h e q u e )  ? c h e q u e _ v a l i d : B o o l ;  

b a  ! f u l l _ d e p o s i t  ! G a t _ A c c _ T o ( t h i s _ c h e q u e )

! G e t _ A m o u n t ( t h i s _ c h e q u e )  ! c h e q u e . v a l i d ; 

e x i t ( t h i s _ c h e q u e )

)

[]

[Get_Bank(thls_cheque) ne Thls.Bank] ->

( ob2 Icheque_withdra« IGet_Bank(this_cheque)

IGet_Acc_From(this_chaque) IGat_Choque_Mumber(this.cheque) 

IGet_Amount(thls_cheque) ; (e to other banks *)

) )

endproc (e Cheque_Deposlt_l *)

p r o c e s s  P a s s i v e _ C h e q u e _ D e p o s l t [ c s ] ( t h l s . c h e q u e :  C h e q u e )  . . .  e n d p r o c  

e n d p r o c  ( e  C h e q u e .D e p o s i t  e )
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W ith  the refinem ent o f  th e tem p la te  w e had to  refine also the A D T  C h eq u e -T y p e  so 

that operation s su ch  as G et—Amount w ere defined.

T here is n ot a  c le a r  b ou n d ary  b etw een  analysis and design ; there never w as. T herefore  

the old  question  “ w h en  does analysis fin ish  and design  sta rt?”  is still an o p e n  question . 

H owever, before  w e  m ove to  th e design , w e have t o  ensure that th e requ irem ents specifi-
I

cation  is in tern ally  consistent and deals w ith  all th é essential o b je c ts  identified  from  the 

original requ irem en ts. For a specifica tion  to  be  internally  con sisten t, we h ave  to  guaran 

tee th at, for ev ery  m essage con n ection , there are  a pp rop ria te  events in th e  calling and 

the called o b je c t s , for every sta tic  re lationsh ip  there are all the o b je c ts  in volved  in the 

relationship  and a  com plete  trace  th rou g h  the system  can  be m ade for e v e ry  interface

scenario.

6 .4  T h e  R O O A  D o c u m e n t s

T h e m ost useful fo r m  o f  describ ing a p rocess  is in term s o f  work  p rod u cts  [P C 8 6 ]. R O O A  

is not on ly  a p ro c e ss  o f  develop ing softw are . It a lso  prod u ces  d ocu m en ta tion  as the process 

is applied. In F ig u re  6 .10 we show  the p ro d u cts  built by R O O A .

T h e  o b je c t  m o d e l  is p rod u ced  by T a sk  1 and th e in form ation  it con ta in s depends on  

the o b je c t -o r ie n te d  analysis m eth od  u sed . T h e  refined o b je c t  m od el is p ro d u ce d  by Task 

2 and it includes a n  o b je c t  m od el where th e o b je c ts  are described  with a list o f  attributes 

and a list o f  serv ices . Th is o b je c t  m odel a lso  d escribes the static and d yn am ic relation ships 

between o b je c ts  a n d  the in terface o b je c t s  (w hen n ecessary). D urin g Task 2 w e  also define 

interface scen arios t o  m odel th e in tera ction  o f  th e  system  w ith  its en v iron m en t. T h e  O C T  

(o b je c t  co m m u n ica tio n  ta b le ) is a ta b le  develop ed  durin g Tasks 2 .2 .2 , 2 .2 .3  and 3.1. It 

helps to  define th e  services offered  and requ ired  b y  each o b je c t ,  the m essage con n ection s 

between o b je c ts  a n d  the poin ts o f  syn ch ron ization  betw een the o b je c ts . T h e  O C D  (o b je c t  

com m u nication  d ia g ra m ) is a graph th a t  represents the d yn am ic stru ctu re  o f  the final 

L O T O S  sp ec ifica t ion . Finally, the L O T O S  specifica tion  is d eveloped  fro m  Task 3.2  t o  

Task 3 .5 .6 .
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ROOA Method

Figure 6.10: D ocu m en ts  produ ced  d u rin g  the applica tion  o f  R O O A

6 .5  C o n c l u s i o n s

T h is  ch apter togeth er w ith  C h apters 3 and 4 describes  the final p rod u ct o f  o u r  investiga 

t io n , i.e. the R igorous O b ject-O rien ted  A nalysis (R O O A )  m eth od . T h e re fo re , C hapters 3 

and 4 are an im portan t part o f  the R O O A  m eth od  as they show  how  each  o b je ct -o r ie n te d  

co n ce p t  is m odelled  in L O T O S .

T h e  R O O A  m ethod  in tegrates L O T O S  with ex istin g  O O A  m eth od s, p ro d u cin g  a  for 

m al o b ject-o r ien ted  analysis m od el which acts as a  requirem ents sp ec ifica tion  o f  the sys 

tem . It p rop oses  a system a tic  developm ent process w hich  is com p osed  o f  th re e  main tasks: 

build  an o b je c t  m odel; refine th e o b je c t  m odel a n d  identify d yn am ic b eh a v iou r; build a 

L O T O S  form al ob je ct-o r ie n te d  analysis m odel. W e  have d iscussed each o f  th ese  tasks in 

deta il by  discussing each o f  their subtasks which a re  also com p osed  o f  su bsu bta sks.

T h e  final R O O A  m od el integrates the sta tic , dyn am ic and fu n ction a l prop erties o f  

a system , unlike oth er O O A  m eth ods which p ro d u ce  three separate  m o d e ls  which are
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difficu lt to  in tegrate  and k eep  con sisten t. Th is m od el is prim arily  a d yn am ic m od e l, b u t 

it m ainta ins th e stru ctu re  o f  the static o b je c t  m od el. T h is  is very  im portan t since hum an 

bein gs find sta tic  m od els  easier to  understand.

A  m a jo r  task  in the crea tion  o f  a L O T O S  specifica tion  is th e  tran sform ation  fro m  a

sta tic  to  a  d yn a m ic m o d e l. T h e  O C T  and the O C D  a re  tw o  in term ed iate  stru ctu res used
»

t o  help in th is tra n sform a tion .

R O O A  uses a stepw ise refinem ent approach  for  th e  d eve lop m en t and for  va lidation  o f  

th e  specification  against th e  requirem ents. T h e  d eve lop m en t p rocess  is itera tive , a llow in g 

us to  apply  R O O A  to  o b je c t s  at different levels o f  a b stra ct io n  and to  refine the m od el 

increm enta lly .

A s th e final m od el is form a l and execu tab le , R O O A  uses p ro to ty p in g  t o  d etect and 

correct errors , in con sisten cies, am bigu ities, e tc . early and  to  g iv e  feedback  t o  the requ ire 

m ents ca p tu re .



C h a p t e r  7

T h e  D e s i g n  R a t i o n a l e  o f  R O O A

7 .1  H i s t o r y

W e in itia ted  th e  R O O A  p ro je c t  in January 1992. It lo o k  us over tw o  years t o  reach the 

state in  which it is now . D u rin g this tim e, R O O A ’s developm en t benefited from : being 

a pp lied  to  d ifferen t prob lem s (in clu d in g  its a pp lica tion  b y  oth er p eop le ), a n d  continu 

ally t o  th e b an k in g  system ; regular cu rren t literature surveys in the o b je ct-o r ie n te d  field; 

co m m e n ts  o f  review ers and colleagu es on  ou r p u b lica tion s. T h e  b ook s  by R u m bau gh  e t  

al. [R B P '* '91 ] a n d  the on e by J a co b so n  [Jac92] influenced ou r work  a  lot a n d  helped us 

con sid erab ly  in develop ing  R O O A  to  its current form . U ntil these a p p ea red , the exist 

ing O O A  m eth od s  em phasised th e o b je c t  m od el, as happened  with  C oad  and  Y ou rd on ’s 

m e th o d  [C Y 9 1 a ]. O M T  [R B P + 9 1 ] and O O S E  [Jac92] p rop ose  add ition al com plem en tary  

m od els  which helped  us to  feel con fid en t a b ou t th e role o f  the L O T O S  m od e l we were 

p ro d u cin g .

In itia lly , o u r  approach  to  bu ild ing  th e  L O T O S  m odel was m ainly to  p rov id e  a specifi 

ca tion  which d escribed  the extern al beh a v iou r. Later, R O O A  consisted  o f  form alisin g the 

o b je c t  m od el, a d d in g  to  it d yn a m ic and  fu n ction a l properties which were n o t  conta ined  

in th e  purely s ta t ic  arch itectural o b je c t  m od els . T o  form alise the o b je c t  m o d e l, we had 

to  d e v ise  a m e th o d  for specify in g  in L O T O S  each  con cep t appearin g in an o b je c t  m odel. 

W e b e g a n  by u sin g  the O O A  m e th o d  by C oa d  and Y ou rdon  [C Y 91a]. T h is  m eth od  is

175
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based u pon  the con cep ts  o f  c l a s s , o b je c t ,  r e la t i o n s h ip , m e s s a g e  p a s s i n g  betw een o b je c ts , 

i n h e r i t a n c e  and a g g r e g a t io n .  M appin g these co n ce p ts  in to  L O T O S  is an im portan t part 

o f  the R O O A  m eth od . T h e  L O T O S  m od el p ro d u ced  by R O O A  is prim arily  a  dyn am ic 

m od el and is therefore g o o d  at the description  o f  b eh a viou r. N evertheless, its stru ctu re is 

d irectly  related  to  the s tru ctu re  o f  the o b je c t  m o d e l and so  it is equally  g o o d  at describing 

th e  static properties.

R O O A , as described  in th is thesis, is a result o f  successive refinem ents and the effort 

we m ade to  en capsu late  w ith in  R O O A  the d iverse  o b je c t  m od els  created  by m ost o f  the 

O O A  m eth od s. D uring R O O A  developm ent it w as im p orta n t to  keep in m ind that as we 

w ere p rod u cin g  an analysis m eth od , we should n o t en gage in decisions that are b etter left 

to  the design  phase. C on sequ en tly , we use n on -d eterm in ism  and value generation  heavily, 

and we em p loy  an a bstra ct w ay to  specify  A D T s .

This ch a pter expla ins th e  problem s we fa ced  durin g th e  developm ent o f  R O O A . It 

discusses th e design  decision s we m ade and exp la ins w hy we rejected  som e solu tions in 

favou r o f  oth ers . S ection  7 .2  discusses the m o s t significant problem s we had to  solve. 

S ection  7.3  presents the th ree  main stages w hich  R O O A  passed  through before  it attained  

th e  final stage  presented in C h ap ter 6.

7 .2  M a j o r  P r o b l e m s  a n d  T h e i r  R e s o l u t i o n

P a r a l le l ia m . A  significant decision was to  m o d e l o b je c ts  as processes instead o f  having 

a process con tro llin g  a list o f  o b je c ts , each on e  specified  as an A D T . Even passive o b je c ts  

are  created  by m eans o f  o b je c t  generators. C on seq u en tly , w e have sets o f  processes instead 

o f  one p rocess  con tro llin g  a  set o f  A D T s .

O ur first solu tion  o f  th e  banking system  exercise  m od elled  each  accou n t o b je c t  as 

a  value o f  an A D T . All a ccou n ts  were specified  with  th e process D a t a —B a s a  which  has 

th e  argum ent D B—A c c o u n t s _ T y p a .  D B _ A c c o u n t s _ T y p e  is an A D T  which specifies a  set 

o f  a ccou n ts . T h e  p rocess T r a n s a c t i o n s ,  ru n n in g  in paralle l w ith  D a t a _ B a s e ,  a ccepts 

th e  services required from  th e  clients and passes them  o n  to  D a t a _ B a s a .  T h is did not 

sufficiently a bstra ct from  th e  im plem entation .
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W e  th erefore  decided  to  define each o b je c t  as a  p rocess instan ce, tak in g  a dvan tage o f  

the L O T O S  parallel op era tors , and sp ec ify in g  a system  <is a set o f  con cu rren t o b je c ts . 

In this w ay we avoid  prem ature design o r  im plem en tation  decision s, such  as p ro tection  

techn iqu es for the con cu rrent access o f  sh ared  data .

C la s s e s  a n d  O b je c t s .  A fter decid ing th a t  R O Ó A  should  m od el a system  as a  set o f  

con cu rren t o b je c ts , we started  by m o d e llin g  the con cep t o f  class in L O T O S  as a  process 

defin ition  and the con cep t o f  o b je c t  ( o f  a c la ss )  as a p rocess in sta n tia tion . Since an o b je c t  is 

a m em b er o f  a class, the o b ject-o r ien ted -a n a lys is  re lation  o f  class to  o b je c t  seem ed sim ilar 

en ou gh  to  the L O T O S  relation o f  p rocess  t o  process in stan tia tion . H ow ever, w ith  this 

m echan ism , the L O T O S  versions o f  o b je c ts  cou ld  on ly  be  created  statica lly , at specification  

tim e. T h is  was a critical failing. A n o b je c t  m od el does n ot specify , in general, h ow  m any 

o b je c ts  o f  each class are actu ally  in sta n tia ted  in a running system . A lso , we fe lt, this 

is n ot part o f  the requirem ents d o cu m e n t in general. H ence we needed a m echanism  

for sp ecify in g , in L O T O S , classes and o b je c t s  w ith ou t com m itt in g  ourselves to  a specific  

num ber o f  o b je c ts .

A  G e n e r i c  ‘ O b j e c t - G e n e r a t o r ’  in  L O T O S .  W e w anted  to  be  ab le  to  create  o b je c ts  

d yn am ica lly , w ith ou t a p r i o r i  lim itation  o n  the num ber o f  possib le  o b je c ts .

T h is  led us to  devise the con cep t o f  o b j e c t  g e n e r a t o r .  T h e  idea  o f  d yn am ica lly  cre 

a tin g processes was already used in L O T O S , by using th e interleaved o p e ra to r  I I I and 

recursiv ity . Th is is the basic stru ctu re o f  an  o b je c t  gen erator . H ow ever, an o b je c t  gen era 

to r  uses a  service with a selection  p red ica te  t o  exp licitly  create  the o b je c t s  and uses value 

gen eration  o f  o b je c t  identifiers to  hold  in form a tion  a b ou t the o b je c ts  a lready created . O b 

je c t  gen erators allow  us to  instantiate  a va riab le  n um ber o f  o b je c ts  d u rin g  the sim ulation  

o f  a  specifica tion . T h e  R O O A  sp ecifica tion  thus con ta in s n o lim ita tion  on  th e num ber 

o f  o b je c ts  a llow ed. N evertheless, the L O T O S  specification  m ay b e  tested  by sym b olic  

execu tion .
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T h e  I m p l e m e n t a t i o n  o f  a n  O b j e c t  G e n e r a t o r .  Initially, we gen erated  natural num 

ber values for  use as o b je c t  identifiers. T h is is a  cu m b ersom e procedu re  in L O T O S . L O T O S  

d ata  typ es  are a lgebra ic d a ta  typ es  w ith  few  facilities t o  m ake them  easy fo r  developers 

to  use. For exa m p le , the naturals con sist o f  th e term s 0 , su cc(O ), s u c c { s u c c { 0 ) ) , . . . ,  but we 

w ould  have preferred  t o  use the n orm a l sym b ols  0 , 1 ,2 ,  3, etc .

D u rin g  th e developm en t o f  R O O A , we had  th re e ‘op tion s  to  deal w ith th e  o b je c t  iden 

tifiers. F irst, we th ou gh t that the user (here sym b olised  by the interface scen a rio ) w ould  

give t o  the o b je c t  gen erator a value to  be  used as the o b je c t  identifier. T h is  seem ed to  

us a w ay  to  avoid  the p rob lem , w ith ou t solv in g  it. N ext, we defined a specia l fun ction  to  

gen erate  natural num bers as o b je c t  identifiers. W e w ere never happy w ith  this solution  

as it seem ed to  be  to o  close  to  an im p lem en ta tion  decision . A s the L O T O S  sim ulator 

S M IL E  su p p orts  value gen eration , w e found  th a t this techn ique was p referable  to  creatin g 

a rb itrary  o b je c t  identifiers. So, for  th e  th ird so lu tion , we started  using va lu e generation  

to  crea te  the identifiers.

C la s s e s  a n d  O D P .  In the O O A  literatu re [C Y 9 1 a , Jac92 , R B P + 9 1 ], th e  con cep t o f  

class a pp ears  with  tw o  m utually  in com p a tib le  defin itions:

• a  class specifies th e com m on  ch a ra cteristics  o f  o b je c ts  o f  the sam e k in d ;

• a  class is a set o f  o b je c ts  o f  th e  sam e kind.

T o  ch o o se  w hich defin ition  to  fo llow  w e to o k  th e defin itions from  the O D P  m od el [1S094], 

which p rop oses  c la s s  t e m p la t e s , c l a s s e s  and o b j e c t s .  A  class tem p la te  is specified  by  a 

p rocess defin ition , an o b je c t  is a p rocess  instan tia tion  and a class is th e set o f  o b je c ts  

instan tia ted  from  the sam e class tem p la te . A  class has som e sim ilarities w ith  ou r n otion  

o f  an o b je c t  g en era tor , since the o b je c t  gen erator holds the set o f  o b je c t  Identifiers o f  the 

o b je c ts  w hich have a lready been in stan tia ted .

R e f in in g  t h e  N o t io n  o f  C la s s  T e m p l a t e .  D urin g th e  developm en t o f  a  class tem plate  

as a p rocess  defin ition  in L O T O S , w e had to  m ake som e decisions con cern in g  the in for 

m a tion  it should  con ta in . In L O T O S , when we created  an instan ce o f  a  class tem plate .



C h a p t e r  7. T h e  D e s ig n  R a t i o n a l e  o f  R O O A 179

we cou ld  n o t give a  nam e to  th e  process in stan ce  bein g created . T h is  led us to  fo rm u la te  

th e  need fo r  o b j e c t  id e n t i f i e r s .  A n  o b je c t  iden tifier is an a ttr ib u te  o f  an o b je c t  w ith  a 

sim ilar fu n ction  to  th at o f  a k e y  in a relational d ata b a se . A  secon d  o b je c t  uses the o b je c t  

iden tifier t o  specify  w hich  o b je c t  it is to  com m u n ica te  with .

S t a t e .  T h e  state o f  an o b je c t  at any tim e is g iveh  by the con figu ration  o f  the values o f  

th e  a ttrib u tes  o f  th e o b je c t  at th at tim e. T h is is handled  in L O T O S  by defin ing the ( t y p e  

o f  th e ) a ttribu tes as on e  o r  m o re  A D T s  which a re  then given as param eters o f  the p rocess  

defin in g th e class tem p late .

A s L O T O S  gives few  b u ilt-in  facilities, sp ec ify in g  full-b low n A D T s  m ay be a co m p le x  

and  length y  task. Each op e ra tio n  has to  b e  defined by on e  o r  m ore (p rob a b ly  m a n y ) 

eq u a tion s. H ow ever, as we a re  in the analysis ph ase , we did n ot want to  give t o o  m u ch  

deta il a b ou t how services are handled  internally. T h ere fore , we th ou gh t that we cou ld  get 

by using sim pler A D T s  w ith  a  sm all num ber o f  eq uations. O ur first solution  was t o  use 

d u m m y  A D T s .  In a du m m y A D T , m odifiers retu rn  the initial value and selectors return  

a lw ays a sym b o lic  con sta n t value. For e x a m p le , in the bankin g system , the eq u a tion  

sp ecify in g  a  cred it in to  a cco u n t a c c  w ith  a m ou n t m is defined as

C r e d i t _ A c c o u n t ( a c c ,  m) «  a c c ;

and ge tt in g  the balan ce o f  th a t accou n t w ould  b e  given  by the equation

G e t .B a l a n c e ( a c c )  ”  S o m e .B a la n ce

w h ere S o m e -B a la n ce  is a  con sta n t value defin ed  in an A D T . T h e  value a c c  is o f  so rt  

S t a t e - A c c o u n t  defined in an A D T  and it represen ts the state  o f  an a ccou n t. T h ese  e q u a 

tion s give a bstra ct sta te  in form a tion  to  the o b je c t s ,  define the signature o f  the op e ra tio n s  

and in d ica te  the ty p e  o f  th e in form ation  passed  when o b je c ts  com m u n icate . H ow ever, 

th ey  d o  n o t allow  us to  record  any in form ation  a b o u t  the event h istory  o f  the o b je c t s , for  

exa m p le .

A s in som e  typ es  o f  system s a record  o f  th e  h istory  o f  even ts, for exam ple an ‘ a u d it 

tra il ’ , m ay b e  required, we h ad  to  re ject the a b o v e  solu tion  and p rop ose  another. For th e
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new solu tion , we changed the sp ec ifica tion  o f  the A D T s  (w h ich  w e then called S y m b o l ic  

A D T s )  accord in g t o  their op era tion s. M odifiers are  specified  w ith ou t equations. T h is 

en ables us to  treat them  as A D T  co n s tru cto rs , and so  we gain  a  record  o f  the h istory  o f  

even ts. Selectors for  which a p articu la r result d oes  n ot need to  b e  returned are defined 

with d u m m y equations. Selectors w hich  need to  return  a particu lar value are defined with
I

one eq u a tion  for each  con stru ctor .

T h e  use o f  th e generalised c h o i c e  o p e ra to r  in th e  process part allow s us to  cover all 

the possib le  states which are not cov ered  in the A D T s , as show n in C h ap ter 3.

C o m m u n ic a t i o n s .  W ork  on  com m u n ica tion  betw een  o b je c ts  in L O T O S  was already 

available  at the tim e  o f  initial d eve lop m en t o f  R O O A  [C la92b]. B esides, it is stra igh tfor 

ward t o  define com m u n ication  betw een  o b je c ts  using L O T O S  co n stru cts , such as s y n c h r o 

n i s a t i o n  in g a te s .  Events defined in processes  synchronise  in gates.

W e  started  by defining the s tru ctu re  o f  a L O T O S  event. In itially , the specification  

p rod u ced  by the first iteration  o f  th e R O O A  m eth od  was w ritten  in a form  equivalent to  

basic L O T O S . A n  initial version  o f  a  stru ctu red  even t in L O T O S  h ad  the form :

{ g a t e  n a m e )  {m e s s a g e  n a m e )

w here m e s s a g e  n a m e  correspon ds to  th e  service offered  by th e o b je c t .  W ith  th e in trod u c 

tion o f  A D T s  and the refinem ent o f  R O O A , the stru ctu red  event b eca m e:

{ g a t e  n a m e )  {m e s s a g e  n a m e )  { c a l l e r  o b je c t  id )  { c a l l e d  o b j e c t  i d )  { p a r a m e t e r s )  { r e s u l t )

A s  com m u nication  m ay be n o n -a to m ic , for exa m p le  as in a  re m o te  procedu re  call or 

an A d a  rendezvous, we th ou gh t that th e  stru ctu red  event should  in clu d e the identifier o f  

b oth  o b je c ts  involved  in the syn ch ron isation . T h is solu tion  d id  n ot survive for lon g , since 

to  m o d e l rem ote  p rocedu re  call o r  ren d ezvou s an o b je c t  needs to  k n ow  the identifier o f  the 

o b je c t  it is to  com m u n ica te  w ith , b u t th e  second o b je c t  does n ot need statically  to  know  

the iden tifier o f  th e  o b je c t  that ca lled it. Finally, th e  stru ctu re o f  th e  L O T O S  event to o k  

the fo rm :

{ g a t e  n a m e )  {m e s s a g e  n a m e )  { c a l l e d  o b j e c t  i d e n t i f i e r )  { p a r a m e t e r s )  

this reflects the stru ctu re o f  b oth  th e  c lie n t ’s call and the server’s answ er.
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T h e  O b j e c t  C o m m u n ic a t i o n  D i a g r a m  ( O C D ) .  H ow  to  define th e n u m ber o f  gates 

necessary in th e specification  tu rn ed  ou t t o  be  o n e  o f  the m ore  difficu lt p rob lem s we had 

to  solve. T h e  O C D  appeared  in th e early  stages o f  th e R O O A  d eve lop m en t, m ainly  to  

help  us solve th is prob lem .

Initially, we believed  that all th e services o ffered  by a class tem p la te  sh ou ld  b e  on  offer
*

on  a  single g a te , b u t we soon  d iscovered  th a t this so lu tion  w ou ld  not w ork  (see  F igure 7 .1 ). 

T h is  cou ld  b e  b eca u se  a gate  is, by  d efin ition , t o  b e  used for  com m u n ica tion  betw een  tw o  

(o r  m ore) p rocesses  and n ot to  b e  th ou g h t o f  as th e  private p rop erty  o f  a single process.

F igu re  7 .1: C lass tem p la tes  o ffer in g  all their services in a  single ga te

W e then d ecided  to  assign gates  a cco rd in g  t o  th e stru ctu re  o f  th e specifica tion . T h is 

secon d  so lu tion  w ould  assign o n e  ga te  for com m u n ica tion  betw een  tw o  su bsystem s, betw een 

tw o  com p lex  o b je c t s  or  betw een  o n e  su bsystem  a n d  on e co m p le x  o b je c t ,  w h ose  stru ctu re 

we already k n ew , as in F igure 7 .2 . T h is  w ay w e redu ced  th e n u m ber o f  ga tes , but we 

en ded  up w ith  a n oth er p rob lem : a  class tem p la te  cou ld  have t o  o ffer th e sam e service  at 

different ga tes . T h ere fore , we required  a  m ore sa tis fa ctory  so lu tion .

T h e th ird  a tte m p t defined gates  a cco rd in g  t o  th e  types o f  o b je c ts  and required  that an 

o b je c t  cou ld  n o t use th e sam e g a te  to  co m m u n ica te  with  b o th  an o b je c t  at th e sam e level 

o f  a b stra ction  a n d  an oth er o b je c t  at a  d ifferent level o f  a b stra ct ion . W e then  form u lated  

th e  fo llow in g  princip les for assign in g ga tes :

1. A  server w hich  is a  passive h istory -sen sitive  o b je c t  o ffers its services at a  single gate .
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Figure 7 .2: G iv in g  gates a ccord in g  to  the structu re

2. T w o  a ctive  o b je c ts  at the sam e level o f  abstraction  com m u n icate  th rou gh  a  single 

gate .

3. O b je c ts  which m ake up a com p os ite  o b je c t  may on ly  interact w ith each o th e r  th rou gh  

internal gates.

A t this stage we were classify in g o b je c ts  accord in g  to  their role. U sing this a p p roa ch  

as a basis (it  changed , as we will see b e low ), and after several refinem ents (in c lu d in g  the 

in trod u ction  o f  the O C T s )  we end up with th e O C D  depicted  in Figure 7 .3 . (In  this 

d iagram  we m erged the o b je c t  Bainks within O th er-B ain ks.)

F igure 7 .3 : P rocess A cc o u n ts  is on ly  accessed  by a single gate 

W ith  the in trod u ction  o f  th e final rules, as shown in C h ap ter 6 , the d ia g ra m  also
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changed  to  that presented in F igu re  6 .9 .

T h e  O C D  proved  to  be very  usefu l, since it helps in the tra n sform a tion  from  a  static 

t o  a  dyn am ic m odel. It can b e  b u ilt d irectly  from  th e  o b je c t  m od el and the O C T , and it 

d irectly  m odels  the stru ctu re o f  th e  L O T O S  specifica tion  which is represented  by th e  top  

level behaviou r expression . ^

C la s s i fy in g  O b j e c t s .  For som e  tim e , in o rd er t o  define the n um ber o f  gates, we th ou gh t 

th at classify ing the o b je c ts  a cco rd in g  to  their role in th e system  cou ld  help  determ ine their 

specification  in L O T O S  and th e  necessary  ga tes . O u r first a ttem p t y ie lded  p a s s iv e  and 

a c t i v e  o b je c ts , but a fter som e tim e , we d iv id ed  passive o b je c ts  in to  h i s t o r y - s e n s i t i v e  and 

p u r e  A D T s .  H istory -sensitive o b je c t s  are  th ose  w hich  can rem em ber th eir previous loca l 

s ta te  history. Pure A D T s  are th o se  w hich  d o  n ot have state , i.e. th ey are values.

A fter several refinem ents, w e gave th is up . T h e  role  an o b je c t  p layed  in the system  

in term s o f  having o r  not h av in g  significant b eh aviou r was m ost im p orta n t. W e also 

d iscovered  that it w ou ld  be im p o rta n t t o  classify  o b je c ts  in to  c l i e n t s  and  s e r v e r s .

O b je c t s - a s - P r o c e s s e s  v e r s u s  O b j e c t s - a s - A D T s .  W h ile  w ork in g  through th e  first 

large exam ple  with  th e R O O A  m e th o d , w e realised th at som e class tem p la tes  in the o b je c t  

m od el should  be specified  w ith  processes  and A D T s , but oth ers cou ld  on ly  be specified  

as A D T s  (on e  A D T  for each class te m p la te ). W h ich  m eth od  is ch osen  should depend  

on  the relative significance o f  th e  b eh a v iou r o f  an o b je c t  o f  a given  class tem plate . For 

exa m p le , su ppose  that an o b je c t  is on ly  required  t o  p lay the passive role o f  an a ttr ib u te  o f  

a n oth er o b je c t .  Such an o b je c t  has n o d y n a m ic  role t o  play in th e  sy stem , and m ay then 

b e  specified  as an A D T . O n th e  o th e r  h an d , an o b je c t  w ith  com p lex  b eh aviou r m ust be 

specified  as a L O T O S  process w ith  on e  o r  m ore  A D T s  defin ing its state . Betw een these tw o  

extrem es, the analyst m ust ju d g e  as t o  w hich  m eth od  is preferable  in th e  circu m stan ces.

T h e  R o l e  o f  In te r fa c e  S c e n a r i o s .  A fter  hav in g  specified all th e class tem p la tes , it 

is necessary t o  ‘ a ssem ble ’ th em  in som e  fash ion  in order to  p r o to ty p e  the system  by 

sim ulation  (using sym b olic  e x e cu tio n , as in th e L IT E  sim u lator [E W 9 3 ]). T o  drive the
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sim ulation  o f  the specification  we used i n t e r f a c e  s c e n a r i o s  (first called t e s t  s c e n a r i o s ) ,  

which represent typiced d ia logues betw een  th e system  and th e user. (T h e y  ask services from  

the specification  and record  the resu lts.) T h e  in terface scenarios initially appeared  s im p ly  

to  help in p ro to ty p in g  th e specification , by  n arrow in g  th e  o p tion s  available. Lim iting th e 

event o ffers durin g th e sim ulation is essential so  that th e  d evelop er does n ot get lo st in 

tracin g  large num bers o f  a lternative p ath s. S oon  the role o f  in terface scenarios exp an d ed  

when w e realised th at th ey cou ld  be  used to  help  us u n derstan d  the exp ected  d yn a m ic 

b eh a v iou r o f  the system , and to  iden tify  services and com m u n ica tion  betw een o b je c ts  in 

the o b je c t  m odel.

T h e  u s e  c a s e s  in trod u ced  by [Jac92] in fluenced  ou r w ork . O u r interface scenarios are 

not tex tu a l d escrip tion s o f  the b eh a viou r o f  th e  system , as J a co b s o n ’s use cases are , but 

when jo in ed  with  th e o b je c t  m odel in th e b eg in n in g  o f  th e developm en t and later jo in e d  

with th e  L O T O S  specification  th ey p rov id e  th e sam e in form ation  that use cases give.

R e f in in g  t h e  M e t h o d  b y  R e f in in g  t h e  O b j e c t  M o d e l .  A s we w ere d evelop in g  

R O O A , m any authors ca m e  up with new m eth od s  for o b je c t -o r ie n te d  analysis. W e started  

w orking with  O O A  [C Y 9 1 a ], but then O M T  [RBP"^91] and O O S E  [Jac92] appeared . T h e  

o b je c t  m od els  p rod u ced  by each m e th o d  d iffered  in th e am ou n t o f  in form ation  sh ow n . 

W e realised that R O O A  should  have th e flexib ility  to  in co rp o ra te  each different m e th o d , 

d epen d in g  on  the u ser’ s preference. T h is  flexib ility  should  also b e  encapsulated  in a task 

so that the core  o f  R O O A  rem ained th e sam e. Th u s we in trod u ced  the task : r e f in e  th e  

o b je c t  m o d e l .  R O O A  was then com p o se d  o f  th ree  m ain tasks as presented in C h ap ter 6.

T h e  refinem ent o f  th e  o b je c t  m od el takes an o b je c t  m od el ob ta in ed  by app ly in g  any 

o f  the ex istin g  O O A  m eth od s , and tran sform s it to  inclu de all th e in form ation  required  as 

input t o  the task o f  bu ild ing the L O T O S  form a l m odel.

I n t e g r a t in g  S t a t ic , D y n a m ic  a n d  F u n c t io n a l  P r o p e r t i e s .  Initially, we tr ied  to  

start from  an o b je c t  m od el and w rite  a  L O T O S  specification  w hich  w ould  include b o th  

the s ta t ic  p roperties defined in the o b je c t  m od el and th e d yn a m ic and fun ction a l ch a ra c 

teristics from  a requ irem ents d ocu m en t. S ince th is was a ttem p ted  as the specification  was



C h a p t e r  7. T h e  D e s ig n  R a t i o n a l e  o f  R O O A 185

bein g w ritten , w e soon  d iscovered  th a t  this approach  was m uch to o  d ifficu lt t o  a ccom plish  

all at on ce . Instead , we decided  to  use in term edia te structuring tech n iqu es w hich  w ould  

sim plify  the task  o f  build ing the L O T O S  specification . T h ese  s tru ctu rin g  techniques are 

the O b je c t  C o m m u n ic a t i o n  D ia g r a m s ,  the O b je c t  C o m m u n ic a t i o n  T a b le s  and th e E v e n t  

T r a c e  D ia g r a m s .  ^

T h e  O b j e c t  C o m m u n ic a t io n  T a b l e  ( O C T ) .  As m ore exa m p les  w ere a ttem p ted , 

oth er necessities appeared . For e x a m p le , m essage con n ection s in th e  o b je c t  m od el on ly  

show  th a t on e o b je c t  needs to  co m m u n ica te  w ith  som e oth er o b je c t ,  b u t  n o t th e stru ctu re 

o f  this com m u n ica tion . T h u s the O C T  was develop ed  as an in term ed iary  stru ctu re  betw een 

the o b je c t  m od el and b oth  the O C D  and th e L O T O S  specification . T h e  O C T  b eca m e 

useful fo r  help ing to  identify  the services offered  by each class te m p la te , and m essage 

con n ection s. L ater, w ith  the refinem ent o f  the rules defining the n u m b er o f  ga tes , we 

added  t o  it a fifth co lum n to  show  th e  gates needed. W ith  the in c o rp o ra tio n  o f  O C T s  in to  

R O O A , the role  o f  the interface scen arios expan ded  further. T h e  in terfa ce  scenarios were 

very useful in help ing us d ecide, w h en  build ing the O C T , which serv ices  w ere required 

from  th e  system .

E v e n t -T r a c e  D i a g r a m s .  M an y a pp lica tion s o f  O O A  m eth ods are d ata b a se -orien ted  

p rob lem s, w ith a sm all d yn am ic co m p o n e n t. O th er problem s are p rocess -orien ted  and 

have a m uch m ore  im portan t beh aviou ra l com p on en t. In these p ro b le m s , the typ es  o f  

o b je c t  in teraction s consist m ainly in a  series o f  queries and responses. T h e se  are specified 

grap h ica lly  by using m essage-passin g d iagram s, such as those in O O S E  [Jac92]. D urin g 

th e app lica tion  o f  R O O A  to  the w arehouse prob lem  p roposed  by J a c o b s o n  [Jac92], we 

decided  to  in trod u ce  as part o f  th e  m eth od  e v e n t  tr a c e  d ia g r a m s . T h e s e  d ia gram s are 

instances o f  M essage F low  G rap h s, a  precise sem antics for which m ay b e  fou n d  in Ladkin 

and Leu e [LL94].

A g g r e g a t io n  a n d  S u b s y s t e m s .  O n e o f  th e design  con sideration s o f  R O O A  was to  

m ake it app licab le  to  large system s. T o  deal w ith  com plex ity , th e o b je c t -o r ie n te d  liter-
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atu re  p roposes, a m o n g st o th er  techn iqu es, aggregates and su bsystem s. T h e  d istin ction  

betw een  these tw o c o n c e p ts  is n ot alw ays m a d e  clear. A u th ors  use d ifferent term in o logy  

to  refer to  the sam e o r  sim ilar con cep ts , e .g . com p os it ion a l o b je c t ,  a ssocia tive  o b je c t ,  c o n 

ta iner o b je c t . A fter u n d ersta n d in g  the term s used by different a u th ors  we chose ou rs  and 

m odelled  them  in L O T O S . A n  im p orta n t decision  ^ a s  t o  decide th a t aggregates and their 

com pon en ts  would h ave  p rop er  identifiers w hile  subsystem s w ould  m erely  be grou pin gs o f  

class tem plates and th e re fo re  w ould  n ot have identifiers.

7 .3  R O O A :  N I a in  P r e v i o u s  V e r s i o n s

7 . 3 . 1  R O O A :  F i r s t  V e r s i o n

In June 1992, R O O A  w a s m ain ly help ing us t o  describe th e external b eh a v iou r o f  a system . 

A t the tim e we were esp ec ia lly  con cern ed  w ith  creatin g  a m eth od  to  help  us use L O T O S , 

and we did not think o f  co m b in in g  O O A  m eth od s  w ith  L O T O S  until later. W e d evelop ed  

the follow in g stra tegy  t o  create  L O T O S  specification s:

1. Look  at the p ro b le m  in its en v iron m en t, i.e. in tegrate  the p rob lem  in to  the su rrou n d 

ing w orld .

2. Identify  extern al en tities  w ith  which th e system  interacts .

3. Identify  the kind o f  in teraction s betw een  the system  and th e extern al entities.

4. G rou p  the “ in te ra ctio n s”  (even ts ) for each  o b je c t  and define a  g a te  for each grou p . 

Th is can be d o n e  in d ifferent ways: on e  ga te  for all events; on e  g a te  for each  even t.

5. Th ink a b ou t th e  even ts  and decide h ow  th ey a ffect the system  (con cu rren cy , m u lti 

user, m utual e x c lu s io n , e t c .) .

6. D etect possible in tern a l o b je c ts .

7. Define processes. E ach  process in th e m ore  a bstra ct level w ill im plem en t an in terface 

with an external o b je c t ,  using the defined gate .
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8. D efine the d a ta  structures.

T h e  order o f  th e steps, and th e steps them selves, reflect th e prob lem s fa ced  when 

try in g  t o  ob ta in  ou r first L O T O S  specifica tion . A n d , in som e way, th ey re flect also the 

decisions taken.

It is im portan t t o  n otice  that m ost o f  this L O T O S  specification  was sequential, in 

con tra st to  ou r final versions where parallelism  plays a  dom in an t role . S o, in o u r  banking 

system  each a ccou n t was specified as an A D T . A  set o f  a ccou n ts  was then given  as a 

p aram eter o f  the p rocess  D a ta_B a se  which deals w ith  each  tran saction  a client m a y  require 

from  an accou n t (see  F igure 7 .4 ).

F igure 7 .4: A  first version o f  the ban k in g system  in a first version  o f  an O C D

Each bubble  represents a process , the arcs represent com m u n ica tion  b etw een  processes 

and th e rectangles labelled  t b ,  t c  and t d  represent gates.

7 . 3 . 2  R O O A :  S e c o n d  V e r s i o n

From  th e  first version  to  the secon d , the m ost im p orta n t decision  we took  was t o  com bine 

the O O A  m eth ods w ith  L O T O S . T o  start w ith  we th ou gh t we w ould  have tw o  m ain  tasks: 

build an o b je c t  m o d e l, and build  a  L O T O S  m odel. T h e  first O O A  m eth od  w e used to  

build  th e  o b je c t  m od e l was O O A  p rop osed  by G oad  and Y ou rdon  [C Y 91a]. B y  D ecem ber 

1992, th e  R O O A  m eth od  had d evelop ed  to  inclu de th e fo llow in g  m ain sequ en ce  o f  steps:

1. Define the extern a l behaviou r.

(a )  Iden tify  th e  external entities.
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(b )  C ou p le  each  ex tern a l en tity  to  on e  interface su b system .

( c )  For each in terfa ce  su bsystem , define the services p rov id ed .

(d )  In corp ora te  a  cen tra l subsystem  that a tts , to  b e g in  w ith , as a  “ d a ta  base”  o f  

the in form a tion  in the system . It also acts as a  m ediu m  th rou g h  which the 

different in terfaces  can interact w ith  on^ ^mother.

2. A p p ly  th e  C oad  and  Y ou rd on  m eth od .

3 . C om p lem en t th e o b je c t  stru ctu re o f  the o b je c ts  by iden tify in g  h ow  to  m od el the 

relationships in th e  o b je c t  m od el: as one a ttribu te in  on e  o f  th e  o b je c t s , as on e  

a ttr ib u te  in each o b je c t ,  as an oth er o b je c t .

4. Use L O T O S  to  form a lise  the o b je c t  m odel and to  add th e  dyn am ic a n d  the fun ction al 

m odels .

(a )  S p ecify  the system  using the process part o f  L O T O S .

(b )  In corp ora te  a  test scenario to  drive the sim ulation .

( c )  A d d  du m m y A D T s .

(d )  A ll th e p rev iou s steps are validated by using L IT E  tools .

T h e  first step  can be con sidered  as the “ rem ains”  o f  ou r first version . Later we elim 

inated  this exp licit step  as it cou ld  be  seen as part o f  the O O A  m eth od  used. H ow ever, 

this step  was very  useful in order to  highlight the im p o r ta n ce  o f  in terface scenarios and 

in terface  o b je c ts .

A fte r  this stage we saw  J a co b so n ’s classification  o f  o b je c t s  in to  e n t i t y ,  i n t e r f a c e  and 

c o n t r o l .  T h e  in terface o b je c t s  are related to  the i n t e r fa c e  s u b s y s t e m  we w ere p rop osin g  in 

step  l .b ) .

7 . 3 . 3  R O O A :  T h i r d  V e r s i o n

T h e  th ird  im p orta n t R O O A  version  was ready in M arch  1993. In this new  version  we to o k  

th ree im p orta n t decisions in relation  to  the previous version : ta sk  1 sh ou ld  be  considered



r
C h a p t e r  7. T h e  D e s ig n  R a t i o n a l e  o f  R O O A 189

part o f  th e  O O A  m eth od  used; task 3 cou ld  be in corp ora ted  with in  task  4; add  to  task 4 

a subtask  refin ing the L O T O S  m odel.

So, R O O A  was n ow  co m p o se d  o f  the fo llow in g  m ain  tasks:

1. B u ild in g  an o b je c t  m od e l by using any o f  the existin g O O A  m eth od s.

2. B u ild in g  a L O T O S  m od el.

T h e  g o a l o f  this step  is to  transform  an o b je c t  m od el in to  a  form a l L O T O S  m od el 

th a t con ta ins all th e in form ation  n orm ally  held in the separate  o b je c t ,  d yn a m ic and 

fu n ction a l m odels . T h is  step  has five m ain  substeps:

(a )  S pecify  the b eh a v iou r o f  the o b je c t  m odel.

( b )  In corp ora te  test scenarios to  investigate  o b je c t  beh aviou r.

( c )  A d d  dum m y a b stra ct d a ta  types to  give loca l state  to  th e  o b je cts .

(d )  Iterate the analysis by  refining processes and a bstra ct d a ta  types.

(e )  A t  each stage o f  th e d eve lop m en t, p ro to ty p e  the resu lting specification .

From th is  version to  th e final version  m an y refinem ents o ccu rre d : we in trod u ced  an 

other m ain  task  in o rd er t o  im p rove  the o b je c t  m odel so  we cou ld  a cce p t an o b je c t  m odel 

produ ced  b y  any o f  the ex istin g  O O A  m eth od s; we found  a b etter  a pp roa ch  to  deal w ith 

A D T s (se e  C h apter 6 ); we started  using value generation  to  create  o b je c t  identifiers; we 

in trod u ced  O C T s  to  co llect in form ation  a b o u t  services and o b je c ts , and with th at we re 

fined the ru les to  identify  ga tes ; finally, w e in trod u ced  event trace  d iagram s to  help us 

describe th e  initial d yn a m ic b eh aviou r b e fore  we started  to  w rite  L O T O S  cod e .

7 .4  C o n c l u s i o n s

This ch a p te r  described  th e u n derly in g ideas behind the R O O A  m e th o d . It presented  in 

detail th e  m a jo r  prob lem s we fou n d  while d eve lop in g  ou r m e th o d , ju s tify in g  ou r a p p roa ch . 

W e d iscu ssed  the necessity for  b o th  each in term ed iate  stru ctu re  used by R O O A  and each  

main task  w ith in  R O O A . D u rin g  this discussion  we presented th e tem p ora ry  so lu tion s we 

a dopted  a n d  gave the reasons w hich  led us t o  re ject th em .





C h a p t e r  8

A s s e s s m e n t  o f  t h e  R O O A  M e t h o d

8 .1  I n t r o d u c t i o n

T h e  R O O A  m eth od  is the final produ ct o f  our w o rk  while investigating the advantages 

o f  add in g  fo rm a lity  into the ob ject-or ien ted  a n a lysis  process. E xisting O O A  m eth ods 

suffer from  tw o  fundam ental problem s: weak in tegra tion  betw een  the s ta tic , d yn a m ic and 

fun ction al m od e ls  and lack o f  form ality. W e d esign ed  R O O A  so  that this ga p  cou ld  be 

bridged .

A  rigorous m eth od  should satisfy a num ber o f  p rop erties , nam ely  p roo fs . T h ese  p ro p 

erties are d ifficu lt, if not im possib le , to  im pose in a n  analysis m eth od . In this ch apter we 

analyse this p rob lem  and assess:

• the crea tion  process as set ou t by the R O O A  m eth od ;

• the understan dab ility  o f  the L O T O S  specifica tion  prod u ced  by R O O A ;

• the su ita b ility  o f  L O T O S  as the form al specification  lan gu age chosen.

Finally, we rev iew  the main findings that we m a d e  while ob serv in g  R O O A  b e in g  applied 

to  several p rob lem s , by ourselves and by others.

191
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8 .2  W h y  a  R i g o r o u s  O b j e c t - O r i e n t e d  A n a l y s i s  M e t h o d ?

Given th a t, in ord er t o  b e  useful, so ftw are  has to  be  correct , reliable  and efficien t, it is 

clear th a t we on ly  gain  b y  using form a l techn iqu es. O ur work  is con cern ed  w ith  en h an cin g 

the ob je ct-o r ie n te d  analysis p rocess. W e know  th at the o b je c t -o r ie n te d  analysis m eth od s 

that are  currently used suffer from  several deficiendiqs, nam ely :

• th ey  are weak at represen tin g d yn a m ic view s;

• th ey  d o  not in tegra te  the sta tic , d yn a m ic and fun ction a l properties;

• th ey  lack fo rm a lity  in the m eth od  and in th e m odels  used;

• th ey  need s u p p o rtin g  too ls  to  check  th e sem antics o f  the m od els .

T h e  use o f  a form al sp ec ifica tion  lan gu age, such as L O T O S , d u rin g  the analysis phase 

can overcom e these deficien cies. A s a  m a tter o f  fa ct, L O T O S  is g o o d  at describ in g  the 

behaviou r o f  a system  (a fte r  all that is w hat it was designed fo r ) ;  the R O O A  m eth od  

teaches us how to  w rite  L O T O S  specifica tion s which in tegrate  th e static , d yn a m ic and 

fun ction al properties o f  a  system ; L O T O S  has a precise syn tax  and sem antics, and there 

fore th e resulting R O O A  m od el is form a l; L O T O S  has su p p ortin g  too ls , such as syntax 

and sta tic  sem antic ch eckers and sim u lators, w hich can be used to  check th at th e final 

m odel is sem antically  co r re c t  and to  va lidate  the specification  against the requirem ents.

T h e  validation  o f  th e  specification  against the requirem ents ca n n ot be d on e  by using 

form al p roo fs , b eca u se  th e  original requ irem ents  are in form al. In R O O A , h ow ever, we 

validate by execu tin g  th e  L O T O S  sp ecifica tion , by  using p ro to ty p in g  with  sets o f  interface 

scenarios. Each scen a rio  requires from  th e entire system  a w ide  range o f  services. B y 

execu tin g  the sp ec ifica tion  with  th e w h ole  set o f  scenarios we e x p e ct  to  va lidate , at least, 

the m ore  im portan t requ irem en ts from  th e client.

8 .3  W h a t  A b o u t  R i g o r o u s  M e t h o d s ?

It w ould  be g o o d  to  b e  a b le  t o  reason form a lly  a b ou t th e requ irem ents  o f  a new  softw are 

system  as soon  as p oss ib le . I f  this was p ossib le , we cou ld  p rove  that a specifica tion  m et
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th e requirem ents and also use p ro to ty p in g  to  refine th e  requirem ents and to  correct e rro rs , 

am biguities and inconsistencies early. H ow ever, is it possib le  t o  d evelop  an approach  w h ich  

form alises the analysis p rocess?

T h e  answer is ‘ n o ’ ! A  form a l app roa ch  tells us to  d evelop  program s from  a g iven  

form al specifica tion  and how  to  verify these progi;am s to  m eet th e specification  [B G 7 7 , 

B J83 , E M 85]. W h en  using form a l a pp roa ch es, the correctn ess o f  program s is estab lish ed  

by m eans o f  m ath em atica l p roo fs  [Jon80]. If the in pu t is a form al specification , we can  

p rop ose  a  form a l developm en t process from  there. For exam ple, it is possible  to  p ro v id e  a 

form al design  p rocess  if a form a l requirem ents specification  a lready exists. H ow ever, th e  

analysis process starts  from  a set o f  in form al requirem en ts and m ay include the ca p tu re  o f  

the requ irem ents, involv ing d iscussions w ith  clients o r  the users o f  the system . T h u s , an 

analysis m eth od  ca n n ot prov ide a form al process, as we can n ot exp ect that our clients are  

all m a th em atic ia n s, able to  express their need by m eans o f  a set o f  equations, for exa m p le .

N evertheless, we can reduce the d istance betw een in form al requirem ents and fo rm a l 

specification s by prov id in g  a process w hich  creates form a l specification s earlier than usual. 

S hortening this d ista n ce  is the m ain goa l o f  ou r w ork , and the prim ary result o f  the R O O A  

m eth od . T h e  final specification  provided  by R O O A  is a requirem ents specification  w h ich  

can then be used as the startin g  poin t o f  a form al design  p rocess , as m entioned a b ov e .

T h e  fo llow in g  are the characteristics  that m ake R O O A  a rigorous m eth od :

• R O O A  p rod u ces  a form al requirem ents specification , expressed  in the specifica tion  

language L O T O S  which is form al and has a clear m ath em atical sem antics.

• R O O A  uses p ro to ty p in g  t o  va lidate  the L O T O S  specification  against the req u ire 

m ents.

• R O O A  p rop oses  a lgorithm s to  be  follow ed w hen con stru ctin g  the interm ed iate and  

final stru ctu res.

-  T h e  o b je c t  com m u n ication  ta b le  can be  p rod u ced  a u tom atica lly  from  th e in 

fo rm a tion  in the o b je c t  m odel.



C h a p t e r  8 . A s s e s s m e n t  o f  t h e  R O O A  M e t h o d 194

— T h e  o b je c t  com m u nication  d iagram  fo llow s an a lgorithm  to  b e  p rod u ced  from  

the o b je c t  com m u n ication  ta b le , so it cou ld  be  created  au tom atica lly .

— A  skeleton  o f  the L O T O S  processes can  be  created  a u tom a tica lly  from  the 

O C T .

— T h e  top -level behaviour exp ression s o f  the specification  can b e  au tom atica lly  

generated  from  the o b je c t  com m u n ica tio n  d iagram  by fo llow in g  an algorithm .

• R O O A  provides a system atic d eve lop m en t process , b y  o fferin g a  set o f  well-defined 

steps, heuristics and m appings fro m  o b je ct-o r ie n te d  con cep ts  in to  L O T O S .

• R O O A  builds on  well-established m eth od s and too ls .

T h e re fo re , R O O A  is n ot a form al m e th o d . W e call it a r ig o r o u s  m e th o d ,  as it is less form al 

th an  a form al m eth od  should be. B u t, as A m erica  said durin g  a panel at O O P S L A ’91, 

fo rm a lity  is not a goa l in itself, but is o n ly  useful as a m eans tow ards m ore  efficient and 

m ore  reliable softw are developm ent [dC AC"*'91].

W e  think that we have achieved a n  im p orta n t goal w ith  ou r w ork : we d eveloped  a 

m ean s o f  creatin g a form al requ irem en ts specifica tion . T h is  form al requ irem ents specifi 

ca tio n  can then be used as a starting p o in t  for a  m ore  form a l develop m en t.

D u rin g this thesis, and follow in g th e  term in o logy  in the literatu re, we have been using 

the term  f o r m a l  m e th o d  when referring to  a specification  languages such as L O T O S . A 

m e th o d  includes a set o f  notation s to g e th e r  w ith  a  stra tegy  to  be fo llow ed  and heuristics. 

F orm al m eth ods as such d o  not exist y e t  [dC AC"*'91]. W h a t does exist are  w hat we can 

call form a l n ota tion s, o r  form al sp ecifica tion  languages, o r  form a l d escrip tion  techniques, 

or  form a l techniques.

8 .4  S t r e n g t h s  a n d  W e a k n e s s e s  o f  t h e  R O O A  M e t h o d

8 . 4 . 1  T h e  R O O A  P r o c e s s

B rin gin g  form al m eth od s to  the ana lysis  phase o f  th e d evelop m en t p rocess  is a  new area 

o f  research and little work  has been d o n e  so  far. R O O A  is o u r  con trib u tion .
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T h e  first m a jo r  stren gth  o f  R O O A  is that it com bin es tw o  im portan t softw are de 

velopm en t techniques; o b je ct-o r ien ted  analysis and form al m eth od s . R O O A  prom otes 

form al m eth od s in an area  where they are  not yet bein g used a n d , on  the o th er hand, 

it adds form ality  to  th e  in form al ob je ct-o r ie n te d  analysis m eth od s . T h e  specification  re 

su lting from  an a p p lica tion  o f  R O O A  a cts  as an initial form al requirem ents specification . 

Th is specification  can  be used as the startin g  p oin t o f  a  form a l d evelopm en t tra je c to ry  

where a  requirem ents specification  is tran sform ed  in to  a  design specification  either by us 

ing correctn ess-preserv in g  tran sform ation s or by using p ro to ty p in g  to  ensure that the tw o 

specification s con form  to  on e  another [C J92].

R O O A  builds on  th e w ork  already available fo r  o b je c t -o r ie n te d  analysis m eth od s. By 

using an execu tab le  specifica tion  language such as L O T O S , R O O A  produ ces a  p ro to ty p e  

where th e  L O T O S  sim u lators m ay be used as th e  p ro to ty p in g  to o ls , which m ay be  used 

for validating the requ irem ents .

R O O A  has som e weaknesses to o . S om e o f  these weaknesses ca n  be avoided by changing 

parts o f  the m eth od . For instance, R O O A  starts w ith the o b je c t  m odel. T h is  is not a 

weakness in itself, b u t favou rs system s w ith  a s tron g  sta tic  co m p o n e n t. I f  the system  

has a s tron g  d yn a m ic co m p o n e n t, we m a y  find it d ifficu lt to  p ro d u ce  an o b je c t  m odel. 

C urrently , we p rop ose  th e use o f  event trace  d iagram s to  help in captu ring the m essage 

passing betw een  stru ctu ra l com pon en ts  o f  the system  and then use that in form ation  to  

build th e  o b je c t  m od el. N otice  that L O T O S  is prim arily  a d y n a m ic m odel and so that 

kind o f  p rob lem  on ly  a ppears in the early stages o f  R O O A . T o  so lv e  this prob lem  we could  

m od ify  Task 1 t o  em p h asise  an in form al d yn a m ic m odel to  start w ith .

S om e m ay con sid er th e  use o f  L O T O S  to  be a  weakness o f  R O O A . W e believe how ever 

that R O O A  can easily  b e  adapted  to  em b ra ce  o th er  sp ecifica tion  languages. H ow ever, 

m ore w ork  is needed in th is d irection .

Finally , R O O A  is n ot a  form al m eth od . W e d o  not see how  t o  create a  purely  f o r m a l  

process for  this phase o f  softw are develop m en t. R O O A  p rop oses  a  set o f  tasks to  s y s t e m 

a t i c a l ly  p rod u ce  an initial form al requirem ents specifica tion . D u rin g  the m eth od  we give 

rules t o  b e  fo llow ed , and w e can build to o ls  which can a u tom a te  part o f  the R O O A  process
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o f  building the o b je c t  com m u n ication  ta b les , the o b je c t  com m u n ica tion  d ia gra m s and a 

first outlin e o f  th e  L O T O S  specification .

8 . 4 . 2  I m p o r t a n c e  o f  T e c h n i q u e s  U s e d  w i t h i n  R O O A

T a s k  1 : B u i ld  t h e  O b je c t  \ l o d e I .  In order tjo build  the o b je c t  m o d e l we can use 

any o f  the e x istin g  O O A  m eth od s. D ep en d in g  upon th e typ e  o f  the p rob lem  we can start 

identify in g ca n d id a te  o b je c ts  in the requ irem ents o r , i f  the prob lem  is s tro n g ly  dyn am ic, 

we m ay begin  by using techniques such as event trace d iagram s.

T a s k  2 : R e f i n e  t h e  O b je c t  M o d e l .  Refin ing the o b je c t  m odel m ean s to  gu arantee 

that the o b je c t  m o d e l p rodu ced  in Task 1 has class tem plates defined w ith  a ttribu tes  and 

services, has in terface  o b je c ts , has relation sh ip s and m essage con n ection s b etw een  o b je cts . 

T h is  is a m a jo r  task  in R O O A , stim u latin g  im portan t discussions a b ou t th e  behaviou r o f  

class tem plates a n d  o b je cts . D uring this task  we build the O C T  which is an im portan t 

technique to  b rid ge  the gap betw een  th e  refined o b je c t  m odel and th e O C D  and the 

L O T O S  sp ecifica tion .

O b je c t  C o m m u n ic a t i o n  T a b le  ( O C T ) .  T h e  O C T  collects  the class tem p la tes , the 

services o ffered , th e  services required, th e  clients o f  each offered  serv ice , and the gates 

used for com m u n ica tion . A lso , it helps us to  reason a bou t the necessary services each 

class tem plate  o ffers  and, for each offered  serv ice , which oth er services are  required. W e 

find that o n e  o f  th e  m ost helpful ch a ra cteristics  o f  th e O C T  is the help  it p rovides in 

exp lorin g  th e ga tes  for com m u n ica tion  betw een  processes in the L O T O S  sp ecifica tion .

Id entify ing o ffered  services and requ ired  services is useful to  help us establish  the 

channels o f  com m u n ica tion  betw een o b je c t s .

O b j e c t  C o m m u n ic a t i o n  D ia g r a m  ( O C D ) .  T h e O C D  is a graph w hich  sh ow s o b je c ts  

com m u n ica tin g  betw een  each oth er by m ean s o f  gates. It gives a g o o d  su m m a ry  o f  the 

stru ctu re o f  the L O T O S  specification . T h is  m akes the specification  easier t o  u n derstan d , 

especia lly  for  len g th y  specifications.
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W e give a set o f  rules t o  build th e O C D  fro m  th e O C T . From  the O C D  we can then  

use the a lgorithm  d eve lop ed  by C lark  [C la94b] to  create  the high-level L O T O S  b eh aviou r 

expressions, sh ow in g all th e  gates and the processes in teractin g. T h e  on ly  ca.se where this 

a lgorithm  ca n n ot be  fo llow ed  is w hen there are  closed  cycles o f  in tera ctin g  o b je c ts  and 

this does not o ccu r  o ften  in  practice .

T h e  O C D  plays a significan t role in the R O O A  m eth od . In p rob lem s with  m an y 

class tem plates, it is m ost useful to  provide a  “ first-cu t”  betw een th e in form al m o d e l, 

represented by the o b je c t  m od el and the O C T s , and the form al sp ecifica tion . O n th e 

o th er hand, it m ay n ot seem  very useful if  we are  analysing a sm all p rob lem  with a few  

class tem pla tes.

M o d e l l i n g  t h e  O O A  C o n c e p t s .  R O O A  offers  a m app in g  on  how to  m od e l O O A  co n 

cepts  in L O T O S . T h e  m ain co n ce p ts  we deal w ith  are: class tem plates, serv ices , a ttribu tes , 

classes, a bstract classes, o b je c t s ,  o b je c t  identity , m essage con n ection s, a ggregates, su bsys 

tem s and inheritance. L O T O S  can  m od el increm en ta l inheritance and beh aviou ra l inher 

itance. B eh aviou ra l in h erita n ce  is described  by C lark  in [C la94c] w h o th en  shows how  it 

can be  specified  in L O T O S  [M C 93a, C M 94].

8 . 4 . 3  A s s e s s i n g  t h e  R e s u l t i n g  L O T O S  S p e c i f i c a t i o n

W hile  assessing the L O T O S  specification s p ro d u ced  by R O O A , tw o m ain  questions co m e  

to  m ind:

• D o  L O T O S  sp ecifica tion s  reflect the analysis m odel bein g created ?

• A re L O T O S  sp ecifica tion s readable?

L O T O S  has a very rich set o f  con stru cts  w hich  allow  us to  express m an y different ideas. 

For exa m p le , the parallel o p e ra to rs  are  g o o d  at sh ow in g the final specifica tion  as a  set o f  

con cu rrent o b je c ts , ju st th e  way we can im agin e th em  in th e o b je c t  m od el. T h e  d istin ction  

betw een  pure syn ch ron isa tion , syn ch ron isation  w ith  value passing and in terleavin g are  o f  

great value when w ritin g a  specification . N on -determ in ism  and value gen eration  are a lso
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very useful con cepts  which allow  us to  a bstra ct from  detail and avoid  design  decisions at 

this stage.

A lso , L O T O S  achieves a clear separation  o f  con cern s betw een b ehaviou r and d a ta . 

B eh aviou r is described  in the p rocess p art. T h is  can be  don e in an elegant way that is n o t  

d ifficu lt to  understand. M oreover , th e p rocess part o f  the specification  preserves the s tru c 

tu re  o f  the sta tic  o b je c t  m o d e l, and this is im p orta n t for  im provin g  th e  understan dab ility  

o f  th e final result. On the o th e r  h and , d a ta  is m odelled  in the a b stra ct d ata  typ e  p a rt. 

A s w e said b efore , defining a b stra ct d a ta  typ es  can be a  laboriou s and tim e con su m in g  

task . H ow ever, the sim plifications we have p rop osed  in C h ap ter 3 m ake this task easier 

and faster. It is in the a bstra ct d a ta  typ e  part that the internal stru ctu re  and loca l s ta te  

o f  o b je c ts  are fully defined. T h is  state  is h idden from  the oth er o b je c ts . T h e  on ly  m eans 

o f  com m u n ica tion  betw een o b je c ts  is by m essage passing and this h appens in the p rocess  

part.

T h e  difficulties o f  un derstan d in g form al specification s are a p rob lem  shared by m o st, i f  

n ot all, form al specifications languages. O n e cou ld  say that it is p rob a b ly  easier to  specify  

a prob lem  than to  read and un derstan d  the specification  created  by som eon e else. B u t, is 

this n ot also th e case for p rogram m in g  lan gu ages? Yes, it is! S o, in w hich  way are form a l 

specifications m ore difficult to  understand  than program s? W e believe that a specifica tion  

lan gu age is not necessarily easier o r  harder t o  m aster than a p rogram m in g  language. A  

program  in C , a  program  in A d a  and a p rogram  in P ro log  look  very different from  <>ach 

o th er . Each o f  these p rogram m in g  languages requires special skills from  the p rogram m er. 

W h y  should  a form al specification  language b e  d ifferent?

W e believe that the p rob lem  in w riting specifica tion s is gettin g  th e  right level o f  a b 

s tra ction . W h en  w riting p rogram s we use a  low  level o f  a b stra ct ion , as com pared  w ith  

w hat is usual in analysis, and we spend m uch  tim e in so-called  “ im plem en tation  d eta ils” . 

W h en  writing specifications we use a higher level o f  abstra ction  w here the details we h ave 

to  con sider are o f  a different k in d . Hall ob serves  th at m any p eop le  find it difficult t o  w rite  

specification s because it is d ifficu lt for them  to  get aw ay from  the deta iled  d escrip tion s 

th ey  are used to  when w riting p rogram s [H al90].
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In ord er to  m ake o u r  L O T O S  specifica tion s easier to  read and to  u n derstan d , we 

p rop ose  an o b je c t -o r ie n te d  style to g e th e r  with  m eaningful nam es for  p rocesses , events , 

a bstra ct d ata  typ es , op era tion s , p aram eters  and ga te  nam es, su pp lem en ted  with  in form al 

com m en ts  before  the specification  o f  ea ch  process and  A D T . M eaningful n am es d o  n ot al 

ways co m e  to  m ind im m edia te ly ; h ow ever, we can n ot overlook  this p o in t, as requirem ents 

specification s can be used for  com m u n ica tion  betw een  users, analysts and d esign ers. M ore 

over, th e R O O A -sty le  m ainta ins a corresp on d en ce  betw een the con cep ts  a n d  nam es used 

in the o b je c t  m od el, th e O C T s  and O C D s , and the final L O T O S  sp ecifica tion .

8 .5  S u i t a b i l i t y  o f  L O T O S

In C h a p ter 2 we discussed  the reasons th a t  led us to  ch oose  L O T O S  as o u r  form al d escrip 

tion  technique used by R O O A . T h e  ch a ra cteristics  o f  L O T O S  which m ake it the ob v iou s  

ca n d id ate  are:

• L O T O S  is an ISO  stan dard;

• L O T O S  is able t o  p rod u ce  sp ec ifica tion s  in an ob ject-o r ien ted  style ;

• L O T O S  su p p ort to o ls  are available;

• L O T O S  specifica tion s are e x e cu ta b le  and so p ro to ty p in g  can be u sed;

• L O T O S  su p p orts  con cu rrency .

H ow ever, L O T O S  is n ot ideal for th is  task. It has sh ortcom in gs w h ich  we will d is 

cuss n ow . T h e  first cr itic ism  is th at L O T O S  does not d irectly  su p p ort o b je c t -o r ie n te d  

con stru cts : neither sim ple  on es, such as class tem plates, nor m ore co m p le x  on es, such as 

inh eritan ce or  aggregates.

A n oth er criticism  is th a t specify in g  a b s tra ct  d a ta  types in L O T O S  is a lo n g  and ted iou s 

task , even  if  it is n ot t o o  d ifficu lt. A ll a lgeb ra ic  specifications seem to  su ffer from  th e  sam e 

p rob lem , but it cou ld  be  alleviated  if  L O T O S  was t o  offer m ore built-in  facilities . A b s tra c t  

d a ta  typ es  rapid ly  increase the size o f  a  L O T O S  specification . N otice  h ow ever th a t the
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solu tion  we p rop ose  for specify in g  abstra ct d a ta  types cu ts  much o f  th e work we have to  

d o . A  related problem  is th a t L O T O S  is not particu larly g o o d  at handlin g ca lcu la tion s. As 

a m atter o f  fact, L O T O S  has a very sim plistic approach  t o  arithm etic . Even naturals have 

to  be exp licitly  defined u sin g the b asic  con stru ctors  0 a n d  s u c c .  A lso , L O T O S  d oes  not 

in corp ora te  an in p u t /o u tp u t  interface. W e can n ot yead values or w rite values. E veryth in g 

is d on e  by value passing. T h is  is on e  o f  the reasons for defin in g interface scenarios, because, 

as we explained b efore , a n  interface scenario conta ins calls to  the system  and receives the 

respective answers.

T h e  size o f  algebraic sp ecifica tion s, and therefore also L O T O S  specification s, ten ds to  

run in to  dozen s o f  pages even  for sim ple  to  average p rob lem s. It is d ifficult to  ensure by 

hand that specifications th is  large are  correct and con sisten t, especia lly  when an increm en 

tal developm ent is bein g app lied , such  as the on e  taken b y  R O O A . T h is  is a p oin t where 

the L O T O S  tools  are m o s t  valuable. T h e  syntax checkers, static sem antic checkers and 

sim ulators help us to  id en tify  several kinds o f  errors in a specifica tion , including d ead lock . 

T h e  capability  to  e x e cu te  L O T O S  specification s is defin itely a great advantage, since it 

helps us to  gain con fid en ce  in ou r m od el.

Form al specifications are d ifficult to  understand at first glance for a n ew com er (the 

sam e can be said for p rogra m s, o f  cou rse ). T h is is not o n ly  a L O T O S  prob lem , but in 

L O T O S  we can certa in ly  im prove  th e readability  o f  the final form al specification  by w riting 

L O T O S  in a ‘ R O O A -s ty le ’ , as m entioned  in Section  8 .4 .3 .

A general com m en t w e  have received  from  reviewers o f  our papers is that L O T O S  is 

to o  low -level a  language; it  is to o  close  to  a program m in g language. W e d o  not th ink  that 

this is a bad th ing in itse lf. As far as we know , all specification  languages which p rod u ce  

execu tab le  specifications share this feature.

Even with its sh ortcom in g s , we still think that L O T O S  is a g o o d  ch oice  to  b e  used 

within  the R O O A  m e th o d  for m an y kinds o f  p rob lem s, and we believe this th esis  has 

dem on strated  this view.
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8 .6  R O O A  A p p l i e d  t o  C a s e  S t u d i e s

W hile d evelop in g  a new analysis m e th o d , it is w ise to  a pp ly  it to  m an y different k in ds 

o f  p rob lem s. O th erw ise , we can n ot b e  sure that different typ es  o f  requirem ents can  be  

dealt w ith  a p p rop ria te ly  with in  the new  a pp roa ch . For R O O A , it was im p orta n t n ot o n ly
I

to  apply  th e m eth od  to  a  variety o f  system s, b u t a lso to  use different o b je c t -o r ie n te d  

analysis m eth od s  with in  it. O n th e o n e  hand, b y  a pp ly in g  R O O A  to  different p rob lem s 

we cou ld  iden tify  aspects o f  R O O A  w hich  should b e  im p roved , in order t o  su p p ort certa in  

characteristics o f  system s. O n the o th e r  hand , by  a pp ly in g  R O O A  togeth er w ith  d ifferen t 

O O A  m eth od s  t o  the sam e problem  and to  different prob lem s we cou ld  identify  b e tter  th e  

distinguished features o f  the m eth od s  w hich  have t o  be taken into a ccou n t. T h is  m akes 

R O O A  com p a tib le  w ith  several kinds o f  existin g o b je c t -o r ie n te d  analysis m eth od s.

R O O A  has been  applied  to  d a ta b a se  orien ted  prob lem s w ith  sim ple com m u n ica tion  

patterns and to  prob lem s with  a m ore  com p lex  d yn am ic beh aviou r. A lso , it was used 

together w ith  th e m eth od s by  G oad  and Y ou rd on  [C Y 9 1a ], R u m bau gh  e t  a l. [RBP"*"91] 

and J acobson  [Jac92]. T h is  helped us identify  system  d evelop m en t requirem ents and 

o b je c t  m odels  w ith  which  R O O A  had be  com p a tib le .

In this section  we discuss briefly  th e a pp lica tion s o f  the R O O A  m eth od  to  p rob lem s. 

Th is includes b o th  ou r ow n  experien ces and o th e r ’ s p eop le  experien ces while using R O O A . 

T h e  results o f  th ose  experim en ts and and the lessons learnt through  them  were in c o r p o 

rated  in to  R O O A  as it evolved .

A  full d escrip tion  o f  case studies is given  in th e  techn ica l report S p e c i f i c a t io n  C a s e  

S tu d ie s  in  R O O A  [M C 94e]. A s w ith  all new m e th o d s , it is o n ly  possib le  for th e rea d er to  

fully u n derstan d  the m eth od  when he o r  she can  see it app lied  to  prob lem s. H ere, w e are 

on ly  g iv in g a  b rie f d iscussion ; the reader is s tron g ly  recom m en d ed  to  stu dy  th e tech n ica l 

report.

8 . 6 . 1  T h e  A u t o m a t e d  B a n k i n g  S y s t e m

In this thesis we have been using as an exa m p le  and a g u id e , the specification  o f  an 

a u tom ated  ban k in g  system . W e analysed  the p rob lem  using a  num ber o f  different m e th o d s
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and w ith  different requirem ents. F irst we used a sequential version o f  t h e  problem . Only 

then d id  we ex ten d  the requirem ents t o  include m ore o b je c ts  and to  s u p p o r t  concurrency.

T h e  exercise  helped us to  d eve lop  th e  m a jor  features o f  R O O A , n a m ely , how to  spec 

ify th e ob je ct-o r ie n te d  con cepts  in L O T O S . D urin g the analysis we fo u n d  many sim ple, 

co m m o n  o b je c ts , such as accou n ts , w h ich  can take a<ivantage o f  in h erita n ce  and b e  sp ec 

ified as a p rocess definition  w ith  so m e  gu ards. It also had oth er m ore  com plex  o b je c ts  

which were n ot so  stra igh tforw ard , su ch  as cheques. H owever, the b a n k in g  system  has a 

sim ple pattern  o f  com m u n ica tion ; th ere fore  we had to  be careful not t o  overa d a p t R O O A  

to  prob lem s w ith  a stron g  static co m p o n e n t.

For the in itia l analysis we first used  the m eth od  o f  C oad  and Y o u rd o n . Later we redid 

the p rob lem  using the m eth od  by R u m b a u gh  e t  a l. By using different O O A  m eth od s, even 

with th e sam e p rob lem , we identified th e  need to  im prove R O O A  by a d d in g  Task 2 (R efin e  

the O b je c t  M o d e l). T h is is becau se  th e  existing O O A  m eth ods differ in the am ou n t o f  

in form ation  th ey  show in the o b je c t  m od el. For instance, while o b je c t  m odels  p rod u ced  

by using C oa d  and Y ou rd on ’s m e th o d  show  class tem plates with a ttr ib u te s  and services, 

con ceptu a l relation ships and m essage con n ection s, the m eth od  by R u m b a u gh  e t  a l. does 

not sh ow  services and m essages con n e ctio n s . O th er o b je c t  m odels  d iffer even  m ore. This 

is th e case w ith  o b je c t  m odels  p ro d u ce d  by J a co b so n ’s m eth od , for in s ta n ce , w hich only 

show cliiss tem p la te  nam es with  relationsh ip s and m essage con n ection s.

It was while we were analysing th e  banking system  that we div ided T ask  3 (B u ild  the 

L O T O S  Form al M od el) into its m a jo r  subtasks. T h e  com position  o f  t h e  subtask R e f in e  

th e  S p e c i f i c a t io n  Buffered significant ch an ges durin g this tim e. B u t, o n ce  estab lish ed , there 

were n o  m a jo r  changes prop osed .

8 . 6 . 2  T h e  W a r e h o u s e  M a n a g e m e n t  S y s t e m

A fter we finished the a u tom ated  b an k in g  system  problem  we realised th a t we needed a 

new p rob lem  w ith  the fo llow in g ch aracteristics :

1. T h e  new prob lem  should  h ave a  stronger dyn am ic com pon en t th a n  the bankin g 

system .
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2. T h e  o b je c t  m o d e l  from  Task 1 should  look  different.

3. T h e  o b je c t  m o d e l  m ight have been  created  by som eon e else.

For these reasons, w e  to o k  th e w arehouse m anagem ent system  described  by Jacobson  

[Jac92]. W e ch a n ged  th e o b je c t  m od el presented  in J a co b so n ’ s b o o k  since it «dready took  

in to  consideration  a  system  o f  w indow  interfaces. W e elim inated  som e o f  the class tem 

plates, for exam ple Warehouse_Truck_Radio and Truck-Radio, as th ey  w ere n ot o f  m uch 

use for ou r exercise . T h e  w arehouse p rob lem  has a m ore com p lex  pattern  o f  com m u n ica 

tion  than the b a n k in g  system . T h is  led us to  use auxiliary  techniques that cou ld  help  us to  

think earlier a b ou t com m u n ica tion  betw een  o b je c ts . T h is  way we w ere able to  start using 

L O T O S  soon er, L O T O S  bein g a g o o d  lan gu age for  specify in g  the b eh a viou r o f  system s.

J a cob son ’s o b je c t  m odel on ly  show s th e nam e o f  the class tem p la tes , s ta tic  relation ships 

and m essage co n n e ctio n s . T h is  is d irectly  related to  poin ts 2 and 3 referred a bove . On 

the one hand, the o b je c t  m odel looks different from  an o b je c t  m od el p rod u ced  by using 

the m eth od  by C o a d  and Y ou rdon  or th e on e  by R u m bau gh  e t  a l. O n  the o th er hand , the 

o b je c t  m odel was n o t  prod u ced  by ourselves.

W e found m any difficulties in u n derstan d in g J a co b so n ’s o b je c t  m od el. In ou r op in ion  

a class tem plate  ca n n o t  be fully  u n d erstood  until we define its services and a ttribu tes 

(a lth ou gh  J a cob son  d oes  not inclu de th e m ). W e used the use cases to  identify  the in for 

m ation  that was m issin g  in the o b je c t  m od e l, but this was a difficu lt task . T h e  w arehou se 

m anagem ent system  helped us to  stren gthen  Task 2, in particu lar th e subtasks which are 

con cern ed  with  id en tify in g  services and a ttr ib u tes , and with  bu ild ing  the O C T . T h e  O C T  

proved itself to  be  a  va luable techn iqu e fo r  co llectin g  all the in form a tion  a b ou t services and 

com m u n ication s b e tw een  o b je c ts . T h is  was also an o p p o rtu n ity  to  va lidate  the a lgorithm  

used for build ing th e  O C D .

In retrospect, t h e  w arehouse p rob lem  helped us to  p rop ose  a  m ore  robu st Task 2 , 

ca p ab le  o f  a cce p tin g  a  wider range o f  o b je c t  m od els , show ed th e va luable use o f  O C T s  and 

O C D s, and h igh ligh ted  the a deq u acy  o f  L O T O S  to  specify  con cu rren cy  and com m u n ica tion  

betw een o b je c ts .
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8 . 6 . 3  T h e  C a r  R e n t a l  S y s t e m

T h e  tw o system s described  in the tw o  prev iou s section s helped us to  d evelop  and  to  im prove 

the R O O A  m eth od . H aving R O O A  in its final stage, w e felt it w ould  be  g o o d  to  apply  it to  

a new p rob lem , so th at we cou ld  verify w h eth er som e oth er sm all changes w ere necessary.

T h e  new problem  was an a u tom ated  car renta l' and billin g system  fo r  a car rental 

com pan y. Briefly, this com p a n y  has several b ranch es, each  on e  with  severa l term inals 

con n ected  to  the m ain softw are system . E ach branch  has cars a ssocia ted . Cars can be 

reserved (a n d  ca n celled ), rented  and then  returned  t o  the sam e branch  w h ere th ey were 

rented or  to  any oth er branch  o f  the com pan y.

A p p ly in g  R O O A  to  this prob lem  was a  useful exercise , to  m ake us feel m o re  com forta b le  

with  ou r m eth od . W e tested  how  the variou s R O O A  techniques in teract and help each 

oth er as validation  to o ls . In particu lar, we tested  each  task and su btask . T h e  car rental 

system  has som e interestin g com m u n ica tion  p attern s. T h is  helped us t o  evaluate on ce 

m ore the need for the event trace d ia gram s, as an in term ed iate  technique t o  help building 

the o b je c t  m odel. T h e  event trace d ia gram s were also very  useful in h elp ing us build 

the o b je c t  com m u n ica tion  tables which th en  were th e  m a jo r  source o f  in form ation  in the 

creation  o f  the o b je c t  com m u n ica tion  d iagram .

T h ere  is an im portan t con clu sion  from  this app lica tion  o f  the R O O A  m eth od : o b je c t  

m od el, event trace d ia gra m s, o b je c t  com m u n ica tion  tab les, o b je c t  com m u n ica tion  diagram  

and the L O T O S  specification  were b ein g  used m an y tim es t o  im prove  each  oth er. All 

these techniques are integrated  in the sense th a t, a t a given stage, we w ere using all o f  

them  at th e sam e tim e, in a parallel and in teractive  way. For exa m p le , from  the event 

trace d iagram s and th e  o b je ct-co m m u n ica tio n  tab le  we started  w riting L O T O S  co d e . As 

co d in g  advan ced , we identified  m ore  services and com m u n ica tion s  which w ere not yet fully 

identified in the previous tasks.

8 . 6 . 4  R O O A  A p p l i e d  b y  O t h e r s

T h e  R O O A  m eth od  has a lso  been applied  by  o th er  peop le . It was g ra tify in g  to  see that 

the m eth od  can be u n d erstood  and applied  e ffective ly  by o th er  peop le .
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C lark  app lied  R O O A  to  a  second version o f  the warehouse p ro b le m  [C la93]. A s a  result 

o f  his w ork , we in trod u ced  even t trace d iagram s in the m eth od . T h e  m eth od  o f  R u m bau gh  

e t  a l. uses event trace d ia gra m s to  build  the dyn am ic m odel. W e  had decided  to  g ive 

preference to  L O T O S  as th e techn iqu e to  describe behaviour o f  o b je c t s  and com m u n ica tion  

betw een th em . C la rk ’s resu lts  show ed that the u s e ,o f  a sim ple technique such as event 

trace  d iagram s cou ld  be o f  g re a t help to  understand the com m u n ica tio n  betw een  o b je c t s , 

w ith ou t having to  deal t o o  s o o n  with th e intricacies o f  a sp ec ifica t ion  language.

W e had a  M .S c. stu d en t assessing R O O A  for three m o n th s . In her d isserta tion , 

Lim [Lim 93] applied  ou r m e th o d  to  tw o  problem s: a sim ple restau ran t prob lem  and a 

h otel reservation  and billing system . T h e  first case stu dy was co m p o s e d  o f  six class te m 

p la tes, w ith ou t com plex  stru ctu res  such as inheritance and a g g reg a tion . Its goa l was t o  

help Lim  learning a b ou t O O A  m eth ods and L O T O S , but little a b o u t  R O O A . B ecause it 

was a sm all p rob lem , it w as n ot possible  to  transm it to  the s tu d e n t the necessity  o f  th e  

O C D s, for  exam ple .

T h e  second case stu dy w a s  com posed  o f  fourteen  class te m p la te s , five o f  them  related  

by an aggregation  rela tion sh ip . This prob lem  was used to  u n d erta k e  a m ore th orou gh  and 

critical assessm ent o f  the R O O A  m eth od  and o f  its in term ed ia te  structu res. It was from  

the d iscussions with  Lim a b o u t  this case stu dy that the n ecess ity  for an earlier version  o f  

the O C T s  was identified. H ere is an extract o f  L im ’s evaluation  o f  R O O A  [Lim 93]:

T h e  use o f  L O T O S  [in the R O O A  m eth od] brings with  i t  the advantage o f  

language su pp ort to o ls  and the ability to  execu te  the sp ec ifica tion s  t o  sim ulate 

th e  requirem ents specified .

S tan dard  L O T O S  is a  g o o d  fit for specify ing an o b je c t -o r ie n te d  m eth od  and 

w ork  has been  don e [M C 9 3 c] to  show how O O A  con cep ts  in  the o b je c t  m odel 

can  be specified  using L O T O S . H ow ever, like all rigorous tech n iqu es, it brings 

w ith  it th e need to  h a ve  a special train ing for using a n d  understandin g it.

[...] T h e  gu idelines a n d  tem plates in R O O A  facilitated  th e  learning o f  L O T O S  

and  its use in the m od ellin g  o f  the case stu dy requ irem en ts . E xam ples such 

as the Bank A cco u n t exam ple  [M C 93d], were found to  b e  especia lly  helpful
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as th e y  p rov id ed  a com p le te  p ictu re  o f  h ow  the tem p la tes  fitted  in the entire 

sp ec ifica t ion .

H a v in g  a rigorou s techn iqu e for  sp ecify in g  requirem ents in ob je ct-o r ie n te d  

te c h n o lo g y  will en able  h ighly m ission -critica l softw are t o  m ake use o f  o b je c t -  

o r ie n te d  m eth od s. [...] '■ ,

H avin g L im  w ith  us a pp ly in g  R O O A  was very im p o rta n t, as she was at th e sam e 

tim e lea rn in g  a bou t O O A  m eth od s, L O T O S  and R O O A . T h is  gave us a g o o d  feel o f  how 

a n ew com er w ould  face  a  m eth od  such as R O O A  w hich , while not using m ath em atics 

d irectly , used  a form a l specification  language. L im ’s w ork  togeth er w ith  the questions we 

had to  a n sw e r  durin g these three m on th s have been  o f  great help  in im provin g  b oth  R O O A  

and the rea d ab ility  o f  the available d ocu m en t describ in g th e  m eth od .

Lim d id  learn L O T O S , o b je ct -o r ie n te d  analysis m eth od s  and R O O A  (and w rote  her 

d isse rta tio n ). Th is is a sign th a t, a fter all, form al specification  languages, L O T O S  at least, 

are not s o  d ifficu lt t o  learn and that th e  R O O A  m eth od  can  be u n derstood  and used by 

others b e s id e s  ourselves.

8 .7  R O O A :  D o m a i n s  o f  A p p l i c a t i o n

R O O A  ca n  b e  used t o  m od el the sam e kinds o f  system s m od elled  by o th er O O A  m eth od s. 

Since it uses L O T O S , R O O A  is also su itable  to  m odel the kinds o f  system s usually m odelled  

in L O T O S . T h ere fore , we can for exa m p le  use R O O A  t o  m odel con cu rren t, d ata ba se  

m a n a gem en t system s, and netw ork  com m u n ica tion  system s.

8 .8  C o n c l u s i o n s

T h is c h a p te r  togeth er w ith  C h a p ter  7 presented the m ain  ideas behind R O O A . W hile  

C h a p ter 7 p resen ted  th e evo lu tion  o f  th e R O O A  m eth od , ju s tify in g  th e  current version , this 

ch apter b e g a n  by d iscussin g th e prop erties th a t rigorous o b je c t -o r ie n te d  analysis m eth od s 

should  d isp la y , then it eva lu ated  R O O A , by  d iscussing its weaknesses and strengths and 

by assessin g  the resu lting L O T O S  specifica tion .
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9 .2  R e s u l t s  o f  t h e  T h e s is

C h ap ter 2 in trod u ced  ob je ct-o r ie n te d  analysis m eth ods and  form al specifications. It iden 

tified th e  general features o f  O O A  m eth od s and m otivated  th e early use o f  form al m eth ods 

so that a  form al requirem ents specification  can be  created  soon er than usual. T h is  chapter 

defined th e  goals th at a form al m eth od  should  aim  for so  that a  form al ob je ct-o r ie n te d  

specification  can b e  p rod u ced , and exp lored  the idea o f  p ro to ty p in g , discussing h ow  it can 

be used with in  th e R O O A  m eth od .

C h a p ters  3 and 4 described  how to  m odel standard  ob je ct-o r ie n te d  analysis con cepts  

in L O T O S . T h is includes the representation  o f  o b je c ts  as L O T O S  processes w ith  abstract 

d ata  ty p es . T h e  L O T O S  process specifies the d yn am ic b eh aviou r o f  the o b je c t ,  and the 

a bstract d ata  typ es , given as param eters o f  the p rocess, specify  its state in form a tion . If 

the o b je c t  m erely plays the role  o f  an a ttribu te o f  another o b je c t ,  it is specified as a  single 

abstract d ata  typ e . A n abstra ct d a ta  typ e  conta ins on ly  th e  equations necessary t o  allow 

the o b je c ts  to  be  p ro to ty p ed  with  state in form ation  and values to  be exch an ged  during 

com m u n ica tion .

T w o  different defin ition s o f  a class o ccu r  in the literature. W e distinguish  betw een : (a ) 

a c la s s  t e m p la t e ,  used to  represent com m on  features o f  o b je c ts  o f  th e sam e kind; and  (b )  a 

c la s s , used to  represent a co llection  o f  o b je c ts . In L O T O S  a class tem plate  is represented 

by a p rocess  defin ition , and a class is represented as an o b je c t  gen erator. A n o b je c t  is 

a m em b er o f  a class and is created  by instantiating a class tem pla te . It is re ferenced by 

using an o b je c t  identifier. O b je c t  identifiers are instances o f  a special L O T O S  abstract 

data  ty p e , which w e have added to  the L O T O S  library. Each tim e an o b je c t  is created , 

we use value generation  to  “ p ro d u ce ”  a new identifier for  th at o b je c t .

In teraction s betw een o b je c ts  (m essage con n ection s) are  represented by L O T O S  pro 

cess com m u n ica tion  con stru cts . T h e  prim itive L O T O S  com m u n ica tion  con stru ct is e v e n t  

s y n c h r o n i s a t i o n ,  in which tw o  processes synchronize on  a g a te ,  and m ay exch an ge  data. 

C om p lex  o b je c t  interaction s m ay be  built ou t o f  sim pler in tera ction s, by using th e L O T O S  

com p os it ion  op era tors .

T o  define inheritance in th e L O T O S  fram ew ork  we use technica l features o f  L O T O S ,
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nam ely a bstra ct superclasses w ith  exit fun ction a lity . W e m odel con ceptua l relation sh ip s 

by m eans o f  a ttribu tes , w hich  can  be an o b je c t  identifier or a set o f  o b je c t  identifiers. T h e  

associa tion s w ith  values are m od elled  as new o b je c ts .

C h a p ter  4 was con cern ed  w ith  aggregates. It review ed the defin itions o f  a ggregates  

from  o th e r  authors and presented  ou r ow n view o f  aggregates and how  we m odel th em  in 

L O T O S  b y  using the L O T O S  parallel com p osit ion  op era tors . W e consider a ggregation  as 

an im p orta n t co n ce p t to  sca le up a system . Th is is the reason why we dedicated  a w h o le  

ch apter t o  stu dy  th at con cep t .

C h a p ter  5 was devoted  to  the form al defin ition  o f  the basic O O A  con cepts  in te rm s  

o f  sim ple m ath em atica l form a lism s, such as tuples and  functions. T h e  m a jor  con tr ib u tion  

o f  this ch a pter is to  show  h ow  the behaviou r o f  o b je c t s  b elon gin g  to  the running sy s tem  

can be derived  from  the gen eric definition  o f  the b eh aviou r o f  the class tem pla te . W e  d o  

that in a  new way, which is different from  the app roa ch es follow ed by m ost authors, w h en  

try in g  t o  give a form al in terpretation  o f  an ob je ct-o r ie n te d  specification .

C h a p ter  6 presented the m ain  result o f  ou r w ork : the R igorou s O b ject-O rien ted  A n a ly 

sis (R O O A )  m eth od . R O O A  en ables a form al o b je ct-o r ie n te d  analysis m odel to  be d ev ised  

from  a set o f  in form al requ irem ents, and results in a  form al requirem ents specification  e x 

pressed in L O T O S . R O O A  con sists  o f  three main task s: build ing an o b je c t  m odel, refin in g  

the o b je c t  m od el, and build ing the form al L O T O S  O O A  m od el. Each o f  these tasks in 

volves m ultip le  passes th rou gh  subtasks. T h e  th ree  tasks are not necessarily sequ en tial: 

som e parts o f  the m odel m ay b e  built through t o  th e  L O T O S  specification  before  o th e r  

parts o f  the m od el are analysed .

T h e  first task , build ing th e  o b je c t  m od el, m a y  be  accom plished  in the first pass  by 

using any o f  the usual o b je ct -o r ie n te d  analysis m e th o d s , such as the m eth ods o f  C oa d  and 

Y ou rd on  [C Y 9 1 a ], R u m bau gh  e t  a l. [RBP"*'91] a n d  Jacobson  [Jac92]. T h e  o b je c t  m o d e l 

is refined in the second  task b y  passing through  th ree subtasks: com pletin g  the o b je c t  

m od el, iden tify in g  the initial iden tification  o f  d y n a m ic  behaviou r, structuring the o b je c t  

m od el. T h e  form a l L O T O S  O O A  m odel in tegrates the sta tic , dyn am ic and fu n ction a l 

p rop erties  o f  the system , and con sists  o f  five su bta sk s: creatin g the o b je c t  com m u n ica tion
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diagram  (O C D ); specifying the cla ss  tem plates as L O T O S  processes and A D T s ; com p osin g  

o b je c ts ; p ro to ty p in g  the o b je c t  m o d e l by execu tin g  th e  L O T O S  specification ; and refining 

th e  specification  accord in g to  th e resu lts o f  this rapid  p ro to ty p in g .

A s L O T O S  has a precise m a th em a tica l sem an tics , the resu lting m odel is form al and 

u n am biguous. M oreover, as L O T O S  is execu tab le , tfie  m odel is execu tab le , and so  p ro to 

typ in g  can  be used to  give im m ed ia te  feedback  to  clients.

believe that C h apter 6 , to g e th e r  w ith  C h ap ters  3, 4 and 5 con stitu te  th e main 

con trib u tion s o f  this work.

C h apter 7 described  the ev o lu tio n  o f  th e R O O A  m eth od  d u rin g  its d evelopm en t. It 

exp lored  the prob lem s we faced , th e  tem p ora ry  so lu tion s we a d o p te d  and the reasons for 

m ov in g  b eyon d  th em . Th is is usefu l t o  a pprecia te  th e reasons w h y R O O A  is the way it is.

C h apter 8 presented a critical assessm ent o f  the R O O A  m eth od  and o f  L O T O S  as the 

specification  language used. It addresses th e question  o f  rigorous m eth ods versus form al 

m eth od s. T ogeth er with  C h ap ter 7 , this ch a pter gives a  basis for understanding th e main 

ideas behind the design o f  R O O A .

9 .3  F u t u r e  W o r k  o n  R O O A

9 . 3 . 1  I m p r o v e m e n t s  in  t h e  R .O O A  M e t h o d

T h e  developm ent o f  R O O A  is n ot com p lete . O n e area  o f  further investigation  is con cern ed  

with  Task 1, which could  be m od ified  to  su pp ort th e  initial analysis o f  a system  with a 

stron g  d yn am ic com pon en t. W e a lso  need to  devise m ore  specific  rules for grou p in g  o b je c ts  

in to  subsystem s and develop  th e con cep t o f  com m u n ica tion  betw een  o b je c ts  o f  th e sam e 

class.

A related  area o f  work w ould  b e  t o  m od ify  Task 3 (B u ild  the L O T O S  Form al M od e l) so 

th at oth er specification  languages can be used. T h is w ould  in volve  redoing the m odellin g 

o f  o b je ct-o r ien ted  con cepts, p resen ted  in C h a p ter 3 and C h ap ter 4 , in the new language.

A n oth er area o f  further research  is rela ted  to  reusability. T h e  specification  o f  con cep 

tual relationships as param eters o f  the class tem p la tes  involved  in the relationship  seems
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to  g o  against the idea  o f  reusable o b je c ts . T here are situ ation s in which tw o  o b je c ts  exist 

in th e  real w orld  w ith  a specific relation sh ip , but in gen era l, an o b je c t  exists  independen tly  

o f  its re lationsh ip s. In this d o cu m e n t, th e m odellin g o f  relationsh ip s blurs th e defin ition  o f  

class tem p la te , m aking it m ore d ifficu lt t o  be  used as a  reusable com p on en t. T h is  prob lem  

needs t o  be dealt w ith , and a  stra tegy  to  create a lib ra ry  o f  reusable com p on en ts  has to  

be investigated .

In the last cou p le  o f  years researchers have been m ore  and m ore interested  in p a t t e r n s  

as a  techn iqu e lead in g to  reusability. Patterns are g rou p s  o f  repetitive  o b je c ts  and rela 

tion sh ips  betw een these o b je c ts , which are likely to  o c c u r  m any tim es in the sam e or in 

d ifferen t app lica tions. W e are interested  in stu dyin g h ow  R O O A  can handle  th em .

Finally , we have n ot yet investigated  th e op tim isa tion  o f  th e various techniques with in  

R O O A . For exa m p le , we d o  not yet have an algorithm  fo r  m inim ising th e num ber o f  gates 

in th e  o b je c t  com m u n ica tion  d iagram . T h ese  issues arc su b je c ts  for furth er research  w ork .

0 . 3 . 2  U s e f u l  T o o l s  t o  S u p p o r t  R O O A

W e p rop ose  the d evelopm en t o f  several too ls  which can  su p p ort the app lica tion  o f  th e 

R O O A  m eth od .

A n  O C T  g e n e r a t o r  w ould  take th e textu a l in form ation  in an o b je c t  m od el and create  th e 

o b je c t  com m u n ication  tables. U sually, th e o b je c t  m od el on ly  con ta ins th e class tem plates 

w ith  a ttribu tes and services and relation ships and m essage con n ection s betw een o b je c ts . 

H ow ever, too ls  exist that allow  us to  record  in form ation  in th e o b je c t  m od el a b ou t class 

tem p la te , services, a ttribu tes , e tc . T h ere fore , instead o f  build ing the O C T  by h and , a  

tra n sla tor cou ld  be  used. A n  initial version  o f  such a  tran sla tor has been  d eveloped  b y  

C lark  [Cla94a].

A n  O C D  g r a p h ic a l  t o o l  w ould  take th e in form ation  in the O C T  and p rod u ce  an o b je c t  

com m u n ica tion  d ia gra m . T h is to o l should  allow  entities (su ch  as class tem p la te  and arcs 

betw een  th em ) in the d iagram  to  be  m oved , m ain ta in in g th e con n ection s o f  th e en tity  

m oved  with the rest o f  the entities in th e d iagram . A  p ro to ty p e  version o f  this to o l is
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b ein g  d eve lop ed  durin g the sum m er o f  1994 by C h u a  [Chu94].

A  L O T O S  g e n e r a t o r  w ou ld  take th e in form ation  in an O C T  and p r o d u c e  a first ou tlin e  

o f  th e L O T O S  specifica tion  fo r  each class tem pla te. R eca ll th at the nam es o f  the processes 

are in th e  first co lu m n , the gates  in th e  fifth  colum n and th e services in t h e  second . T h e
I

services can  be offered  in th e corresp on d in g  L O T O S  process as structu red  e v e n ts , in ch oices 

o f  th e ‘ [ ]  ’ o p era tor .

A  t o p - l e v e l  b e h a v i o u r  e x p r e s s io n  g e n e r a t o r  t o  create the L O T O S  to p -le v e l b eh aviou r 

exp ression  from  an O C D .

A  C A S E  t o o l  cou ld  be d evelop ed  to  in tegrate  the L O T O S  too ls  w ith  th e  to o ls  d escribed  

a b o v e  and  to  g ive  us a co m m o n  base o f  in form ation .

9 . 3 . 3  B r o a d e r  A p p l i c a t i o n s

D u rin g th e  three years o f  ou r research w e had to  d iv id e  the tim e betw een resea rch , w ritin g 

p apers and techn ica l rep orts , im p rov in g  the R O O A  m eth od  while a p p ly in g  it to  case 

stu dies. W e w ould  like to  have spent m ore  tim e app ly in g  R O O A  to  m o re  p rob lem s, but 

certa in ly  that w ould  have decreased th e  tim e available to  w rite and p u b lish  technical 

papers and rep orts.

For th e  fu tu re , we plan to  apply  R O O A  to  different types o f  p ro b le m s , such as 

tra n sa ction -b a sed  system s and rea l-tim e system s. W e would also like to  b r in g  togeth er a 

team  th a t w ould  try  to  a pp ly  R O O A  t o  a pilot p ro je c t  for Industry. T h is  would help  to  

iden tify  areas in which the m eth od  is w eak and needs further im p rov em en t.

9 .4  C o n c l u d i n g  R e m a r k s

III su m m ary , th is thesis has shown th a t it is possib le  to  com bin e fo rm a l specification  

lan gu ages with  ex istin g  o b je c t -o r ie n te d  analysis m eth od s in a  practica l a n d  effective  way. 

W e b elieve th a t it is possib le  to  a pp ly  R O O A  to  create an initial fo rm a l requirem ents 

sp ecifica tion  w hich  can then b e  used as th e  starting p oin t o f  a  form al d e v e lo p m e n t stra tegy .



B i b l i o g r a p h y

[AJ90] H. A lexan der a n d  V . Jones. S o f tw a r e  D e s ig n  a n d  P r o t o t y p i n g  U s in g  m e  to o .

Prentice-H all, 1 99 0 .

[Am e91] P. A m erica . D es ign in g  an O b je c t-O rie n te d  P rogra m m in g  L anguage w ith  B e 

havioural S u b ty p in g . In J .W . de B akker, W .P . d e  R oever, and G . R ozen b erg , 

ed itors, F o u n d a t i o n s  o f  O b j e c t - O r i e n t e d  L a n g u a g e s ,  vo lu m e 489 o f  L e c t u r e  

N o t e s  in  C o m p u t e r  S c i e n c e ,  pages 6 0 -9 0 . S prin ger-V erlag , 1991.

[A P 93] S. Austin  and G .I .  Parkin. B enefits, L im itation s and B arriers to  Form al

M eth od s. T ech n ica l rep ort. D ivision  o f  In form a tion  T ech n ology  and C o m 

putin g , N ation al Physical L a b o ra to ry  (N P L ), U nited K in g d om , M arch  1993.

[BB 87] T .  B olognesi a n d  E. B rinksm a. In trod u ction  t o  the ISO S pecifica tion  Lan 

gu age L O T O S . C o m p u t e r  N e t w o r k s  a n d  I S D N  S y s t e m s ,  1 4 (1 ):2 5  59, 1987.

[B B89] B .W . B oehm  a n d  F .C . B elz. A p p ly in g  P rogra m m in g  to  th e Spiral M od el.

In C . Tulley, e d ito r . P r o c e e d in g s  o f  th e  4 th  I n t e r n a t i o n a l  S o f t w a r e  P r o c e s s  

W o r k s h o p : A C M  S o ftw a r e  E n g i n e e r in g  N o t e s ,  1 4 (4 ):4 6 -5 6 , June 1989.

[B C G 8 3] R .M . B alzer, T .E .  C h eath a m , and C .C . G reen , Softw are T ech n o logy  in the 

9 0 ’s: U sing a  N ew  Parad igm . I E E E  C o m p u t e r ,  1 6 ( l l ) :3 9 -4 5 ,  N ovem b er 

1983.

[B D 92] T .  B ar-D avid . P ra ctica l C on seq u en ces  o f  F orm al D efin itions o f  In h eritance.

J o u r n a l  o f  O b j e c t - O r i e n t e d  P r o g r a m m in g ,  5 (4 ) :4 3 -4 9 , J u ly /A u g u s t  1992.

214



B ib l io g r a .p b y  215

[B D M N 8 0 ] G .M . B irtw istle , O .J . D ahl, B . M yrh a u g , and  K . N ygaard . S im u la  Begin. 

Lund , Sw eden: S tu d en tlittera tu r, 1980.

[Bel86] F .C . B elz . A p p ly in g  th e  Spiral M od el: O b serva tion s on  D ev e lop in g  System

S oftw are in A d a . In 1 9 8 6  A n n u a l  C o n f e r e n c e  o n  A d a  T e c h n o lo g y ,  pages 

5 7 -6 6 , A tla n ta , G e o rg ia , 1986. ' •

[Ben56] H .D . B en in gton . P ro d u ctio n  o f  Large C o m p u te r  P rogram s. In O N R  S y m 

p o s iu m  o n  A d v a n c e d  P r o g r a m  M e t h o d s  f o r  D ig i t a l  C o m p u t e r s ,  p a ges  1 5 -2 7 , 

June 1956. A lso  in A n nals o f  the H istory  o f  C om p u tin g , O c to b e r  1983, 

pp3 50 -3 6 1 .

[Ben83] H .D . B en in gton . P ro d u ctio n  o f  Large C o m p u te r  P rogram s. In A n n a l s  o f  th e  

H is t o r y  o f  C o m p u t in g ,  pages 3 5 0 -3 6 1 , 5 (4 ) ,  O c to b e r  1983.

[Ben88] J. B entley . B u m per-S ticker C o m p u te r  S cience. In M o r e  P r o g r a m m in g  P e a r l s .  

A dd ison -W esley , 1988.

[Ber88] E. B erard . O b je c t  O rien ted  D evelop m en t fo r  A d a  Softw are. E V B  S oftw are

E ngineering In c., 1988.

[Ber89] E. B era rd . O b je c t  O rien ted  R equ irem en ts A n alysis . E V B  S oftw a re  E ngi 

neering In c., 1989.

[Ber93] E .V . B erard . E s s a y s  o n  O b j e c t - O r i e n t e d  S o f t w a r e  E n g in e e r in g ,  v o lu m e  I.

P ren tice -H all, 1993.

[B G 77] R. B u rstall and J .A . G o g u e n . P u ttin g  T h eor ies  T ogeth er to  M ake S p ecifica 

tions. In 5 th  I J C A I ,  pages 1 0 4 5 -1 0 5 8 , C a m b rid g e , M ass, 1977.

[B G H S 91] G . B la ir , J. G a llagh er, D . H utch ison , and D . Shepherd. O b j e c t - O r i e n t e d  

L a n g u a g e s , S y s t e m s  a n d  A p p l i c a t i o n s .  P itm a n , 1991.

[B G S 84] B .W . B oeh m , T .L . G ray , and T . Seew ald t. P ro to ty p in g  Versus S p ecify in g : 

A  M u ltip ro je ct  E xp erim en t. I E E E  T r a n s a c t i o n s  o n  S o f tw a r e  E n g i n e e r in g ,  

S E -1 0 (3 ):2 9 0 -3 0 2 , M a y  1984.



B ib l io g r a p h y

[B G W 8 2]

216

[B oeS l]

R . M . Balzer, N .M . G o ld m a n , and D .S . W ile . O p e ra tio n a l S p ecifica tion  as the 

Basis for R ap id  P ro to ty p in g . A C M  S o ftw a r e  E n g i n e e r i n g  N o t e s ,  7 (5 ) :3 -1 6 , 

D ecem ber 1982.

K .S . Bhaskar. H ow O b ject-O rien ted  is you r S y s te m . S I G P L A N  N o t i c e s ,  

1 8 (1 0 );8 -1 1 , O c to b e r  1983.

D . Bjprner and C .B . Jones. F o r m a l  S p e c i f i c a t io n  &  S o f t w a r e  D e v e l o p m e n t .  

Prentice-H all, 1983.

S. Black. O b je c ts  and  L O T O S . Technical rep ort, H ew lett-P a ck a rd  L a b o ra 

tories, Stoke G iffo rd , B ristol, 1989.

M . Blaha. A ggrega tion  o f  Parts o f  Parts o f  Parts. J o u r n a l  o f  O b j e c t - O r i e n t e d  

P r o g r a m m in g ,  6 (5 ): 1 4 -2 0 , Septem ber 1993.

G .D . B uzzard and T .N . M u dge. O b ject-B a sed  C o m p u t in g  and the A d a  

P rogram m in g Language. I E E E  C o m p u t e r ,  1 8 (3 ):1 2 —19, M a rch  1985.

J.P. B ahsoun, S. M erz , and C . Servieres. A  fra m ew ork  for p rogra m m in g  and 

form alizing con cu rren t o b je c ts . In P r o c e e d in g s  o f  t h e  F ir s t  A C M  S I G S O F T  

S y m p o s iu m  o n  th e  F o u n d a t i o n s  o f  S o ftw a r e  E n g i n e e r i n g :  A C M  S o f tw a r e  E n 

g in e e r in g  N o t e s ,  1 8 (5 ):1 2 6 -1 3 7 . A C M  Press, D e ce m b e r  1993.

B .W . B oeh m . S o f t w a r e  E n g in e e r in g  E c o n o m i c s .  P ren tice -H a ll, E n glew ood  

C liffs, N .J ., 1981.

B .W . B oeh m . Industria l Softw are M etrics T o p  10 List. I E E E  S o f t w a r e ,  

4 (5 ):8 4 - 85, S ep tem b er 1987.

B .W . B oeh m . A Spiral M odel o f  Softw are D ev e lop m en t and  E n han cem en t. 

I E E E  C o m p u t e r ,  2 1 (5 ) :6 1 -7 2 , M ay 1988.

G . B ooch . S o f t w a r e  E n g in e e r in g  w ith  A d a . B e n ja m in /C u m m in g s , 2nd ed . 

ed ition , 1987.



B ib l io g r a p h y  217

[B oo91] G . B o o c h . O b je c t  O r i e n t e d  D e s i g n  w ith  A p p l i c a t i o n s .  B e n ja m in /C u m m in g s , 

1991.

[Bri94] T .L . B riggs . A  S p ecifica tion  L anguage fo r  O b je c t-O rie n te d  A n alysis  and

D esig n . In M . T o k o r o  and R . P aresch i, e d ito rs , E C O O P ’9 4 , volu m e 821 o f  

L e c t u r e  N o t e s  in  C o m p u t e r  S c i e n c e ,  pa^e^ 3 6 5 -3 8 5 . Sprin ger-V erlag , 1994.

[Bro75] F .P . B ro o k s . T h e  M y th ic a l  M a n - M o n t h  —  E s s a y s  o n  S o f t w a r e  E n g i n e e r in g .  

A d d ison -W esley , 1975.

[Bro91] D . B ro o k m a n . S A /S D  vs O O D . A d a  L e t t e r s ,  l l ( 9 ) :9 6 - 9 9 ,  N ovem 

b e r /D e c e m b e r  1991.

[B T 75] V . B asili and A . Turner. Iterative E n h a n cem en t: A  P ra ctica l T ech n iq u e

for S o ftw a re  D ev e lop m en t. I E E E  T r a n s a c t i o n s  o n  S o f t w a r e  E n g i n e e r in g ,  

l (4 ) :3 9 0 -3 9 6 , D ecem b er 1975.

[CAB'*"94] D . C o le m a n , P. A rn o ld , S. B o d o ff , C . D o llin , II. G ilch rist, F . H ayes, and 

P. Jerem eas. O b j e c t - O r i e n t e d  D e v e l o p m e n t :  T h e  F u s io n  M e th o d .  P ren tice - 

H all, 1994.

[C D D + 8 9 ] D . C a rr in g to n , D . Duke, R . D u ke, P. K in g, G . R ose , and G . Sm ith . O b je c t -Z : 

A n O b je c t -O r ie n te d  E xtension  to  Z . In S .T . V u on g , e d ito r . F o r m a l  D e s c r i p 

t i o n  T e c h n iq u e s , I I ,  pages 2 8 1 -2 9 5 . N orth -H o lla n d , 1989.

[C G R 9 3] D . C ra ig e n , S. G erh a rt, and T .  R alston . A n  In tern ation al Survey o f  In 

d u stria l A p p lica tio n s  o f  F orm al M eth od s —  P u rpose , A p p ro a ch , A n a lysis , 

and C on clu s ion s. Technical R e p o rt  N IS T G C R  9 3 /6 2 6 , U .S . D ep a rtm en t o f  

C o m m e r ce , T e ch n o lo g y  A d m in istra tion , N ation al In stitu te  o f  S ta n da rd s and 

T e ch n o lo g y , C o m p u te r  S ystem s L a b ora tory , G a ith ersb u rg , M D  20899 , M arch  

1993.

[Che76] P. C h e n . T h e  E n tity  R ela tionsh ip  M od el: T ow a rd  a U n ify in g  V iew  o f  D a ta . 

A C M  T r a n s a c t i o n s  o n  D a ta b a s e  S y s t e m s ,  l ( l ) : 9 - 3 6 ,  M arch  1976.



B ib l io g r a p h y

[Cho92]

[Chu94]

[Civ93]

218

C . C h op p y . P ro to ty p in g  and Form al S pecifications. In C .M .I . R attray  

and R .G . C lark , ed itors, T h e  U n ifie d  C o m p u t a t io n  L a b o r a to r y  —  M o d e ll in g ,  

S p e c i f i c a t io n s , a n d  T o o ls ,  pages 141 -1 70 . O x ford  U niversity Press, 1992.

K .C . C hua. Interview s and  O b ject-O rien ted  Design. M a ster ’s thesis . D ep art 

m ent o f  C om p u tin g  S cience and M ath em atics, U niversity o f  S tirlin g, 1994. 

In d evelopm en t.

F . C ivello . R oles for C o m p o site  O b jec ts  in O b ject-O rien ted  A n alysis  and 

D esign . In P r o c e e d in g s  o f  O O P S L A ’QS: A C M  S I G P L A N  A otices , 2 8 ( 10):376- 

393 , O c to b e r  1993.

[CJ92] R .G . C lark  and V .M . Jones. Use o f  L O T O S  in the Form al D evelopm en t o f

an OSI P ro to co l. C o m p u t e r  C o m m u n ic a t i o n s ,  15 (2):86  92, M arch  1992.

[CL91] E. C usack  and M . Lai. O b ject-o r ien ted  Specification  in L O T O S  and Z or ,

m y C at Really is O b je c t-O rie n te d ! In J .W . de Bakker, W .P . de R oev er , and

G . R ozen b erg , ed itors. F o u n d a t io n s  o f  O b je c t - O r i e n t e d  L a n g u a g e s ,  volum e 

489 o f  L e c t u r e  N o t e s  in  C o m p u t e r  S c i e n c e ,  pages 179 -202 . Springer-V erlag, 

1991.

[Cla90] R .G . C lark . T h e  Design and D evelopm ent o f  E m bedded  A d a  S ystem s. S o f t 

w a r e  E n g in e e r in g  J o u r n a l ,  5 (3 ):1 7 5 -1 8 4 , M ay 1990.

[Cla91] R .G . C lark . T h e  D evelopm en t o f  C on cu rren t A da  System s from  L O T O S

S pecifica tion s. In R .J  M itchell and D . S im pson , ed itors, A d a  i n t o  th e  9 0 ’s , 

pages 1 1 5 -1 29 . W oo d h e a d  Publishing L td , 1991.

[C la92a] R .G . C lark . L O T O S  D esign -O riented  S pecification  in the O b je c t-B a se d  

Sty le . Technical R ep ort  C S M -8 4 , D epartm en t o f  C om p u tin g  S cience and 

M a th em a tics , U niversity  o f  Stirling, F K 9  4 L A  Stirling, S cotla n d , A pril 1992.

[C la92b] R .G . C lark . U sing L O T O S  in th e O b je c t-B a se d  D evelopm ent o f  E m bedded  

S ystem s. In C .M .I . R a ttra y  and R .G . C la rk , ed itors. T h e  U n i fie d  C o m p u -



B ib l io g r a p h y  219

t a t i o n  L a b o r a to r y  —  M o d e ll in g , S p e c i f i c a t io n s , a n d  T o o ls , pages 3 0 7 -3 1 9 . 

O x fo rd  U niversity  Press, 1992.

[C la93] R .G . C lark . T h e  W arehouse P rob lem : Personal C o m m u n ica tio n , 1993. 

[C la94a] R .G . C lark . A n  O C T  G en erator , 1994. D raft.

[C la94b] R .G . C lark . C on stru ction  o f  L O T O S  B eh aviou r E xpression s from  N etw ork 

D iagram s. T ech n ical R ep ort C S M -12 4 , D e p a rtm e n t o f  C o m p u tin g  Science 

and M a th em a tics , U niversity o f  Stirling, S co t la n d , 1994.

[C la94c] R .G . C lark . Inheritance and R eliability . In P r o c e e d i n g s  o f  T a T T O O ’9 4 :  

T e a c h in g  a n d  T r a in in g  in  th e  T e c h n o lo g y  O f  O b j e c t s ,  Leicester, Jan u ary 1994.

[C M 94] R .G . C lark and  A .M .D . M oreira. B ehavioura l In h eritan ce  in R O O A . In 

R . W ierin ga  and  R. Feenstra, ed itors . W o r k s h o p  o n  I n f o r m a t io n  S y s t e m s  - 

C o r r e c t n e s s  a n d  r e u s a b i l i t y  ( I S - C O R E ’9 4 ) ,  pages 3 4 6 -3 5 6 , A m ste rd a m , T h e  

N etherlands, S eptem ber 1994.

[C ol89] E . C o lb e rt . T h e  O b ject-O rien ted  Softw are D ev e lo p m e n t M eth od : A  P ractica l

A p p roa ch  to  O b ject-O rien ted  D evelopm en t. In P r o c e e d i n g s  o f  T r i - A d a ’8 9  

—  A d a  T e c h n o lo g y  in  C o n t e x t :  A p p l ic a t i o n , D e v e l o p m e n t ,  a n d  D e p l o y m e n t ,  

pages 400 4 1 5 , 2 3 (6 ) , O cto b e r  1989.

[C on89a] L. C on sta n tin e . B eyond  the M adness o f  M e th o d s : System s S tru ctu re  M o d 

e lin g  and C on vergen t Design. In S o ftw a r e  D e v e l o p m e n t  ’8 9 :  P r o c e e d in g s .  

M iller-F reem an Publish ing C o ., 1989.

L. C on sta n tin e . O b ject-O rien ted  and S tru ctu red  M e th o d s : T ow ard  In tegra 

t ion . A m erica n  Program m er, 2 (7 /8 ) :3 4 -4 0 , A u g u st  1989.

E. C u sa ck , S. R u dk in , and C. Sm ith . A n O b je c t -O r ie n te d  In terp retation  o f  

L O T O S . In S .T . V u ong, ed itor , F o r m a l  D e s c r i p t i o n  T e c h n iq u e s ,  I I ,  pages 

2 1 1 -2 2 6 . N orth -H olla n d , 1990.



B ib I io g r a .p h y  220

[C Y 91a] P. C oa d  and E. Y ou rd on . O b je c t  O r i e n t e d  A n a l y s i s .  Y ou rd on  Press, P rentice- 

H all, 2nd ed ition , 1991.

[C Y 91b] P. C oad  and E. Y o u rd o n . O b je c t - O r i e n t e d  D e s i g n .  Y ou rd on  Press, P ren tice- 

H all, 1991.

[Dav82] A .M . D avis. R ap id  P ro to ty p in g  U sing D x e cu ta b le  R equirem ents S pecifica 

tion s. A C M  S o f t w a r e  E n g i n e e r in g  N o t e s ,  7 (5 ) :3 9 -4 4 , D ecem ber 1982.

[Dav88] A .M . D avis. A  T a x o n o m y  o f  th e Early Stages o f  the S oftw are D evelopm en t 

Life C ycle . T h e  J o u r n a l  o f  S y s t e m s  a n d  S o f t w a r e ,  8 (4 ):2 9 7 -3 1 1 , Septem ber 

1988.

[Dav92] A .M . D avis. O p era tion a l P ro to ty p in g : a  N ew D evelop m en t A p p roa ch . I E E E  

S o f t w a r e ,  9 (5 ):7 0  -7 8 , Septem ber 1992.

D . de C h a m p ea u x , P . A m erica , D . C olem a n , R . D uke, D . Lea, and G . L eav 

ens. Form al Tech n iques for O O  D evelop m en t. In P r o c e e d in g s  o f  O O P S L A  ’9 1 :  

A C M  S I G P L A N  N o t i c e s ,  2 6 (1 1 ):1 6 6 -1 7 0 , N ovem b er 1991.

D . de C h a m p ea u x , D . Lea, and P. Faur. O b j e c t - O r i e n t e d  S y s t e m  D e v e l o p 

m e n t .  A d d ison -W esley , 1993.

[d C 0 8 9 ] D . de C h am p eau x  and  W . O lth o ff. T ow ards an O b ject-O rien ted  A nalysis  

T ech n ique. In 7th A n n u a l  P a c i f i c  N o r t h  W e s t  S o f t w a r e  Q u a li t y  C o n f e r e n c e ,  

pages 3 2 3 -3 3 8 , 1989.

[D D B P 93] E . D u b ois , P. Du B o is , and M . P etit . 0 - 0  R equ irem en ts A nalysis : A n A gen t 

P erspective . In O .M . N ierstrasz, ed itor , E C O O P ’9 3 , vo lu m e 707 o f  L e c t u r e  

N o t e s  in  C o m p u t e r  S c i e n c e ,  pages 4 5 8 -4 8 1 . S prin ger-V erlag , 1993.

(D eM 79] T .  D eM a rco . S t r u c t u r e d  A n a l y s i s  a n d  S y s t e m  S p e c i f i c a t io n .  P rentice-H all, 

1979.

[DN 66] O .J . Dahl and K . N yga a rd . S im ula  —  A n  A lg o l-b a sed  S im ulation  Language. 

C o m m u n ic a t i o n s  o f  t h e  A C M ,  9 (9 ):6 7 1 -6 7 8 , S ep tem b er 1966.



B ib l io g r a p h y 221

[D T 88] S. D a n forth  and C . T om lin son . T y p e  T h eories and O b je c t-O rie n te d  P ro 

gram m in g . A C M  C o m p u t in g  S u r v e y s ,  2 0 ( l ) :2 9 -7 2 ,  M arch  1988.

[E G S91] H .-D . E hrich , J .A . G og u en , and A . Sernadas. A  C a tég oria l T h e o ry  o f  O b je c ts

as O b served  P rocesses. In J .W . de B akker, W .P . de R oev er , and G . R ozen- 

b erg , ed itors, F o u n d a t i o n s  o f  O b j e c t - O r i e n t e d  L a n g u a g e s ,  vo lu m e 489 o f  L e c 

tu r e  N o t e s  in  C o m p u t e r  S c i e n c e ,  pages 2 0 3 -2 2 8 . Sprin ger-V erlag , 1991.

[E G S93] H .-D . E hrich , M . G og o lla , and A . Sernadas. O b je c ts  and T h eir  S pecifica 

tion . In M . B id oit and C . C h op p y , ed itors . R e c e n t  T r e n d s  in  D a ta  T y p e  

S p e c i f i c a t io n ,  vo lu m e 655 o f  L e c t u r e  N o t e s  in  C o m p u t e r  S c i e n c e ,  pages 4 0 -  

65. S prin ger-V erlag , 1993.

[E M 85] H. E h rig  and B . M ah r. F u n d a m e n ta ls  o f  A lg e b r a ic  S p e c i f i c a t io n s ,  volu m e I.

Sprin ger-V erlag , 1985.

[ESS89] II .-D . E hrich , A . Sernadas, and  C . Sernadas. O b je c ts , O b je c t  T y p e s , and 

O b je c t  Id en tifica tion . In H. E hrig , H. Ilerrlich , H .-J . K reow sk i, and G . Preufi, 

e d ito rs . C a t e g o r i c a l  M e th o d s  in  C o m p u t e r  S c i e n c e ,  vo lu m e 393 o f  L e c tu r e  

N o t e s  in  C o m p u t e r  S c i e n c e ,  pages 1 4 2 -1 5 6 . Sprin ger-V erlag , 1989.

[E W 93] II. E ertink  and D . W olz . S ym b o lic  E xecution  o f  L O T O S  S pecifica tions. In

M . D iaz and R. G ro z , ed itors. F o r m a l  D e s c r i p t i o n  T e c h n iq u e s , V , pages 2 9 5 - 

310. N orth -H olla n d , 1993.

[Fai85] R .E . Fairley. S o f t w a r e  E n g i n e e r in g  C o n c e p t s .  M cG ra w -H ill, 1985.

[Fir91] D .G . F iresm ith . S tru ctu red  A n alysis  and O b je c t-O rie n te d  Design are not

C o m p a tib le . A d a  L e t t e r s ,  1 1 (9 ) :5 6 -66 , N o v e m b e r /D e ce m b e r  1991.

[F K 92] R .G . F ichm an and C .F . K em erer. O b je c t-O rie n te d  and C on ven tion a l A n a ly 

sis a n d  Design M eth od o log ies . I E E E  S o f tw a r e ,  2 5 (1 0 ) :2 2 -3 9 , O c to b e r  1992.



B ib l io g r a p h y

[Flo84]

[F M G 89 ]

[F M G 90a]

[F M G 90 b]

[G F M 89]

[G H H +92]

[G ib90]

222

C . F loyd . A  S ystem atic L ook  at P ro to ty p in g . In R . B u d d e , K . K u h len kam p,

L. M ath iassen , and H. Züllighoven, e d ito r s . A p p r o a c h e s  t o  P r o t o t y p i n g ,  pages 

1 -1 8 . S prin ger-V erlag, 1984.

M . M . Freitas, A .M .D . M oreira , and P. G u erreiro . C h oos in g  A d a  D ev e lop 

m ent M eth od o log ies  for a H igh R elia b ility  M essage S w itch in g  S ystem . In 4 th  

A F C E A  H a w a ii  D e f e n s e  E l e c t r o n i c s ,  H aw aii, D ecem b er 1989.

M .M . Freitas, A .M .D . M oreira , and P . G u erreiro . In trodu cin g  O b je c t -  

O rien ted  M eth od o log ies  with  A d a  in P o rtu g a l. In I n t e r n a t i o n a l  C o n f e r e n c e  

o f  A s i a  P a c i f i c  D e f e n s e ’9 0 , Seoul, K o r e a , N ovem ber 1990.

M . M . Freitas, A .M .D . M oreira , and P. G u erreiro . O b je c t-O rie n te d  R equ ire 

m ents  A nalysis  in an A d a  P ro je c t . A d a  L e t t e r s ,  1 0 (6 ) :9 7 -1 0 9 , J u ly /A u g u s t  

1990.

N . E . Fuchs. S pecifications are (P re fe r a b ly )  E xecu ta b le . S o ftw a r e  E n g i n e e r in g  

J o u r n a l ,  7 (5 ):3 2 3 -3 3 4 , Septem ber 1992.

S P E C S -S p ecifica tion  G en eration . F in a l M ethods and T oo ls  for th e  G en 

e ra tion  o f  Specifications. Technical R e p o r t  4 6 /S P E /W P 3 / D S /A /0 0 8 /b l ,  

IN E S C , L isbon , P ortu ga l, D ecem ber 1992.

P. G u erreiro , M .M . Freitas, and A .M .D . M oreira. U sing O b je c t-O rie n te d  

Design with  A d a  for a High R elia b ility  M essage Sw itching S ystem . In 

A F C E A  I n t e r n a t i o n a l ’s  A s ia  P a c i f i c  D e f e n s e ’8 9 , p ages  1 3 8 -1 4 4 , S eou l, K o 

rea , S eptem ber 1989.

C . G e o rg e , P. H alf, K . H avelund, A .E . H axth au sen , R . M ilne, C .B . N ielsen, 

S. P reh n , and K .R . W agner. T h e  R A I S E  S p e c i f i c a t io n  L a n g u a g e . P rentice- 

H all, 1992.

E. G ib son . O b je c t  —  B orn  and B red. B y t e ,  1 5 (1 0 );2 4 5 -2 5 4 , O c to b e r  1990.



B i b U o g r A p h y  223

[G K 7 6 ] A . G o ld b erg  and A . Kay. Sm allta lk -72  In stru ction a l M anual. Technical 

R ep ort  S SL -76-6, X e r o x  Parc, P a lo  A lto , C a liforn ia , M arch  1976.

[G K K '^ 8 8] J .A . G og u en , C . K irch n er, H. K irch ner, A . M egrelis , and J . M eseguer. A n 

In trod u ction  to  0 B J 3 .  In J .P  Jou an n au d  and S. K a p lan , ed itors , P r o c .  C o n f .  

o n  C o n d i t i o n a l  T e r m  R e w r i t in g ,  n u m ber 308 in L ectu re  N otes  in C om p u ter  

S cience, pages 2 5 8 -2 6 3 . Springer-V erlag, 1988.

[G o m 8 3 ] H . G om a a . T h e  Im p a ct o f  R apid  P ro to ty p in g  o n  S p ecify in g  User R equ ire 

m ents . A C M  S o f t w a r e  E n g in e e r in g  N o t e s ,  8 (2 ) :1 7 -2 8 , A pril 1983.

[G o t9 3 ] R . G otzh ein . O p e n  D is t r ib u t e d  S y s t e m s .  V iew eg  V erlag , W iesb a d en , 1993.

[G R 8 3 ] A . G o ld b erg  and D . R ob son . S m a l lt a lk -8 0 : th e  L a n g u a g e  a n d  i ts  I m p l e m e n 

t a t io n .  A d d ison -W esley , 1983.

[G ra 8 9 ] D .R . G rah a m . Increm enta l D eve lop m en t: R eview  o f  N on m on olith ic  Life-

C y c le  D evelopm en t M od els. I n f o r m a t io n  a n d  S o f t w a r e  T e c h n o lo g y , 3 l { l ) : 7 -  

2 0 , J a n u a ry /F eb ru a ry  1989.

[G re8 9 ] C .C . G reen . P erson a l C om m u n ication  with  P. L adkin , 1989.

[G S 7 9 ] C . G ane and T . S arson . S tr u c t u r e d  S y s t e m s  A n a l y s i s :  T o o ls  a n d  T e c h n iq u e s .

P ren tice-H all, 1979.

[G S 8 1 ] H. G om a a  and P. S c o t t . P ro to ty p in g  as a T o o l in the S pecifica tion  o f  User

R equ irem en ts. In 5 th  I n t e r n a t i o n a l  C o n f e r e n c e  o n  S o f t w a r e  E n g in e e r in g ,  

IE E E  C om p u ter  S o c ie ty  Press, pages 3 3 3 -3 4 2 , W ash in gton  D .C ., 1981.

[H al90] A . Hall. Seven M y th s  o f  Form al M eth od s . I E E E  S o f t w a r e ,  7 (5 ) :1 1 -1 9 , 

S ep tem ber 1990.

[H ed93] M . H edlund. T h e  In tegration  o f  L O T O S  with  an O b je c t  O riented  D evel 

op m en t M eth od . In J .C .P . W o o d c o ck  and P .G . Larsen, ed itors , F M E  ’9 3 :  

I n d u s t r ia l- S t r e n g th  F o r m a l  M e t h o d s ,  volu m e 670  o f  L e c t u r e  N o t e s  in  C o m 

p u t e r  S c i e n c e ,  pages 7 3 -8 2 . S prin ger-V erlag , 1993.



B ib l i o g r a p h y 224

[H G 94] R . H erzig and M . G o g o lla . A n  A n im a to r  for the O b je c t  S pecification

Language T R O L L  l ig h t . In 6 2 è m e  C o n g r è s  d e  l ’A s s o c i a t i o n  C a n a d ie n n e  

F r a n ç a is e  p o u r  l ’A v a n c e m e n t  d e s  S c i e n c e s  ( A C F A S ) :  O r i e n t a t i o n  O b je c t  e n  

B a s e s  d e  D o n n é e s  e t  G é n i e  du L o g ic i e l ,  pages 4 -1 7 , M on trea l, C an a da , M ay 

1994.
*

[H J89] LJ. H ayes and C .B . Jon es. Specifica tions are  not (N ecessarily ) E xecutab le .

S o f tw a r e  E n g i n e e r i n g  J o u r n a l ,  4 (6 ) :3 3 0 -3 3 8 , N ovem ber 1989.

[H JS92] T .  H artm an n , R . J u n gclau s, and G . Saake. A ggrega tion  in a B eh avior O ri 

ented O b je c t  M od el. In O .L . M adsen , e d ito r , E C O O P ’9 2 , vo lu m e 615 o f  

L e c t u r e  N o t e s  in  C o m p u t e r  S c i e n c e ,  pages 5 7 -7 7 . Springer-V erlag , 1992.

[H oa85] C .A .R . H oare . C o m m u n ic a t i n g  S e q u e n tia l  P r o c e s s e s .  P ren tice-H all, 1985.

[H oa94] R . H oare, C .A . H ow D id  Softw are G et so  R eliab le  W ith o u t P r o o f?  BC S 

P r o o f  C lu b , E din bu rgh , M arch  1994.

[H S92] B . H en derson -Sellers. O b je c t-O rie n te d  In form a tion  System s: A n  In trodu c 

tory  T u tor ia l. T h e  A u s t r a l ia n  C o m p u t e r  J o u r n a l ,  2 4 ( l ) :1 2 -2 4 ,  February 

1992.

[H S93] G .M . H oyd a lsv ik  and G . Sindre. On th e P u rp ose  o f  O b je c t-O rie n te d  A n aly 

sis. In P r o c e e d i n g s  o f  O O P S L  A ’9 3 : A C M  S I G P L A N  N o t i c c s ,2 8 ( \ 0 ) . 2 4 0 - 2 5 8 ,  

O c to b e r  1993.

[Hiir94] W .L . H iirsch . Should  Superclasses b e  A b s tra c t?  In M . T o k o ro  and 

R. P aresch i, ed itors , E C O O P ’9 4 , volu m e 821 o f  L e c t u r e  N o t e s  in  C o m p u t e r  

S c i e n c e ,  pages 1 2 -3 1 . S prin ger-V erlag , 1994.

[IE E91] IE E E . IE E E  S tan dard  G lossa ry  o f  S o ftw a re  E ngineering T erm inology . In 

stitu te  o f  E lectrica l and E lectron ic  E n gin eers, In c., N ew  Y ork , U S A , 1991. 

R evision and  redesignation  o f  IE E E  Std  729 -1983 . R eprin ted  in I E E E  S o f t 

w a r e E n g in e e r in g  S t a n d a r d s  C o l le c t i o n ,  1993.



B ib U o g ra .p h y  225

[Ier93] R . lerusalim schy. A  Form al S p ecifica tion  for a H ierarchy o f  C o llection s .

S o f tw a r e  E n g in e e r in g  J o u r n a l ,  8 (4 ) :2 3 7 -2 4 4 , July 1993.

[IH87] D .C . Ince and S. H ek m a tp ou r. S oftw are  P ro to ty p in g  -  P rogress  and

P rospects. I n fo r m a t io n  a n d  S o f tw a r e  T e c h n o lo g y ,  2 9 (1 ) :8 -1 4 ,  Jan- 

u ary /F ebru ary  1987. 1

[IS 08 8 ] ISO. In form ation  Processin g System s — O pen  S ystem s In tercon n ection  -  

L O T O S  : A  Form al D escrip tion  Technique Based on  th e T em pora l O rderin g  

o f  O bservational B ehavior, In tern ation al S tandard 8807 . IS O , 1988.

[IS 09 4 ] ISO. B asic Reference M od el o f  Open D istribu ted  P rocessin g . IS O /IE C  

J T C 1 /S C 2 1 , A m erican  N ation al S tandards In stitute, 1994. D raft stan d ard .

[Jac92] I. J acobson . O b je c t - O r i e n t e d  S o f t w a r e  E n g i n e e r in g  —  A  U s e  C a s e  D r iv e n

A p p r o a c h .  A ddison -W esley, 1992.

[JD P 89] L. Jadou l, L. D uponcheel, and W . Van P u y m b roeck . A n  A lgebra ic D a ta  T y p e  

Specification  Language and its Rapid P ro to ty p in g  E n viron m en t. In 11th  

I n t e r n a t i o n a l  C o n f e r e n c e  o n  S o f t w a r e  E n g in e e r in g ,  IE E E  C o m p u te r  S ociety  

Press, pages 7 4 -4 2 , P ittsb u rgh , P ennsylvan ia, 1989.

[Jon80] C .B . Jones. S o f tw a r e  D e v e l o p m e n t .  A  R ig o r o u s  A p p r o a c h .  P ren tice-H all,

1980.

[Jon86] C .B . Jones. S y s t e m a t i c  S o f t w a r e  D e v e l o p m e n t  U s in g  V D M .  P ren tice-H all, 

1986.

[Jon93] C .B . Jones. A P i-C alcu lu s S em an tics for an  O b jec t-B a sed  Design N ota tion .

In E. B est, ed itor, C O N C U R ’9 S , volum e 715  o f  L e c t u r e  N o t e s  in  C o m p u t e r  

S c i e n c e ,  pages 158 -1 72 . S prin ger-V erlag , 1993.

[JSH S91] R. Jungclaus, G . Saakc, R . H artm an n , a n d  C . Sernadas. O b je c t-O rie n te d  

Specification  o f  In form ation  S ystem s: T h e  T R O L L  L an gu age. T ech n ica l Re-



B ib l io g r a p h y  226

p o rt  91-04 , T ech n isch e  U niversität B rau nschw eig , In form atik  B erich te , P o s t 

fach  3329, W -3 3 0 0  B raunschw eig , G erm an y, D ecem b er 1991.

[K BC'*'87] W . K im , J. B an erjee , H. C h ow , J .F . G a rza , and D . W oelk . C o m p o site  

O b je c t  S u p port in an O b je c t-O rie n te d  D a ta b a se  System . In P r o c e e d in g s  o f  

O O P S L A ’8 7 : A C M  S I G P L A N  N o t i c e s ,  2 2 (1 2 ) :1 18-125, D ecem b er 1987.

[Lad94] P. Ladkin . D er iv in g  the B eh aviou r o f  O b je c ts : Personal C om m u n ica tion , 

1994.

[Lam 93] L. L a m p ort. T h e  T em p ora l L og ic o f  A ction s . T ech n ical R e p o rt  79, D igital 

E qu ipm en t C o rp o ra t io n , System s R esearch  C en ter , N ovem b er 1993.

[Lam 94] L. L a m p ort. T h e  T em p ora l L og ic o f  A ction s . A C M  T r a n s a c t io n s  o n  P r o 

g r a m m in g  L a n g u a g e s  a n d  S y s t e m s ,  1994. T o  a p p ea r.

[Li93] W . Li. A  T h e o ry  o f  R equirem ents C a p tu re  and  Its A p p lica tion s. In M .C .

G a u d e l and J .P . J ou a n n au d , ed itors , T A P S O F T ’9 3 , vo lu m e 668 o f  L e c t u r e  

N o t e s  in  C o m p u t e r  S c i e n c e ,  pages 4 0 6 -4 2 0 . S p rin ger-V erlag , 1993.

[Lim 93] P. L im . A p p ly in g  R igorou s O b jec t-O rien ted  A n alysis . M a ste r ’s thesis. D e 

p a rtm en t o f  C o m p u tin g  Science and M a th em a tics , U niversity  o f  S tirlin g, 

S co t la n d , S ep tem b er 1993.

[LL94] P .B . Ladkin and S. Leue. In terpretin g M essage F low  G ra p h s. F o r m a l  A s p e c t s

o f  C o m p u t i n g ,  1994. T o  appear.

[LS83] B . L iskov and R . Scheifler. G uard ian s and A ctio n s : L in gu istic S u p p ort for

R o b u s t , D istribu ted  P rogram s. A C M  T r a n s a c t i o n s  o n  P r o g r a m m in g  L a n 

g u a g e s  a n d  S y s t e m s ,  5 (3 ):3 8 1 -4 0 4 , July 1983.

[LS93] A . L a ora k p on g  and  M . Saeki. O b je c t-O rie n te d  Form al S p ecifica tion  U sing

V D M . In S. H ish io  and A . Y on eza w a , ed itors , O b je c t  T e c h n o l o g i e s  f o r  A d 

v a n c e d  S o f tw a r e ,  v o lu m e 742 o f  L e c t u r e  N o t e s  in  C o m p u t e r  S c i e n c e ,  pages 

5 2 9 -5 4 3 . S prin ger-V erlag , 1993.



B ib l io g r a p h y  227

[M ay89] T . M ayr. Specification  o f  O b ject-O rien ted  System s in L O T O S . In K .J .

Turner, e d itor . F o r m a l  D e s c r i p t i o n  T e c h n iq u e s , pages 1 0 7 -1 1 9 . N orth- 

H olland, 1989.

[M C 83] R . M ason  and T . C arey. P ro to ty p in g  Iterative In form ation  S ystem s. C o m 

m u n ic a t i o n s  o f  th e  A C M ,  2 8 (5 ):3 4 7 -3 5 4 , M ay 1983.

[M C 92] A .M .D . M oreira  and R .G . C lark . O b ject-O rien ted  Analysis and  its R ela 

tion  to  O b jec t-O rien ted  Design. Technical R ep ort C S M -089 , D ep artm en t o f  

C o m p u tin g  Science and M a th em a tics , U niversity o f  Stirling, S co tla n d , M ay 

1992.

[M C 93a] A .M .D . M oreira  and R .G . C lark . L O T O S  in the O b ject-O rien ted  Analysis 

Process. In B C S - F A C S  W o r k s h o p  o n  F o r m a l A s p e c t s  o f  O b j e c t - O r i e n t e d  

S y s t e m s ,  Im perial C ollege , L on d on , D ecem ber 1993. B C S - F A C S  (B r it i s h  

C o m p u t e r  S o c i e t y  -  F o r m a l  A s p e c t s  o f  C o m p u t in g  S c i e n c e ) .

[M C 93b] A .M .D . M oreira  and R .G . C lark . O s M étod os  Form áis na A n álise  de Ori- 

en tagáo p or  O b je c to s . In I th  B r a z il ia n  S y m p o s iu m  o n  S o f tw a r e  E n g i n e e r in g ,  

R io  de Jan eiro , Ilrazil, pages 238 252, O cto b e r  1993. An English version 

o f  this paper is presented in th e Technical R eport C S M -111 , D ep artm en t o f  

( ’ o m p u tin g  Science and M a th em a tics , U niversity o f  Stirling.

[M C 93c] A .M .D . M oreira  and R .G . C lark . R O O A : R igorous O b ject-O rien ted  A n al 

ysis. T echnical R ep ort C S M -1 0 9 , D epartm ent o f  C om p u tin g  S cien ce  and 

M ath em atics, U niversity o f  Stirling, S cotlan d , O cto b e r  1993.

[M C 93d] A .M .D . M oreira  and R .G . C lark . U sing R igorou s O b ject-O rien ted  A nalysis.

Technical R eport C S M -1 1 1 , D epartm en t o f  C om p u tin g  Science and  M ath e 

m atics, U niversity o f  Stirling, S cotla n d , A u gu st 1993. P r e s e n t e d  a t  th e  7th  

B r a z il ia n  S y m p o s iu m  o n  S o f t w a r e  E n g in e e r in g , O c t o b e r  199S.

[M C 94a] A .M .D . M oreira  and R .G . C lark . C om bin in g  O b ject-O rien ted  A n alysis  and 

Form al D escrip tion  T echniques. In M . T ok oro  and R. Pareschi, ed itors,



B ib l io g r a p h y  228

E C O O P ’94, v o lu m e  821 o f  L e c t u r e  N o t e s  in  C o m p u t e r  S c i e n c e ,  pages 3 4 4 -  

364. S prin ger-V erlag , 1994.

[M C 94b] A .M .D . M oreira  and  R .G . C lark . C o m p le x  O b je c ts : A ggrega tes . Techni 

cal R eport C S M -1 2 3 , D epartm en t o f  C o m p u tin g  Science and M a th em a tics , 

U niversity o f  S tirlin g , S co tla n d , M ay 1994.

[M C 94c] A .M .D . M oreira  a n d  R .G . C lark . O  M é to d o  R O O A . In A . V a z-V elh o  and P .G .

G u edes, ed itors , O b je c t - O r i e n t e d  P o r t u g a l  ( O O P ’9 4 ) ,  pages 6 7 -7 6 , L isbon , 

P ortu ga l, S ep tem b er 1994.

[M C 94d] A .M .D . M oreira  and  R .G . C lark . R igorou s O b je c t-O rie n te d  A n alysis . In 

E. B ertino and S. U rb an , ed itors . I n t e r n a t i o n a l  S y m p o s iu m  o n  O b je c t -  

O r ie n t e d  M e t h o d o l o g i e s  a n d  S y s t e m s  ( I S O O M S ) ,  vo lu m e 858 o f  L e c t u r e  N o t e s  

in  C o m p u t e r  S c i e n c e ,  pages 6 5 -7 8 . S prin ger-V erlag , 1994.

[M C 94e] A .M .D . M oreira  and  R .G . C lark . S p ecifica tion  C ase  Studies in R O O A . T ech 

nical R eport C S M -1 2 9 , D ep artm en t o f  C o m p u tin g  Science and M a th em a tics , 

U niversity o f  S tirlin g , S co tla n d , O c to b e r  1994.

[M cC 93] A . M cC len a gh an . D i s t r ib u te d  S y s t e m s :  A r c h i t e c t u r e - D r i v e n  S p e c i f i c a t io n  U s 

in g  E x t e n d e d  L O T O S .  P h D  thesis. D ep artm en t o f  C om p u tin g  S cien ce and 

M a th em atics, U niversity  o f  S tirling, S cotla n d , S ep tem b er 1993.

[MF^G89] A .M .D . M ore ira , M .M . Freitas, and P. G u erreiro . U sing O b je c t  O riented 

R equirem en ts A n a lys is  for  a High R eliab ility  M essage S w itch ing S ystem . In 

A F C E A  P o r t u g a l ,  L isb on , P ortu ga l, M ay 1989.

[M Gh’ 90] A .M .D . M oreira , P. G u erre iro , and M .M . Freitas. M é to d o s  de A n álise  de R eq 

uisitos O rien ta da  pelos O b je c to s . In V I  C o n g r e s s o  P o r t u g u é s  d e  I n f o r m á t i c a ,  

L isbon , P ortu ga l, June 1990.

[M il56] G .A . M iller. T h e  M agica l N um ber Seven , P lus o r  M inus T w o : S om e L im 

its on  O ur C a p a c ity  for P rocessin g  In form a tion . T h e  P s y c h o l o g i c a l  R e v ie w ,



B ib l io g r a p h y  229

6 3 (2 ) :8 1 -9 7 , M arch  1956. R eprin ted  in Y ou rd on  W r it in g s  o f  th e  E v o lu t i o n ,  

pages 443-460 , 1982.

[M il89] R . M ilner. C o m m u n ic a t i o n  a n d  C o n c u r r e n c y .  P ren tice -H all, 1989.

[M L C 94] A .M .D . M oreira , P .B . Ladkin, a n d  R .G . C lark . Form alizing O O  A n alysis  

w ith  L O T O S . T ech n ica l R eport C SM -125* D ep artm en t o f  C om p u tin g  S cience 

and  M ath em atics, U niversity o f  S tirlin g, S cotla n d , A u gu st 1994.

[N W 93] F . Nickl and M . W irsin g . A  Form al A pp roa ch  t o  R equirem ents E ngineering.

In D . B jorner and M . Broy, e d ito rs . F o r m a l M e t h o d s  in  P r o g r a m m in g  a n d  

T h e i r  A p p l i c a t i o n s ,  volum e 735 o f  L e c t u r e  N o t e s  in  C o m p u t e r  S c i e n c e ,  pages 

3 1 2 -3 3 4 . Springer-V erlag , 1993.

[O de94] J. O dell. Six D ifferent Kinds o f  C om p o sitio n . J o u r n a l  o f  O b j e c t - O r i e n t e d  

P r o g r a m m in g ,  6 (8 ) :  10 15, January 1994.

[Par72] D .L . Parnas. O n  the C riteria  t o  be Used in D ecom p os in g  System s in to

M od u les . C o m m u n ic a t i o n s  o f  th e  A C M , 5 (1 2 ): 105 3 -10 58 , D ecem ber 1972.

[P C 86] D .L . Parnas and P .C . C lem ents . A  R ational D esign  P rocess : H ow and W h y

t o  Fake It. I E E E  T r a n s a c t io n s  o n  S o f tw a r e  E n g i n e e r in g ,  S E -1 2 (2 ):2 5 1 -2 5 7 , 

February  1986.

[P et88] L .J . Peters. A d v a n c e d  S tr u c t u r e d  A n a l y s i s  a n d  D e s ig n .  P ren tice-H all, 1988.

[P K T 9 2 ] N . P lat, J. K a tw ijk , and H. T oeten e l. A p p lica tion  and B enefits  o f  Form al 

M eth od s  in S oftw are  D evelopm en t. S o ftw a r e  E n g i n e e r in g  J o u r n a l ,  7 (5 ) :3 3 5 -  

3 4 6 , Septem ber 1992.

[P or92] H. H. P orter. S eparatin g  the S u b ty p e  H ierarchy from  the Inheritance o f  Im 

p lem en tation . J o u r n a l  o f  O b j e c t - O r i e n t e d  P r o g r a m m in g ,  4 (9 ) :2 0 -2 9 , F ebru 

a ry  1992.

[R at88] B . R atcliff. E arly and  N ot-so -E a rly  P ro to ty p in g  -  R ation a le  and T o o l S u p 

p o r t . In 1 2th  A n n u a l  I n t e r n a t i o n a l  C o m p u t e r  S o ftw a r e  a n d  A p p l i c a t i o n s



B ib I io g r a ,p h y  230

C o n f e r e n c e ,  C O M P S A C ’8 8 , IE E E  C om p u ter Society  P ress , pages 1 2 7 -1 3 4 , 

C h ica go , O c to b e r  1988.

[RBP'*‘ 91] J. R u m ba u gh , M . B la h a , W . Prem erlani, F. E ddy, and W . Lorensen . O b je c t -  

O r ie n t e d  M o d e l l in g  a n d  D e s ig n .  P rentice-H all, 1991.

[R G 92] K .S . R ubin  and A . G o ld b e rg . O b je c t  B ehaviour A nalysis . C o m m u n ic a t i o n s

o f  th e  A C M ,  3 5 (9 ) :4 8 -6 2 , Septem ber 1992.

[R oy70] W .W . R o y ce . M a n ag in g  th e D evelopm ent o f  Large S o ftw a re  System s: C o n 

cep ts and T echniques. In W E S C O N ,  San Francisco C A , A u g u st  1970.

[RS88] J. R e if and S .A . S m olka . T h e C om p lex ity  o f  R each ab ility  in D istribu ted

C om m u n ica tin g  P rocesses . A c t a  I n fo r m a t ic a ,  2 5 :3 3 3 -3 5 4 , 1988.

[R ud92] S. R udkin . In heritance in L O T O S . In K .R . Parker and G .A .  R ose, ed itors . 

F o r m a l  D e s c r i p t i o n  T e c h n iq u e s , I V ,  pages 409 423. N orth -H olla n d , 1992.

[Rud93] S. R udkin . T em plates , T y p e s  and C lasses in Open  D istrib u ted  P rocessin g . 

B T  T e c h n o lo g y  J o u r n a l ,  1 1 (3 ):3 2 -4 0 , July 1993.

[SB82] W . S w artou t and R .M . Balzer. T h e  In evitable In tertw in in g  o f  S pecifica 

tion and Im p lem en tation . C o m m u n ic a t i o n s  o f  th e  A C M ,  2 5 (7 ) :4 3 8  440 , July 

1982.

[SBC 92] S. S tepney, R . B arden , and  D. (ed itors ) C o o p e r . O b je c t  O r i e n t a t i o n  in  Z . 

Springer, 1992.

[Shu91] K . Shum ate. S tru ctu red  A nalysis and O b ject-O rien ted  D esign  are C o m p a t 

ible. A d a  L e t t e r s ,  1 1 (4 ) :7 8  90, M a y /J u n e  1991.

[SM 89] S. Shlaer and  S.J. M ellor. A n O b ject-O rien ted  A pp roa ch  to  D om a in  A n alysis . 

A C M  S o f t w a r e  E n g i n e e r i n g  N o te s ,  1 4 (5 ) :6 6 -77, July 1989.

[SM 92] S. Shlaer and  S.J. M ellor. O b je c t  L i f e c y c l e s  —  M o d e li n g  t h e  W o r ld  in  S t a t e s .

P ren tice -H all, 1992.



B ib lio g r & p h y 231

[Smi91] M .F . S m ith . S o f t w a r e  P r o t o t y p i n g  —  A d o p t i o n ,  P r a c t i c e  a n d  M a n a g e m e n t .  

M cG ra w -H ill, 1991.

[Som 92] 1. S om m erv ille . S o f tw a r e  E n g i n e e r in g .  A dd ison -W esley , 4th  e d it io n , 1992.

[Spi89] J .M . S p ivey. T h e  Z  N o ta t io n .  P rentice-H all In tern ation al, 1989.
I

[SS77] J .M . S m ith  and D .C .P . S m ith . D a ta b a se  A b stra ction s : A g g reg a tion . C o m 

m u n ic a t i o n s  o f  th e  A C M ,  2 0 (6 ) :4 0 5 -4 1 3 , June 1977.

[Sta93] M . S ta rk . Im p a cts  o f  O b je c t-O rie n te d  T ech n olog ies : Seven  Years o f

SEL S tu d ies . In P r o c e e d in g s  o f  O O P S L A ’9 3 :  A C M  S I G P L A N  N o t i c e s ,  

2 8 (1 0 ):3 6 5 -3 7 3 , O c to b e r  1993.

[Tur93] K .J . T u rn er, ed ito r . U s in g  F o r m a l D e s c r i p t i o n  T e c h n iq u e s .  J oh n  W iley  & 

Sons, 1993.

[T Y 92 ] S. T y sy b e r o w ic z  and A . Y ehudai. O B S E R V -A  P ro to ty p in g  L an gu age and

E n viron m en t. A C M  T r a n s a c t io n s  o n  S o f tw a r e  E n g i n e e r in g  a n d  M e t h o d o lo g y ,  

l (3 ) :2 6 9 -3 0 9 , July 1992.

[vE V D 89] P.H . van  E ijk , C .A . V issers, and M . D iaz , ed itors . T h e  F o r m a l  D e s c r i p t i o n  

T e c h n iq u e  L O T O S :  R e s u lt s  o f  th e  E S P R I T / S E D O S  P r o j e c t .  N orth  H olland, 

1989.

[W al91] N .L . W a lters . A n  A d a  O b je c t-B a se d  A nalysis and  Design A p p ro a ch . A d a  

L e t t e r s ,  l l ( 5 ) :6 2 - 7 8 ,  J u ly /A u g u s t  1991.

[W ar89] P. W a r d . H ow  t o  In tegrate  O b je c t  O rien tation  w ith  Stru ctu red  A n alysis  and 

D esign . I E E E  S o f tw a r e ,  6 (2 ) :7 4 -8 2 , M arch  1989.

[W B W W 9 0 ] R . W ir fs -B r o ck , B . W ilk erson , and L. W ien er. D e s ig n in g  O b j e c t - O r i e n t e d  

S o f t w a r e .  P ren tice-H all, 1990.

[W eg87] P. W egn er. D im ensions o f  O b je c t -B a se d  L anguage D esign . S p e c ia l  I s s u e  o f  

S I G P L A N  N o t i c e s ,  2 2 (1 2 ):1 6 8 -1 8 2 , O c to b e r  1987.







A p p e n d i x  A .  L O T O S  O v e r v ie w 234

relationships a m o n g  such interactions.

Process b eh a v iou r is described  u sin g b e h a v io u r  e x p r e s s i o n s  th a t consist o f  ex tern a l, 

observable even ts and internal, ex tern a lly  u n observable  events. P rocesses are com p o se d  

by using the paralle l op era tors  and th ey  interact w ith  each  oth er th rou gh  syn ch ron ization  

on  e v e n t s .  A n  even t is a tom ic and takes place at an e v e n t  g a t e  ( o r  ju s t  g a t e ) .  It appears 

in a process defin ition  and is co m p o se d  o f  a ga te  nafne follow ed b y  a set o f  argu m en ts 

in which the o p e ra to r  “ !”  is used in th e  form  !v  w here v is a value expression , a n d  the 

op erator “ ? ”  is used in the form  ? x :  s  where x  is a variable o f  th e  sort s .

For exa m p le , in the event: 

g a t e .n a m e  ! v a l  ? x :  H at

the term ! v a l  ind ica tes that the value v a l  is to  be  tran sm itted  and the term  ? x :  Nat 

indicates th at any value o f  the sort N at can be a ccep ted  and assigned to  x.

There are restricted  con d ition s in w hich  events syn ch ron ize . T h e  event: 

gate_naune !v a l  !num

would syn ch ron ize  with  the event a b o v e  if  !num is som e value o f  sort N at.

Table A .l  su m m arizes the three ty p e s  o f  syn ch ron ization  [B B 87].

P r o c e s s

A

P r o c e s s

B

C o n d i t i o n  o f  

S y n c h r o n iz a t io n

I n t e r a c t i o n

T y p e

E f fe c t

K ' K value( E j ) =  

value(£ '2)

value m atch in g syn ch ron ization

o ccu rs

K ii-’i g  ?x : s so r t (£ 'i)  =  s value passing a fter  syn ch ron ization  

x =  value( E \ )

g  ?y : w g  l x :  s W  =  8 value generation a fter  syn ch ron ization  

y  =  X =  V, w here v is 

so m e  value o f  sort w

T able A . l :  In teraction  types

Value m a tch in g  is used to  ensure syn ch ron ization  is ach ieved. Value passing is used
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to  pass a  value to  a  variable. V alue generation  allow s th e in trod u ction  o f  u n in stantiated  

variables.

A  p rocess  defin ition  has th e fo llow in g  syn tax:

p r o c e s s  p rocess_n am e [list o f  ga tes](list o f  param eters) : fu n ction a lity  : =

(*  b eh a v iou r expression  * ) 

w h e r e

(*  d a ta  typ e  defin itions * )

(*  process defin itions * ) 

e n d p r o c

T h e  fu n ction a lity  ca n  be; e x i t ,  m eanin g that the process m a y  term in ate  successfu lly , 

n o e x i t ,  m eanin g th a t the p rocess  ca n n ot term in ate (perh ap s b eca u se  it recu rsively  calls 

itse lf)  and  e x i t  ( r e s u l t ) ,  m eanin g th a t the process m ay term in ate  successfu lly  and return 

a result. ( “ ( * ”  beg in s a com m en t and  “ * ) ”  ends it .)

T h e  b o d y  o f  th e process defines its behaviou r in term s o f  its process co m p o n e n ts  ( if  

a n y ) and th e even ts in which it ca n  take part. W e can  also define a bstra ct d a ta  types 

with in  a  process defin ition .

H ere is a sim ple exa m p le  o f  a p rocess  th at o ffers a value grea ter than th e value received  

as a p aram eter:

p r o c e s s  G r e a t e r V a l u e f g ] ( c o u n t : N a t )  : n o a x i t  :=  

g  ? n c o u n t : N a t [ n c o u n t  g t  c o u n t ] ;

G r e a t e r V a l u a C g ] ( n c o u n t )  

a n d p r o c

T h e  p rocess  G r a a t s r V a lu «  is defined  recursively and uses ga te  g  fo r  syn ch ron ization  with 

o th er  p rocesses.

T h e  b eh a v iou r exp ression :

g  T n c o u n t : N a t  [ n c o u n t  g t  c o u n t ] ;

offers a  value o f  sort N at for syn ch ron ization . T h e  selection  p red ica te  [n c o u n t  g t  c o u n t ]  

gu aran tees that o n ly  values greater than th e value o ffered  in th e p rev iou s in sta n tia tion  are 

allow ed.
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A . 3  A b s t r a c t  D a t a  T y p e s

L O T O S  represents d a ta  as a bstract d a ta  types (A D T s ) u s in g  the language A C T  O N E . 

A n  A D T  defin ition  is rather length y and com plex  although  th is  can be m ade easier b y  the 

p rov is ion  o f  an exten sive  library o f  predefined A D T s .

T h e  structure used to  define a typ e  is always the sam e, w ith  the sections in the fo llow in g  

ord er  (so m e  o f  these sections are op tio n a l);

t y p e  typ e_n am e is

(*  list o f  im p orted  defin itions * )

s o r t s  sort_n a m e

o p n s

(*  list o f  op era tion s  *) 

e q n s  fo r a ll

(*  list o f  variables *) 

o f s o r t  a ^ o r t_ n a m e  

(*  list o f  equ ation s *) 

o f s o r t  a_sort_n am e 

(*  list o f  equ ation s * )

e n d t y p e

T h e  t y p e  section  g ives the nam e o f  th e definition (th is is th e  nam e that should  be used to  

com b in e  different d efin ition s). A  list o f  im ported  defin itions ca n  appear a fter the keyw ord  

is . T h e  s o r t s  section  gives the nam e o f  the data  sorts. T h e  o p n s  section  gives the 

signatu re o f  the op era tion s . A n op era tion  is a function  w ith  zero o r  m ore sorts as its 

d om ain  and with o n ly  on e  sort as its cod om a in . T h e  e q n s  section  specifies, in term s o f  

eq u a tion s , the con stra in ts  the op era tion s  must satisfy. This se ctio n  uses the keyw ord e q n s  

f o r a l l  a fter which w e declare the variables that are go in g  to  b e  used in th e eq uations, and 

th e keyw ord  o f s o r t  a fter which we define the result sort o f  th e equations and then  the 

eq u a tion s  th em selves. Because d ifferent equations can have d ifferen t result sorts , the latter
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keyw ord ca n  appear repeatedly.

T h e  n ext exa m p le  defines a stack o f  n atural num bers as a  L O T O S  A D T :

t y p e  S t a c k . T y p e  i s  N a t u r a lH u m b e r , B o o l e a n  

s o r t s  S t a c k

o p n s  E m p t y S t a c k  : - >  S t a c k

P u s h  : S t a c k ,  N at - >  S t a c k

P o p  : S t a c k  - >  N at

I s E m p t y  : S t a c k  - >  B o o l

e q n s  l o r a l l  s :  S t a c k ,  n l :  N at 

o f s o r t  N a t

P o p ( P u s h ( s ,  n l ) )  = n l ;

P o p ( E m p t y S t a c k )  = 0 ;  

o f s o r t  B o o l

I s E m p t y ( E m p t y S t a c k )  = t r u e ;

I s E m p t y ( P u s h ( s , n l ) )  = f a l s e ;

e n d p r o c

T h e  o p era tion s  Push and EmptyStack are co n stru cto rs , i.e . they crea te  a value o f  th e 

A D T , and  th ey d o  n ot have any defin ing eq u a tion s . T h e  con sta n t “ 0 ”  has been defined 

to  be o f  sort Nat in typ e  NaturalNumber. It is used here t o  ind ica te  an error w hen the 

Pop op e ra tio n  is applied  to  an em p ty  stack . T h is  is on ly  an exa m p le , and should not be  

con sidered  the best defin ition  o f  a stack .

A . 4  O v e r a l l  S t r u c t u r e  o f  a  L O T O S  S p e c i f i c a t i o n

A general L O T O S  specification  has th e fo llow in g  stru ctu re;

s p e c if ic a t io n  sp ec ifica t ion -n a m e  [list o f  ga tes](list o f  p aram eters) : fun ction a lity  

( *  d a ta  typ e  defin itions * ) 

l ib r a r y  . . . e n d l i b  

t y p e  . . .  e n d t y p e  

t y p e  . . .  e n d t y p e
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(*  p rocess defin ition s *) 

b e h a v i o u r

(*  b ehaviou r expression  * )  

w h e r e

p r o c e s s  . .  . e n d p r o c  

p r o c e s s  . .  . e n d p r o c

In th e lib rary  are defined the co m m o n ly  used d a ta  typ es  th at can  be used either d irectly  

or in the con stru ction  o f  m ore co m p le x  d a ta  types. In the b eh a v iou r part it is possible  

to  have b o th  a bstract d a ta  typ e  defin ition s and nested process defin itions. H ow ever, the 

op tio n  o f  defin ing A D T s  inside a  p rocess  is not m uch  used, b eca u se  A D T  defin itions are 

o ften  lon g  and it w ould  m ake th e  p rocess  m ore d ifficu lt to  u n derstan d .

T able  A .2 sum m arizes the syn ta x  o f  the m ost co m m o n  b eh a v iou r expressions. These 

can be com bin ed  to  define com plex  b eh a v iou r expressions.

For furth er reading on  the L O T O S  language, see for  exa m p le  [B B 87, Tur93].
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N a m e S y n t a j t  .

in a c t io n s t o p

t e r m in a t io n e x i t

t e r m in a t io n  w ith  p a r a m e te r s e x i t ( £ ' i , . . , , E „ )

c h o ic e B i  D B 2

g e n e r a l iz e d -c h o ic e c h o i c e  v . 'T ’ [] B

c h o i c e  j  i n  [ f f i .......... g n ] \ \  B

a c t i o n -p r e f ix :

o b s e r v a b le  (e x te r n a l ) g , B

o b s e r v a b le  w ith  s e le c t io n  p r e d ic a te g  d \  . . .  d n [ C E \ \ B

u n o b s e r v a b le  ( in t e r n a l) i - B

p a r a lle l  c o m p o s i t i o n :

g e n e r a l ca se B \  |[^l, . . . , 9n]| B 2

in te r le a v in g B i  III B 2

fu ll  s y n c h r o n iz a t io n B x  II B 2

h id in g h i d e  g i , . . .  , g „  i n  B

p r o c e s s  in s t a n t ia t io n n g i ........ g n ]  { E x . . . E „ )

g u a r d in g [ C E \  - >  B

d is a b l in g B x  [ >  B 2

e n a b l in g B x  »  B 2

e n a b l in g  w ith  v a lu e  p a s s in g B x  »  a c c e p t  ; T x , . . . , v „ :  T „ in  B 2

lo c a l  d e f in it io n l e t  r i ;  T x  =  E x , . . .  , v „ ;  T „  =  E „ i n  B

L e g e n d :

B2  : b e h a v io u r  e x p r e s s io n s T ] , . . . ,  T n  : s o r t  id e n t if ie r s

v i , vn  : v a r ia b le  id e n t if ie r s E n  • v a lu e  e x p r e s s io n s

01 f  • • t 9 n  i g a te  id e n t if le r s C E  : c o n d i t i o n a l  e x p r e s s io n

d i , . .. ,  dn  : e x p e r im e n t  ofTera P  \ p r o c e s s  id e n t if ie r

T a b le  A .2: Syn tax o f  the m ost im p orta n t L O T O S  op e ra to rs
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A d d i t i o n s  t o  t h e  L O T O S  

L i b r a r i e s

A lth ou gh  L O T O S  con ies with libraries w here som e d a ta  typ es  are d efin ed , we m ust specify  

a lm ost all the d a ta  types we need. M ost o f  these d a ta  typ es  are defined  based on th e  ones 

exp orted  by th e library. Each o b je c t  needs an identifier to  allow  it t o  b e  referenced  b y  oth er 

o b je c ts  or  by th e  extern al world . In stead  o f  defin ing from  scratch  an identifier fo r  each 

o b je c t ,  we have inclu ded in the lib rary  th e  a bstract d a ta  typ es  Id_Type and Set_Id_Type 

to  be  used as a  startin g  poin t.

B . l  D e f i n i n g  a  T y p e  I d e n t i f i e r

Id_Type is an identifier defin ition  and w e specify  it as fo llow s:

t y p *  I d _ T y p *  ! •  B o o l e a n ,  l a t u r a l l u m b a r  

a o r t a  I d

o p n a  I d l ,  l d 2 ,  l d 3 ,  l d 4 ,  i d S ,  I d O ,  l d 7 ,  i d S ,  l d 9 ,  I d l O ,  i d l l ,

l d l 2 ,  l d l 3 ,  l d l 4 ,  i d l 6 ,  l d l 6 ,  l d l 7 ,  I d l e ,  I d l O ,  l d 2 0  : - >  I d  

_ a q _ ,  _ n a _ ,  _ l t _  : I d ,  I d  - >  B o o l  

h  : I d  - >  B a t

F i r a t . S a t  : I d  - >  B o o l  

S a c o n d . S a t  : I d  - >  B o o l

240
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Third_Set : Id -> Bool 

Fourth_Set : Id -> Bool 

eqns lorall nl, n2: Id 

ofsort Nat 

h(idl) = 0;

h(id2) = succ(h(idl)); 

h(id3) = succ(h(id2)); 

h(id4) = succ(h(id3)); 

h(id6) = succ(h(id4)); 

h(id6) = succ(h(id5)); 

h(id7) = succ(h(id6)); 

h(id8) = succ(h(id7)); 

h(id9) = succ(h(id8)); 

h(idlO) = succ(h(id9)); 

h(ldl2) = succ(h(idll)); 

h(idl3) = succ(h(idl2)) 

h(idl4) = succ(h(idl3)) 

h(idl5) = succ(h(idl4)) 

h(idl6) = succ(h(idl6)) 

h(idl7) = succ(h(idl6)) 

h(idl8) = succ(h(idl7)) 

h(idl9) = succ(h(idl8)) 

h(id20) = succ(h(idl9))¡ 

ofsort Bool

nl aq n2 h(nl) aq h(n2) ; 

nl na n2 > h(nl) na h(n2); 

nl It n2 a h(nl) It h(n2);

First_Sat(nl) > h(nl) It hCidB);

Sacond_Sat(nl) > not(h(nl) It h(ld6)) and (h(nl) It h(ldlO));

Third_Sat(nl) - not(h(nl) It h(idlO)) and (h(nl) It h(ldl6))¡

Fourth_Sat(nl) ■ not(h(nl) It h(idl6)) and (h(nl) It h(ld20))¡

andtypa
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W e  have defined 20 different iden tifiers, b u t w e can defin e as m an y as we want. W e also 

define the op era tion s First-Set, Second-Set, Third Sat and Fourth-Set in o rd e r  to  

a llow  different classes o f  o b je c ts  t o  share th e sam e so rt  o f  identifiers. Th is is required  to  

specify  subclasses (see  Section  3 .3 .9 ) .

B .2  D e f in i n g  S e t s  o f  I d e n t i f i e r s

In a norm al situation  we need to  b e  able to  create  m u ltip le  o b je c ts  o f  the sam e class tem 

p la te . In o rd er to  accom plish  th a t  we specify  th e A D T  S e t_ I d _ T y p e  which perm its us to  

define sets o f  Id _ T y p e . T h e  sta n d a rd  L O T O S  libraries a lready inclu de the param eterized  

A D T  S e t  for  sets. S e t  has tw o  form al p aram eters. E le m e n t, which is actualized  with 

I d ,  and F B o o l which is a ctu a lized  with  B o o l .  (B o o l  is a  sort for  boolea n s defined in the 

L O T O S  libraries.)

T h ere fore , the defin ition  o f  S e t —Id _ T y p e  is an a ctu a liza tion  o f  the S e t  A D T , as fo llow s:

t y p o  S e t _ I d _ T y p o  i s  S o t  a c t u a l i z e d b y  I d _ T y p o  u s i n g  

s o r t n a m o s  I d  l o r  E lo m o n t  

B o o l  f o r  F B o o l

e n d t y p o

W ith  these tw o  A D T s  added to  th e  library, w e can defin e new a bstra ct d ata  types for sets 

o f  o b je c t  identifiers by renam ing S e t - I d - T y p e ,  using S e t  ty p e  and Id -T y p e  as argu m en ts. 

For exa m p le , for the bankin g sy stem , we can  define A cc o u n t-N u m b e r -S o t_ T y p e :

t y p o  A c c o u n t _ I u m b o r _ S o t _ T y p e  i s  S o t _ I d _ T y p o  

r o n a m o d b y

s o r t n a n o s  A c c o u n t . l u m b o r  f o r  I d  

A c c o u n t _ l u n b o r _ S o t  f o r  S o t

o n d t y p o

T h is  defines the sort A cc o u n t .N u m ber and th e  sort A c c o u n t .N u m b e r .S e t .
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P u b l i c a t i o n s

W p started  w orking with ob je ct-o r ie n te d  and o b je c t -b a se d  m eth od s  for analysis and design 

in 1988 and with form al specification  languages in 1991. H ere we present a list o f  ou r 

pu blication s on these su b jects . ( 'I 'lie  full references including co -a u th ors  are given  in the 

liib liog ra p h y .)

C . l  A r t i c l e s  in  C o n f e r e n c e s  a n d  J o u r n a l s

• C o m b in in g  O b je c t - O r i r n t e d  A n a l y s i s  a n d  F o r m a l  D e s c r i p t i o n  T e c h n iq u e s ,  8th E u ro 

pean C on feren ce  on O b ject-O rien ted  P rogram m in g , E C O O P ’94, Lectu re N otes in 

(iorn p u ter Science , volum e 8 21 , H ologna , Italy , July 1994.

• R ig o r o u s  O b je c t - O r i e n t e d  A n a l y s i s ,  In ternation al S ym posiu m  on O b ject-O rien ted  

M eth od o log ies  and System s (IS O O M S ), L ectu re N otes in C om p u ter  S cien ce, volum e 

8.58, P a lerm o, Italy, .Septem ber 1994.

• O  M e U n lo  R O O A ,  O b ject-O rien ted  P ortu ga l, O O P ’94, L isb on , P ortu ga l, S eptem ber 

1994.

• B e h a v io u r a l  I n h e r it a n c e  in  I t O O A ,  4th W ork sh op  on In form ation  S ystem s - C o r 

rectness and reusability ( IS -C O R E ’9 4 ), A m sterd a m , T h e  N etherlands, S eptem ber 

1994.
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• O s  M é t o d o s  F o r m a ts  n a  A n d l i s e  d e  O r ie n t a g d o  p o r  O b je c t o s ,  7th B ra zilia n  S y m p o 

sium on  Softw are E ngineering, R io  de Jan eiro , Brazil, O c to b e r  1993.

• L O T O S  in  th e  O b j e c t - O r i e n t e d  A n a l y s i s  P r o c e s s ,  B C S -F A C S  W o rk sh o p  on  Form al 

A sp ects  o f  O b ject-O rien ted  S ystem s, D ecem ber 1993.

• In t r o d u c in g  O b je c t - O r i e n t e d  M e t h o d o l o g i e s  wit,h A d a  in  P o r tu g a l ,  In tern ation a l C o n 

feren ce o f  A s ia  Pacific D efen se ’90 , S eou l, K orea , N ovem ber 1990.

• O b je c t - O r i e n t e d  R e q u ir e m e n t s  A n a l y s i s  in  a n  A d a  P r o j e c t ,  A d a  L etters , 1 0 (6 ), J u ly /  

A u gu st 1990.

• M é t o d o s  d e  A n d l i s e  d e  R e q u is i t o s  O r ie n ta d a  p e l o s  O b je c t o s ,  V I C o n g re sso  P ortu gu és 

de In form á tica , L isbon , P ortu g a l, June 1990.

• C h o o s in g  A d a  D e v e l o p m e n t  M e t h o d o l o g i e s  f o r  a H ig h  R e l ia b il i t y  M e s s a g e  S w it c h in g  

S y s t e m ,  4th  A F C E A  Hawaii D efense E lectron ics , H awaii, D ecem ber 1 98 9 .

• U s in g  O b j e c t - O r i e n t e d  D e s i g n  w ith  A d a  f o r  a H ig h  R e l ia b il i t y  M e s s a g e  S w it c h in g  

S y s t e m ,  A F C E A  In tern ation a l’ s A sia  P acific  D efense ’89 , Seoul, K o r e a , S eptem ber 

1989.

• U s in g  O b je c t  O r ie n t e d  R e q u ir e m e n t s  A n a l y s i s  f o r  a  H ig h  R e li a b il i t y  M e s s a g e  S w i t c h 

in g  S y s t e m ,  A F C E A  P ortu ga l, L isbon , P ortu ga l, M ay 1989.

C .2  T e c h n ic a l  R e p o r t s

• S p e c i f i c a t io n  C a s e  S tu d ie s  in  R O O A ,  D epartm en t o f  C om p u tin g  S c ie n ce  and M a th 

em a tics , U niversity o f  Stirling, C S M -1 2 9 , S cotla n d , O cto b e r  1994.

• F o r m a l i z in g  O O  A n a ly s i s  w ith  L O T O S ,  D epartm en t o f  C o m p u tin g  Science  and 

M a th em a tics , U niversity o f  S tirlin g, C S M -1 2 5 , S cotla n d , A u gu st 1994.

• C o m p le x  O b j e c t s :  A g g r e g a t e s ,  D ep artm en t o f  C om p u tin g  Science and M a th e m a tics , 

U niversity  o f  Stirling, C S M -1 2 3 , S cotla n d , M ay 1994.
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A c r o n y m s

T h is a p p en d ix  con ta in s a  list o f  acron ym s used in th e  thesis. 

A cro n y m s E xpansion

A b stra ct  D a ta  T y p e

C om p u ter  A id ed  Softw are Engineering

C alcu lus o f  C om m u n ica tin g  System s

C om m u n ica tin g  Sequential P rocesses

D a ta  F low  D iagram

E n tity -R ela tion sh ip  D iagram

Event T race  D iagram

Form al D escrip tion  Technique

International O rganisation  for S tan dard isation

LO TO SP H E R F2 Integrated  T ool E n viron m en t

L anguage O f  T em poral O rderin g Specifica tion

O b je c t  C om m u n ica tion  Diagram

O b je c t  C om m u n ica tion  T able

O pen  D istribu ted  P rocessin g

O b je c t  M od ellin g  Technique

O b je c t-O rie n te d  A nalysis

O b je c t-O rie n te d  Design

O b je c t-O rie n te d  Softw are Engineering

O pen  S ystem s In tercon n ection

R ig orou s O b je c t-O rie n te d  A nalysis

Softw are E n viron m en t fo r  the Design o f  O p en  D istribu ted  System s 

T em pora l L og ic  o f  A ction s
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