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Abstract  

C o n s t r t l c t i n g  la rge  s o f t w a r e  sys tems  is not merely  
a m a t t e r  at r programming, but  also a mat te r  of 
communicat ion and coordination. Problems ar ise 
b e c a u s e  m a n y  peop le  work  on a jo int  p ro jec t  and 
use e a c h  o t h e r ' s  programs.  This paper  presents  an 
i n t e g r a t e d  d e v e l o p m e n t  and main tenance sys tem 
t h a t  p r o v i d e s  a con t ro l l i ng  env i ronment  to insure the 

c o n s i s t e n c y  of  a s o f t w a r e  sys tem at  the module 
i n t e r c o n n e c t i o n  l eve l .  It ass is ts  the programmers 
w i t h  t w o  f ac i l i t i e s :  I n t e r f a c e  control  and vers ion 
c o n t r o l .  I n t e r f a c e  cont ro l  es ta l ) l i shes cons is tent  
i n t e r f a c e s  b e t w e e n  s o f t w a r e  modules and maintains 
t h i s  c o n s i s t e n c y  w h e n  changes  are made. Version 
c o n t r o l  c o o r d i n a t e s  the  g~.nerat ion and in tegrat ion 
o f  t h e  v a r i o u s  ve r s i ons  and conf igurat ions.  Both 
f a c i l i t i e s  d e r i v e  the i r  in format ion from an overa l l  
s y s t e m  ( l esc r i p t i on  fo rmu la ted  in the module 
i n t e r c o n n e c t i o n  language  INTERCOL. A 
d e m o n s t r a t i o n  s y s t e m  is s k e t c h e d  tha t  runs under 
the  UNIX t i m e - s h a r i n g  sys tem.  

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

C o n s t r u c t i n g  a la rge s o f t w a r e  sys tem is not 

m e r e l y  a m a t t e r  o f  progr,~mming, but  also a mat ter  

o f  communication and coordination. Communication 

a n d  c o o r d i n a t i o n  prob lems ar ise because  of the 

c o m p l e x i t y  and s ize of  s o f t w a r e  systems.  Size 

m a k e s  i t  n e c e s s a r y  to work  wi t l l  many people 

r a t h e r  t h a n  w i t h  a s ingle programmer or a small 

t e a m  1. This i n t r o d u c e s  atl t he  d i f f icu l t ies  inherent  

t o  human  i n t e r a c t i o n .  With many people  working on 

n u m e r o u s ,  i n t e r r e l a t e d  par ts ,  i t  becomes e x t r e m e l y  

d i f f i c u l t  t o  ensu re  t he  cons i s tency  of  these  parts.  

In a d d i t i o n ,  the  asynchronous  nature of the 

d e v e l o p m e n t  a c t i v i t i e s  and t i le  mass of information 

i n v o l v e d  q u i c k l y  e x h a u s t  human COl)abilities to  

r e t a i n  a c l e a r  p i c t u re  of  t he  ac tua l  deve lopment  

s t a g e  o f  t he  s y s t e m .  As ano the r  example  for t i le  

n e e d  o f  commun ica t i on  and coord inat ion consider 

t h e  p h e n o m e n o n  of  cont inu ing c l lange2:  All large 

a n d  w i d e l y  used  s y s t e m s  are subj~.ct to an endless 

s t r e a m  o f  co r rec t i ons ,  improvements,  

c u s t o m i z a t i o n s ,  and d ive rs i f i ca t ions ,  because it is 

u s u a l l y  c h e a p e r  t o  mod i fy  them than to rebuild them 

f r om  s c r a t c h .  I l o w e v e r ,  cont inuing modif icat ion 

m e a n s  con t i l l u i ng  comnluf~ication of the overa l l  

s y s t e m  s t r u c t u r e ,  des ign decis ions, and 

i m p l e m e n t a t i o n  de ta i l s  to  the  modif iers, and 

c o n t i n u i n g  con t ro l  to  avo id  (or s low down) the 

d e t e r i o r a t i o n  o f  t he  sys tem into unf ixab le  

u n s t r u c t u r e d n e s s .  

C u r r e n t  r e s e a r c h  in programming methodology,  

p r o g r a m m i n g  lan quages ,  spec i f i ca t ion  and 

v e r i f i c a t i o n  t e c h n i q u e s  t a k e s  a d i f f e ren t  v iew:  The 

main  goa l  is t o  reduce the comp lex i t y  and size of 

s o f t w a r e  s y s t e m s  to  manageab le  dimensions. 

H o w e v e r ,  no m a t t e r  how successfu l  these 

a p p r o a c h e s  are ,  com;~uter ~,pplications are sub jec t  

t o  t h e  Park insonia l~  l ow  tha t  the i r  sca le  will expand  

t o  m e e t  t h e  l imits o f  technolo~ly.  Thus, we shall 

a l w a y s  be  f a c e d  w i th  building large, complex 

s y s t e m s  and  shal l  h a v e  to  so lve  the  communicat ion 

a n d  c o o r d i n a t i o n  prob lems inherent  to  thei r  

d e v e l o p m e n t .  

This  p a p e r  p r e s e n t s  the  p ro to t ype  of  an 

i n t e g r a t e d  s o f t w a r e  d e v e l o p m e n t  and maintenance 

s y s t e m ,  w h o s e  goa l  i t  is to  contro l  t i le  deve lopment  

o f  l a r g e  s o f t w a r e  p roduc ts  by  addressing the 

c o m m u n i c a t i o n  and coord ina t ion  problems out l ined 

a b o v e .  I ts  f a c i l i t i e s  can be v i e w e d  as guarantee ing 

t h e  i n t e g r i t y  o f  a s o f t w a r e  sys tem at  the  module 

i n t e r c o n n e c t i o n  l e v e l  3. At this level ,  a so f twa re  

s y s t e m  a p p e a r s  as an organ ized col lect ion of 
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m o d u l e s  w h i c h  i n t e r a c t  w i th  each o ther  through 

i n t e r f a c e s .  Our s y s t e m  prov ides  two  fac i l i t ies  at  

t h i s  l e v e l :  I n te r face  contro l  and version control. 

I n t e r f a c e  con t ro l  es tab l i sne3  cons is ten t  in te r faces  

b e t w e e n  modu les  o,,(I mainta ins this cons is tency  

w h e n  c h a n g e s  are  m¢=(le. Version control  performs 

v e r s i o n  s e l e c t i o n  and automat ic  ( sub- )sys tem 

g e n e r a t i o n  (or  r e g e n e r a t i o n )  in a mu l t i - vers ion /  

m u l t i - c o n f i g u r a t i o n  sys tem.  

Bo th  i n t e r f a c e  con t ro l  and vers ion  control  der ive  

t h e i r  i n f o r m a t i o n  f rom an overa l l  sys tem descr ipt ion,  

f o r m u l a t e d  in t h e  module in te rconnec t ion  language 

INTERCOL. Such a desc r ip t ion  spec i f ies  a so f twa re  

s y s t e m  a t  t h e  module in |e rconnec t ion  level .  It 

i n d i c a t e s  h o w  the  var ious  modules and thei r  

v e r s i o n s  a r e  g r o u p e d  in to ( sub - ) sys tems  and how 

t h e y  i n t e r f a c e  w i t h  each  o ther .  An INTERCOL 

s p e c i f i c a t i o n  is s e p a r a t e  from actua l  program code. 

A l t h o u g h  INTERCOL 4 is not  a sub jec t  of  this 

p a p e r ,  w e  n e e d  to  i n t roduce  a f e w  of i ts not ions in 

t i l e  f o l l o w i n g  sec t i on .  In sec t ion  3, we  present  a 

c a r e f u l  a n a l y s i s  of the mechanisms for 

i n t e r - c o m p i l a t i o n  t y p e  -check ing ,  because  

t y p e - c h e c k i n g  ac ross  compi lat ion emits is the most 

i m p o r t a n t  f a c i l i t y  o f  i n t e r f a c e  contro l .  Then we  

d i s c u s s  our  me(hods  of  i n te r f ace  control  and 

v e r s i o n  c o n t r o l  in sec t i ons  4 and 5, r espec t i ve l y .  

F ina l l y ,  a p i lo t  imp lementa t ion  running under the 

U N i X  t i m e - s h a r i n g  s y s t e m  is descr ibed  in sec t ion  O. 

2 .  T e r m i n o l o g y  

A r e s o u r c e  is any  e n t i t y  tha t  can be dec lared 

a n d  n a m e d  in a progr.:lmming language (e.g., 

v a r i a b l e s ,  c o n s t a n t s ,  p rocedures ,  gener ics,  t y p e -  

d e f i n i t i o n s ,  e t c . ) .  A subresource is a resource tha t  

is p a r t  o f  a n o t h e r  r esou rce  (e.g., a f ie ld of a record, 

a n  o p e r a t i o n  o f  an a b s t r a c t  da ta  t ype ,  etc . ) .  The 

t y p e  o f  a r e s o u r c e  de te rm ines  the w a y s  in which 

t h e  r e s o u r c e  may be used in a program. 

Type.~checking v e r i f i e s  t ha t  the resource is used in 

o n l y  t h o s e  w a y s .  T y p e - c h e c k i n g  is done by 

i n s p e c t i n g  t h e  program,  ra the r  than by execu t i ng  

i t . ~  

A modu le  cons is ts  of  program t e x t ,  

d o c u m e n t a t i o n  t e x t ,  t e s t  data,  and s ta tus  

i n f o r m a t i o n .  An expor ted  or prov ided resource of a 

m o d u l e  is a r e s o u r c e  t ha t  is dec la red  in t i le  program 

t e x t  o f  t h e  module  and may be used in the program 

t e x t  o f  o t h e r  modu les .  An internal resource of a 

m o d u l e  is d e c l a r e d  =n the  program t e x t  of tha t  

m o d u l e ,  bu t  may  not  be used by  another  module. An 

i m p o r t e d  or r equ i r ed  resource of a module is one 

t h a t  is n o t  d e c l a r e d  in the  module, but  may be used 

in i t .  The  s e t  of  a module 's  p rov ided resources 

t o g e t h e r  w i t h  t he  s e t  of i ts requ i red resources 

c o n s t i t u t e s  t h e  i n te r face  of tha t  module. 

A sys tem cons i s t s  o f  a co l lec t ion  of components,  

v i z .  m o d u l e s  or o t h e r  sys tems ,  plus documentat ion 

t e x t ,  t e s t  da ta ,  and s t a t us  informat ion. Thus, a 

d i f f e r e n c e  b e t w e e n  s y s t e m s  and modules is tha t  

t h e r e  is no p rog ram t e x t  assoc ia ted  wi th  a system. 

A s y s t e m  a lso  has an int~.r face of prov ided and 

r e q u i r e d  r e s o u r c e s .  I l o w e v e r ,  s ince the re  is no 

p r o g r a m  t e x t ,  a sys tem°s p rov ided  and requi red 

r e s o u r c e s  a re  in turn p rov ided  and requi red by its 

c o m p o n e n t s .  

3 .  I n t e r - C o m p i l a t i o n  T y p e - C h o c k i n g  

T y p e - c h e c k i n g  v e r i f i e s  t i l e  t y p e - c o r r e c t n e s s  of 

p r o g r a m s .  We wou ld  l ike to  s t ress  tha t  we  consider  

t y p e - c h e c k i n g  ac ross  module boundar ies to be more 

i m p o r t a n t  t han  t y p e - c h e c k i n g  inside a module, for 

t h e  f o l l o w i n g  reasons .  We assume tha t  a module is 

t h e  r e s p o n s i b i l i t y  o f  a sin qle pro qrammer or of a 

sma l l ,  c l o s e l y  i n t e rac t i ng  team. In order  to  

i m p l e m e n t  a module 's  p rov ided  resources,  the 

p r o g r a m m e r s  wi l l  usua l l y  dec la re  some other,  more 

p r i m i t i v e  i n t e r n a l  r esou rces .  One can assume that  

t h e  p r o g r a m m e r s  rar,.,ly make type-error .5  in using 

t h e s e  r e s o u r c e s ,  siM,:e U ley  are  deal ing wi th thei r  

o w n  c r e a t i o n s ,  t l o w e v e r ,  programmers working on 

d i f f e r e n t  modu les  canno t  i n t e rac t  as c losely .  In 

=We do not wlsh to give a more specific definition of the latter two 
terms, in order to keep the diso.13sion independent of a particular 
programming language. Clearly, we have 'algoli¢' languages in mind, like 
PASCAL, ALPHARD, or ADA. 
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p a r t i c u l a r ,  the  implementors  of a resource expor ted  

f rom a module are not ident ical  wi th t l}e 

p r o g r a m m e r s  using them. Exper ience shows that  

m i s u n d e r s t a n d i n g s  at  module in te r faces  are the rule 

r a t h e r  than the  excep t i on .  We bel ieve that  

t y p e - c h e c k i n g  can d e t e c t  many of these errors. 

The  va lue  of t ype -check i ng  across module 

b o u n d a r i e s  has been  conf i rmed wi th the use of the 

MESA_sys tem 5, 6 

T h e r e  is a small number of language systems 

w h i c h  p r o v i d e  for  in ter -compi la t ion type-check ing,  

m o s t  n o t a b l y  SIMUIA~37 7, Pt lSS 8, and MESA 9. The 

f o l l o w i n g  pa rag raphs  c lass i fy  the various 

t e c h n i q u e s  t ha t  t hey  use. Tile c lassi f icat ion 

s c h e m e  is based  on the observat ion that  tl~e 

s t r a t e g y  in wh ich  compi lat ion (i.e., code generat ion) 

is p e r f o r m e d  can be decoup led from the s t ra tegy  in 

w h i c h  i n t e r f a c e s  are checked.  The compilation 

s t r a t e g i e s  w e  wish  to dist inguish are as fol lows: 

1. Monol i th ic  compi lat ion, i.e., no 
s e p a r a t e  compi lat ion;  

2.  I nc remen ta l  compilat ion, i.e., 
comp i la t ion  units are processed 
a c c o r d i n g  to some part ia l  ordering, 
such  as bo t tom-up ;  

8.  I n d e p e n d e n t  compilat ion, i.e., 
compi la t ion  units may be processed in 
any  o rder .  

I n t e r - c o m p i l a t i o n  t y p e - c h e c k i n g  can be categor ized 

us ing  t h e  same a t t r i bu tes :  

1. Mono l i th ic  t ype -check ing ,  i.e., no 
t y p e - c h e c k i n g  across compilat ions; 

2.  I nc remen ta l  t ype -check ing ,  i.e., the 
i n t e r f a c e s  of the  compilat ion units are 
c h e c k e d  accord ing  t o  some part ial  
o rde r ing ,  such as bot tom-up;  

,.3. I n d e p e n d e n t  t ype -check ing ,  i.e., the 
i n t e r f a c e s  of compi lat ion units may be 
c h e c k e d  in any order.  

Combin ing  the  t w o  ca tegor iza t ions  results in an 

a r r a y  o f  nine possibl l=t ies, as shown in Fig. 1. We 

h a v e  e n t e r e d  a f e w  examp le  systems into the grid. 

We  sha l l  d i scuss  each  column of the array in the 

f o l l o w i n g  pa rag raphs .  

t ype -  

compilatioh. 

monolithic 

incremental 

independent 

monolithic 

~ f  

incremental independent 

PASCAL 

FORTRAN ', S]MULA67 ! 
PL/I I ALGOL68C 

I I  
l ibraries i 

FORTRAN PLISS CLU- 
PL/I type- library 

checking MESA 
linkers 

. . . . . . .  I 

F i g u r e  1 : In te r -compi la t ion  type-check ing  

3 .1 ,  M o n o l i t h i c  T y p e - C h e c k i n g  

Any  l anguage  sys tem tha t  (toes not provide for 

s e p a r a t e  compi la t ion  f i ts  into square [1,1 ] 

(mono l i t h i c  compi la t ion,  monolithic type-check ing) .  

The  s q u a r e  [ 3 , 1 ]  is the most densely populated 

one ,  s i nce  most  languaqe systems today o f fe r  

s e p a r a t e  compi la t ion ,  but  pass the responsibi l i ty for 

I n t e r - c o m p i l a t i o n  t ype -check i ng  on to the 

p r o g r a m m e r s .  These sys tems do not o f fe r  any more 

he lp  e v e n  if  one res t r i c t s  the development  to an 

i n c r e m e n t a l ,  bo t t om-up  order  (square [2 ,1 ] ) ,  in 

w h i c h  t h e  n e c e s s a r y  information for type-c l leck ing  

is a l w a y s  ava i lab le .  For example,  ALGOL-libraries 

a r e  c o m p i l e d  be fo re  they  are used, so that  the 

t y p e s  o f  t he  l ib rary  ent r ies  are known. However, it 

is s t i l l  t h e  respons ib i l i t y  of the programmer to make 

s u r e  he is using the  l ibrary  rout ines correct ly .  

,3.2. Incrementa l  Type-Checking 

Let us f i r s t  look at  square [2 ,2 ] ,  incremental 

c o m p i l a t i o n  and t ype -c l l e ck i ng ,  which is appl ied in 
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SIMULA677  and AlgolOSC 10. Compilation of a 

modu le  M tha t ,  for  ins tance,  def ines a class C, 

r e s u l t s  in o b j e c t  code  and symbol table information. 

The  symbo l  t ab le  informat ion is s tored in an 

a u x i l i a r y  f i le  and can be used by t i le compiler at a 

l a t e r  t ime.  When a module N is compiled wlfich 

c o n t a i n s  an e x t e r n a l  dec lara t ion of class C, t i le 

t y p e  s p e c i f i c a t i o n s  descr ib ing class C are read into 

t h e  symbo l  t ab le  for  module N so that  full in ter face 

c h e c k i n g  can be per fo rmed (see Fig. 2). Thus, a 

b o t t o m - u p  compi la t ion order  must be observed.  Tile 

Algo168C s y s t e m  has ~ similar arrangement,  e x c e p t  

t h a t  i t  is bes t  used wi th  a top-down 

p r o c e s s i n g - o r d e r :  The sepa ra te l y  compilable units 

a r e  n e s t e d  b locks ,  which can be inser ted at a later 

t ime .  This is implemented by transmitt ing 

s y m b o l - t a b l e  in format ion from outer  blocks to inner 

b l o c k s  th rough  aux i l i a ry  f i les.  

-Specs 

Module N 

u Type-S.pecs 

( s q u a r e [ 3 , 2 ] ) .  I t  d i f fe rs  from the incremental 

c o m p i l a t i o n  o rde r  in tha t  a resource may be used 

b e f o r e  i ts  t y p e  is in the auxi l iary  fi le. In that  case 

t h e  t y p e  of  t h a t  resource  is der ived from the usage 

s i t e  ( i f  poss ib l e )  and t en ta t i ve l y  entered into the 

a u x i l i a r y  f i le .  It wi l l  la ter  be matcl ]ed wi th the 

a c t u a l  t y p e  ( see  Fig. 3). The PLISS-system 8, 

b a s e d  on PL/I ,  uses tha t  approach.  A d isadvantage 

is t h a t  t h e  t y p e - c h e c k i n g  of a module's in ter face 

m a y  be  d e l a y e d  unt i l  long a f te r  the time the module 

is comp i l ed .  

T h e r e  a re  some sys tems that  al low for 

i n d e p e n d e n t  compi lat ion,  l)ut perlorn~ the 

t y p e - c l l e c k i n g  across  compi lat ion units at l ink-t ime. 

Th is  is an e x t r e m e  case  of incremental  checking. It 

has  t h e  se r ious  d i sadvan tage  of delaying the 

c h e c k i n g  unt i l  in tegra t ion  time, long a f te r  the 

p r o g r a m m e r  is done w i t l l  implenlentat ion. 

~ e ~  derived 

I J IType_Spec s 

J class C 

F i g u r e  2= Inc remen ta l  compi lat ion / t ype-check ing  F i g u r e  3= I n d e p e n d e n t  compilat ion, increm, check 

Ref in ing  t i l e  idea of the ~ x t r a c t e d  symbol table 

i n f o r m a t i o n  l eads  to a techn ique that  al lows 

c o m p i l a t i o n  in any order,  but performs the 

t y p e - c h e c k i n g  in an incremental  fashion 
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3 , 3 .  I n d e p e n d e n t  T y p e - C h e c k i n g  

L e t  us c o n s i d e r  square  [ 3 , 3 ] ,  fu l ly  independent  

c o m p i l a t i o n  and t y p r . - c h e c k i n g .  The charac te r is t i c  

o f  i n d e p e n d e n t  t y p e - c h e c k i n g  is tha t  the in te r faces  

b e t w e e n  t h e  modules  are exp l i c i t .  They are 

d e s i g n e d  in t h e  form of  t ype - spec i f i ca t i ons  and 

e n t e r e d  in to  a d a t a  base  be fo re  any program code 

is w r i t t e n .  Tha t  may  seem l ike an undue rest r ic t ion 

a t  f i r s t  s igh t ,  bu t  in f ac t  i t  is t i le  only w a y  

p r o g r a m m e r s  can  s t a r t  wr i t ing  sepa ra te  modules: If 

t h e r e  w e r e  no p rec i se  spec i f i ca t ions  of  the 

i n t e r f a c e s ,  t h e y  could not  program wi th each 

o t h e r ' s  r e s o u r c e s .  With the in te r faces  in 

m a c h i n e - r e a d a b l e  form, it is a s t ra igh t - fo rward  

m a t t e r  fo r  t he  compi le r  to pick up the necessary  

i n f o r m a t i o n  b e f o r e  check ing  a module° In the 

M E S A - s y s t e m  9 for  i ns tance ,  the d a t a - b a s e  of t y p e -  

d e f i n i t i o n s  cons i s t s  of  a s e t  of d e f i n i t i o n s  f i les .  

E a c h  o f  t h e s e  f i les  con ta ins  the resources prov ided 

b y  a p a r t i c u l a r  module in the form of t y p e -  

s p e c i f i c a t i o n s .  The i n t e r f ace  of  a module is 

d e s c r i b e d  in t e rms  of  def in i t ions  f i les: One for the 

p r o v i d e d  r e s o u r c e s ,  and zero  or more for the 

r e q u i r e d  r e s o u r c e s .  The compi ler  simply reads 

t h e s e  f i l e s  b e f o r e  p rocess ing  the module (see Fig. 

4 ) .  

So f a r  w e  h a v e  on ly  d iscussed cases where  

i n t e r f a c e - c h e c k i n g  occurs  at  the same time as 

c o m p i l a t i o n ,  or  la te r .  Square  [ 2 , 3 ]  represents  a 

c a s e  w h e r e  t y p e - c h e c k i n g  is perfornlecl be fore  

a c t u a l  c o d e - g e n e r a t i o n .  As an example  where  this 

is d e s i r a b l e ,  cons ide r  inl ine procechlres.  An inline 

p r o c e d u r e  is a r e s t r i c t e d  form of  a macro in that  i ts 

b o d y  is e x p a n d e d  in- l ine, y e t  it has the same 

s e m a n t i c s  as a regu la r  p rocedure .  Suppose that  an 

i n l i ne  p r o c e d u r e  is ca l led in seve ra l  d i f fe ren t  

m o d u l e s .  If t he  heade r  of tha t  procedure is 

a v a i l a b l e  ( f o r  e x a m p l e  in a def in i t ions f i le),  we can 

t y p e - c h e c k  al l  ca l ls  to  it, but  we  cannot  genera te  

c o d e  s i n c e  i ts  body  may not  be programmed ye t .  

Th is  comp i l a t i on  prob lem can be so lved wi th a 

t w o - p h a s e  t rans la t i on .  The f i rs t  phase genera tes  

i n t e r m e d i a t e  code  wh ich  conta ins  pseudo-ca l ls  to  

i n l i ne  p r o c e d u r e s .  This phase also checks  the 

i n t e r f a c e  and can be e x e c u t e d  ful ly independent ly  

Type-Specs 

c ass C 

J 
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F i g u r e  4 :  I n d e p e n d e n t  comp i l a t i on / t ype -check ing  

( l i k e  t h e  MESA-scheme) .  The second phase 

g e n e r a t e s  t h e  f inal  code .  I l oweve r ,  this phase has 

t o  b e  d e l a y e d  unt i l  the  bod ies  of the needed inline 

p r o c e d u r e s  a re  ava i l ab le .  This we can in]plement 

w i t h  an i n c r e m e n t a l  scheme similar to the SIMULA67 

s y s t e m .  We shal l  re tu rn  to  this problem in a more 

g e n e r a l  f r a m e w o r k  w h e n  w e  discuss vers ion control  

( s e c t i o n  5 .4 ) .  

W e  h a v e  no t  cons ide red  t i le  squares [ 1 , 2 ]  and 

[ 1 , 8 ] .  T h e y  a re  of  l i t t le  i n t e res t  s ince t hey  deal 

w i t h  mono l i t h i c  compi la t ion .  

4 .  I n t e r f a c e  C o n t r o l  

In p r a c t i c e ,  i t  tu rns  ou t  tha t  it is d i f f icu l t  to  

e s t a b l i s h  and main ta in  cons i s ten t  i n te r faces  among 

t h e  v a r i o u s  c o m p o n e n t s  of  a large, evo lv ing system. 

H o w e v e r ,  such  a c o n s i s t e n c y  is abso lu te ly  crucial 

f o r  t h e  c o r r e c t  func t ion ing  of  a system.  In te r face  

c o n t r o l  is d e s i g n e d  to  gua ran tee  this cons is tency.  

I t  h e l p s  to  es tab l i sh  co r rec t  in terconnect ions  

b e t w e e n  c o m p o n e n t s  by  cl~ecking thei r  i n te r faces  

in an  INTERCOL desc r ip t i on  of  the  overa l l  sys tem 
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s t r u c t u r e .  I t  a lso  e x t r a c t s  informat ion from tha t  

d e s c r i p t i o n  to  ensu re  tha t  the  var ious programmed 

m o d u l e s  a d h e r e  to  the i r  i n te r f ace  spec i f ica t ions:  

F i rs t ,  e a c h  module must rea l ly  prov ide the 

r e s o u r c e s  t h a t  a re  e x p e c t e d  from it. Second, the 

t y p e s  o f  t h e  p r o v i d e d  resources  must be as 

s p e c i f i e d .  Third, no module, may use more required 

r e s o u r c e s  t han  spec i f i ed .  Fourth, all requi red 

r e s o u r c e s  must  be used co r rec t l y  wi th  respec t  to  

t h e i r  t y p e s .  The check inq  of  these  four condi t ions 

is i m p l e m e n t e d  w i t h  in te r -modu le  t ype -check ing ,  

d i s c u s s e d  in t h e  fol lowin~l subsect ion .  We also 

d e s c r i b e  h o w  t h e  s c o p e  for  i n te r f ace  errors can be 

l i m i t e d  w i t h  in fo rmat ion  hiding techn iques,  and how 

t h e  p r o b l e m  of  i n t e r f ac i ng  sys tem par ts  wr i t t en  in 

d i f f e r e n t  l a n g u a g e s  can be handled in a t y p e - s a f e  

w a y .  F ina l ly ,  w e  d iscuss  (:he act ions necessa ry  if 

t h e  i n t e r c o n n e c t i o n s  b e t w e e n  the sys tem 

c o m p o n e n t s  change .  

4 . 1 .  I n t e r - M o d u l e  T y p e - C h e c k i n g  

In t h e  p r e v i o u s  s e c t i o n  we  have  charac te r i zed  

t h e  v a r i o u s  s e p a r a t e  compi la t ion and t ype -check ing  

m e c h a n i s m s .  Now w e  s p e c i f y  and mot iva te  our 

c h o i c e s .  

C l e a r l y ,  fo r  ind iv idua l  modules we  would l ike to 

h a v e  c o m p l e t e l y  i n ( l ependen t  mechanisms, so tha t  

t h e  v a r i o u s  p rog rammer  teams need not wa i t  for  

e a c h  o t h e r .  The inde l )en( len t  t ype -check ing  

m e c h a n i s m  requ i r es  t ha t  w e  spec i f y  t i le  module 

i n t e r f a c e s  in some w a y .  We no ted  a l ready  tha t  this 

is n o t  a s e v e r e  res t r i c t i on  - -  in fac t ,  it is the only 

w a y  in w h i c h  d i f f e r e n t  teams can use each other 's  

p r o g r a m s .  As for  t he  compi la t ion mechanism, we do 

n o t  w a n t  t o  e x c l u d e  inl ine p rocedures  and gener ics,  

w h i c h  m e a n s  t h a t  w e  have  to use some mixture of 

i n d e p e n d e n t  and inc rementa l  compilat ion 

m e c h a n i s m s .  

To s p e e d  up compi la t ions ,  we  may also wan t  to 

t r a n s l a t e  p i e c e s  of  modules sepa ra te l y ,  for example  

s i n g l e  r ou t i nes .  Ftowever ,  w e  cannot  use an 

i n d e p e n d e n t  t y p e - c h e c k i n g  mechanism here, 

b e c a u s e  t h e  i n t e r f a c e s  b e t w e e n  module p ieces are 

imp l i c i t  - -  in f a c t ,  i t  wou ld  be qui te a nuisance to 

spec i fy  t h e  e v o l v i n g  i n t e r f a c e s  b e t w e e n  module 

p a r t s .  T h e r e f o r e ,  w e  chose an incremental  

t y p e - c h e c k i n g  mec l lan ism which der ives  the 

i n t e r f a c e s  a u t o m a t i c a l l y .  As for the compilat ion 

m e c h a n i s m ,  w e  chose  the  incrementa l  one as wel l ,  

b e c a u s e  t h e  i n d e p e n d e n t  one would require a 

f a c i l i t y  t o  d e r i v e  t y p e - s p e c i f i c a t i o n s  from the 

u s a g e  o f  r e s o u r c e s ,  wb ic l l  is in genera l  impossible. 

W e  h a v e  ma rked  our  Choices of  mechanisms ill 

F ig.  1 b y  enc los i ng  the  cor respond ing  squares wi th  

a d a s h e d  l ine.  In t he  remainder  of  this subsect ion,  

w e  d e s c r i b e  our  im l } lementa t ion  of  the inde l )endent  

i n t e r - m o d u l e  t y p e - c h e c k i n g  based  on INTERCOL. 

( T h e  i n c r e m e n t a l / i n c r e m e n t a l  mechanism for module 

p a r t s  c a n  be  imp len len ted  in a w a y  similar to the 

$ 1 M U L A 6 7 - s c h e m e  and wil l  not  be d iscussed here.)  

C o n s i d e r  t he  fo l lowing INTERCOL-program 

d e s c r i b i n g  a f r a g m e n t  of  an (unrea l is t i c )  parser.  

system PARSER 

module IO 
provide 
function SrcChar : char; 
const lineLn; 
type  Line = record { lineNurn : int; 

lineBuf : array[1..lineLn] of char; }; 
procedure ListLine(outLine : 1"Line); 

end IO 

modulo LEXAN 
provide 
type  Lexerne = (Keyword, Operator, Identifier); 
function NextLex : Lexerne; 
requi re 
SrcChar, lineLn, Line.{lineNum,lineBuf}, ListLine 

end LEXAN 

end PARSER 

The  s y s t e m  PARSER cons is ts  of t i le  module I0 

( f o r  i n p u t / o u t p u t )  and the  module LE×AN ( for  lex ica l  

a n a l y s i s ) .  I0 p r o v i d e s  the  fo l lowing resources;  

f u n c t i o n  S r c C h a r  for  read ing  source, charac te rs ,  

p r o c e d u r e  L is tL ine  for  pr in t ing a l ine on the l ist ing 

med ium,  a c o n s t a n t  ind ica t ing  the length of a l ist ing 

l ine ,  and  t h e  in te rna l  r ep resen ta t i on  of a line. 

M o d u l e  LEXAN imp lements  N e x t L e x ,  a funct ion tha t  

d e l i v e r s  t h e  n e x t  l e x e m e .  It makes r e p e a t e d  calls 

t o  S r c C h a r .  LEXAN is a lso  respons ib le  for genera t ing  

t h e  l i s t i ng ;  h e n c e  i t  needs  the def in i t ions of  Line 

and t h e  p r o c e d u r e  L is tL ine.  Note tha t  we  have 
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o m i t t e d  t h e  t y p e - s p e c i f i c a t i o n s  in the 

r e q u i r e - c l a u s e  of  LEXAN. (In general ,  t ypes  need to 

b e  s p e c i f i e d  on ly  once ,  usual ly  in the module where  

t h e y  o r i g i n a t e . )  We have  also omi t ted  the origin of 

t h e  r e q u i r e d  resou rces ;  t h e y  are conta ined 

i m p l i c i t l y  in t h e  s t r u c t u r e .  This enab les  us to reuse 

LEXAN in o t h e r  sys tems ,  whe re  its required 

r e s o u r c e s  may  come from d i f f e ren t  p laces.  

N o t e  t h a t  t he  a b o v e  p iece  of t e x t  must be 

p r o c e s s e d  b e f o r e  w e  can s ta r t  compiling e i ther  IO 

or  LEXAN. Compi l ing an INTERCOL descr ipt ion 

r e s u l t s  ill a s e t  of  env i ronments ,  one for each 

m o d u l e .  Such  an env i r onmen t  consis ts  of a pair of  

p r e l u d e s ,  one  conta in i l l { I  thP. required,  and one the 

p r o v i d e d  r e s o u r c e s .  For the  above  example ,  we 

o b t a i n  t h e  f o l l ow ing  p re ludes :  

IO.require:  
<empty> 

IO.provide:  
forward function SrcChar : char; 
fo rward const lineLn; 
t ype  Line = record { LineNum : int; 

lineBuf : array[J_lineLn] of char; }; 
forward procedure L istLine(outLine : 1"Line); 

LEXAN.require: 
extern function SrcChar : char; 
extern ¢onst IineLn; 
type  Line = record { lineNum :int; 

lineBuf : array[L.l ineLn] of char; }; 
extern procedure ListLine(outLine : 1"Line); 

LEXAN.provide: 
t ype  Le×eme = (Keyword, Operalor, Identifier); 
forward function NextLex : Le×eme; 

N o w  l e t  us e x a m i n e  how LEXAN is compiled. Its 

p r o g r a m  t e x t  con ta ins  a compi ler  d i rec t i ve  tha t  

i n d i c a t e s  i ts  i d e n t i t y :  

: : m o d u l e  LEXAN:: 

As soon  as  t h e  compi le r  encoun te rs  tha t  d i rec t ive ,  

i t  w i l l  r e a d  in the  cor respond ing preludes.  

LEXAN. requ i re  con ta ins  the  t y p e s  of the ex te rna l  

r e s o u r c e s ,  and the i r  use can now be  t y p e - c h e c k e d .  

L E X A N . p r o v i d e  s p e c i f i e s  the  t y p e s  of the prov ided 

r e s o u r c e s  in t h e  form of  f o rward  dec larat ions.  This 

has t w o  e f f e c t s :  First ,  i f the  programmer fo rgets  to 

i m p l e m e n t  one  o f  t h e s e  resources ,  the compiler wil l 

c o m p l a i n  a b o u t  an unde f ined  fo rward  dec larat ion.  

S e c o n d ,  i f  t h e  p rogrammer  makes a t ype -e r ro r  in 

t h e  i m p l e m e n t a t i o n  of  one of  the resources,  this will 

b e  n o t e d  as an i ncons i s tency  wi th  a fo rward  

d e c l a r a t i o n .  This makes  sure tha t  a module real ly  

p r o v i d e s  t h e  r e s o u r c e s  t ha t  are e x p e c t e d  from it  

a n d  t h a t  t h e i r  t y p e s  a re  co r rec t .  ~ Note fur ther  tha t  

t h e  t y p e - d e f i n i t i o n  for  Line has been t ranspor ted  

f r om  IO to  LEXAN. 

If  t h e  comp i l a t i on  of  a module succeeds,  the 

p r o g r a m m e r  has the  g u a r a n t e e  tha t  its in te r face  will 

f i t  i n t o  t h e  r e s t  o f  t he  sys tem.  This is ve r i f i ed  at  

t h e  s a m e  t ime as the  in terna l  t y p e - c o n s i s t e n c y  of  

t h e  modu le ,  and c o m p l e t e l y  i ndependen t l y  of the  

s t a t u s  o f  o t h e r  modules .  

4 . 2 .  I n f o r m a t i o n  Hid ing 

INTERCOL makes  i t  poss ib le  to app ly  the principle 

o f  min imal  p r i v i l e g e  a t  module i n te r faces :  No module 

mus t  be  g i v e n  more resou rces  or access  rights than 

i t  a c t u a l l y  needs .  This is ach ieved  wi th 

h e t e r o g e n e o u s  i n t e r f a c e s ,  name control  and 

w r i t e - p r o t e c t i o n .  

H e t e r o g e n e o u s  I n t e r f a c e s :  D i f fe ren t  modules 

m a y  a c c e s s  d i f f e r e n t  subse t s  of  a common module's 

r e s o u r c e s .  

module A provide a, b, c 

moduleB1  require a, b 

modulo B2 require b, c 

No m a t t e r  h o w  la rge  the  sys tem is in which these  

t h r e e  modu les  a re  embed( led ,  t h e y  wil l  not be able 

t o  u s e  a n y  o t h e r  resources  bes ides the ones 

s p e c i f i e d  in t he i r  r equ i re -c l ause .  This compares 

favorably wi th  t h e  usual  programming environments,  

w h e r e  e v e r y  modu le  has un res t r i c ted  access  to the 

c o m p l e t e  name  siSace of  the  sys tem.  

N a m e  Cont ro l=  Suppose  module A prov ides 

r e s o u r c e  x w i t h  sub resou rces  x l  and x2 .  Each 

m o d u l e  c a n  be  g i ven  access  to  e x a c t l y  those 

=The keywords forward and oxtorn are not essential; their effects 
can be achieved with compiler directives as well. 
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s u b r e s o u r c e s  t h a t  it nee( is :  

module  A provide type x = record { x l  : int; x2 : real; }; 

module  B require  x.x2 

The  r e q u i r e - p r e l u d e  of  B wil l  ind ica te  tha t  only x . x 2  

c a n  b e  a c c e s s e d .  This can be accompl ished wi th a 

r e c o r d  d e f i n i t i o n  con ta in ing  an opaque f ield, i.e., one 

t h a t  c a n n o t  be t~amed and the re fo re  not 

r e f e r e n c e d :  

t ype  x = record { int; x2 : real; } 

W r i t e  P r o t e c t i o n =  Some programming languages 

s p e c i f y  w r i t e  p r o t e c t i o n  a~ par t  of tl~e dec lara t ion 

o f  d a t a - r e s o u r c e s  ( va r i ab les ,  parameters ,  record 

f i e l d s ,  e t c . ) .  This is to  p r o t e c t  global var iab les  from 

a c c i d e n t a l  mod i f i ca t ions ,  whi le  sti l l  al lowing 

r e a d - a c c e s s  in o t h e r  program parts.  With 

INTERCOL, th is  can  he con t ro l led  exp l i c i t l y  a t  the 

i n t e r f a c e s .  (The de fau l t  is tha t  all imported 

v a r i a b l e s  and  r eco rd  f ie lds  are  read-on ly . )  

module  A provide variable i! : int; - -  read-write 
readonly i2 : int; - -  read-only 

module  B !  require i l ,  i2 - -  read-only 

module B2 require =dl, ~i2 - -  # means read-write 

B1 has  r e a d - o n l y  a c c e s s  to  resources  i l  and i2. 

M o d u l e  B2 has r e a d / w r i t e  access  to i l ,  but the 

s p e c i f i e d  w r i t e - a c c e = s  to  i2 is in error, s ince tha t  

v a r i a b l e  is e x p o r t e d  as read -on ly .  Finally, A has 

r e a d - w r i t e  a c c e s s  to  bot l l  i l  and i2, s ince t h e y  

o r i g i n a t e  in t h a t  module an(l p resumably  need to be 

m o d i f i e d  t h e r e .  

All t h r e e  o f  t h e  a b o v e  fac i l i t ies  have been 

p r o p o s e d  as programming language fea tu res  before.  

A l t h o u g h  some  o f  t he  p roposed  mechanisms are 

a d e q u a t e ,  w e  th ink tha t  i t  is inappropr ia te  to 

b u r d e n  t h e  l a n g u a g e s  for  programming- in- the-smal l  3 

w i t h  t h e m .  In fo rmat ion  hiding local to  a module does 

n o t  m a k e  s e n s e  - w h y  should a programmer hide 

s o m e t h i n g  f rom h imse l f?  On the  o ther  hand, 

i n f o r m a t i o n  h id ing a t  t he  module in terconnect ion  

l e v e l  can  be  used  to  improve  sys tem f lex ib i l i t y  11. It 

f o l l o w s  t h a t  g lobal  in format ion hiding pr inciples 

s h o u l d  n o t  be  imp lemen ted  a t  the  de ta i led  leve l  of  

p r o g r a m  c o d e .  I ns tead  t h e y  should be spec i f ied  

w h e r e  t h e y  a re  neechcd: at  the module 

i n t e r c o n n e c t i o n  l e v e l  (Neve=the less ,  f ea tu res  l ike 

o p a q u e  r e c o r d  f i e lds  and w r i t e - p r o t e c t i o n  must be 

s u p p o r t e d  b y  t h e  l anguages  themse lves  so tha t  a 

c o m p i l e r  can  e n f o r c e  the  res t r i c t ions  on the 

r e q u i r e d  r e s o u r c e s . )  

4 , 3 ,  M u l t i p l e  L a n g u a g e s  

S u p p o s e  modu les  can l)e implemented in a 

n u m b e r  o f  d i f f e r e n t  programming languages.  How 

d o e s  i n t e r f a c e  con t ro l  work  in those cases?  

INTERCOL is i ndepen ( l en t  of  t i le  programming 

l a n g u a g e s  used .  Even  the sub language for t y p e -  

s p e c i f i c a t i o n  in INTERCOI. i t se l f  can be rep laced.  

( W e  h a v e  c h o s e n  a modi f ied  PASCAL in t i le  prev ious 

e x a m p l e s . )  Le t  us assume tha t  we use a 

c u s t o m i z a t i o n  of  PASCAL for the t y p e -  

s p e c i f i c a t i o n s ,  and PASCAL, ALGOL, and assembler  

as  t h e  I~rogramminq languages .  For modules wr i t t en  

in PASCAL, w e  g e n e r a t e  p re ludes  wi th  e x t e r n -  and 

f o r w a r d - d e c l a r a t i o n s  as be fo re .  For modules wr i t t en  

in ALGOL, w e  n e e d  to  t r ans l a t e  these  preludes into 

e q u i v a l e n t  ALGOL-dec la ra t ions .  Thus, we need a 

s o u r c e - t o - s o u r c e  t r ans la to r  or "decode r " ,  t ha t  

m a p s  P A S C A L - d e c l a r a t i o n s  to ALGOL. Of course, this 

m a p p i n g  must  I)e r e s t r i c t e d  to compat ib le  language 

c o n s t r u c t s  ( f o r  e x a m p l e ,  pr imi t ive da ta  t ypes ,  

p r o c e d u r e s ,  f unc t i ons ,  and va lue  parameters ) .  For 

a s s e m b l e r ,  w e  cou ld  d e v e l o p  a decoder  tha t  

g e n e r a t e s  s p e c i a l  macros def in ing the cor rec t  

c a l l i n g  s e q u e n c e s ,  r~cord  o f f se ts ,  e tc .  But now 

s u p p o s e  our  PASCAl. compi ler  t rans la tes  to 

a s s e m b l y  l a n g u a g e .  In t ha t  case,  t he re  is no need 

t o  w r i t e  a s p e c i a l  d e c o d e r  a t  all - -  we  can use the  

e x i s t i n g  comp i l e r  i t se l f .  

Of c o u r s e ,  if a language  as l ow- leve l  as 

a s s e m b l e r  is used  for  some modules, there  is l i t t le  

i n t e r f a c e  c o n s i s t e n c y  tha t  INTERCOL can 

g u a r a n t e e .  In pa r t i cu la r ,  if t he re  are no t ypes  in a 

l a n g u a g e ,  no au toma t i c  t y p e - c h e c k i n g  can be 

e x p e c t e d .  On t h e  o t h e r  hand, c lose ly  re la ted  

languages, or  l a n g u a g e s  belonging to a family can 

b e  in l~e r faced  w i t h  a high d e g r e e  of  t ype  sa fe t y .  
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4.4 .  Propagation of Interface Changes 

An i m p o r t a n t  p rob lem in large p ro jec ts  is the 

m a n a g e m e n t  o f  i n t e r f a c e  changes.  With our system, 

t h e s e  can  be  p r o c e s s e d  automat ica l l y ,  because all 

t h e  n e e d e d  in fo rmat i cn  is co . l ta ined in the INTERCOL 

d e s c r i p t i o n .  C h a n g e r  o f  imr~rfaces are recorded by 

m o d i f y i n g  t l l a t  desc r i p t i on  and recompil ing it. This 

w i l l  u s u a l l y  d e s t r o y  the  c l lobal i n te r f ace  cons is tency  

e s t a b l i s h e d  b e f o r e .  The minimum act ion to be taken 

in t h i s  c a s e  is to  make sure tha t  inconsis tent  

m o d u l e s  c a n n o t  be used unti l  t hey  are updated.  For 

m inor  m o d i f i c a t i o n s  ( l ike changes  to cons tants  or 

l a y - o u t  o f  r eco rds ) ,  recompi la t ions  can be s ta r ted .  

B e f o r e  go ing  th rough  wi th  a modif icat ion, the 

d e s i g n e r  cou ld  a lso  be in formed about  how much wil l  

h a v e  to  be  recomp i l ed  or rel~rogrammed, so that  he 

c a n  e s t i m a t e  t he  impact  o f  a proposed c l lange.  

More.  inH)or tant  st i l l ,  the chant ies can be 

d o c u m e n t e d  in a p rec i se  w a y  and automat ica l ly  

s e n t  t o  t h e  pro  qrammers  of  the a f f e c t e d  modules 

( b y  p u t t i n g  m e s s a g e s  into mai lboxes,  for instance) .  

A f t e r  an i n t e r f a c e  change,  we  f i rst  have to 

d e t e r m i n e  t i l e  a f f e c t e d  modules. Given the 

p r e l u d e s  d e s c r i b e d  it~ a pr~:vious sect ion,  this can 

b e  i m p l e m e n t e d  in a s t ra ic lh t - fo rward  manner: A 

s i m p l e  compa r i son  of  the  old and new preludes 

r e v e a l s  e x a c t l y  wh ich  modu le - in te r faces  were  

c h a n g e d .  Of cou rse ,  the  compar ison can be ref ined 

t o  t a k e  in to  a c c o t m t  w h e t h e r  a requi red resource 

w a s  a c t u a l l y  used  in the  implementat ion;  changes 

m a k e  no d i f f e r e n c e  for requ i red rosa[ t rees that  

w e r e  no t  used .  Once the i t~consistent modules are 

i s o l a t e d ,  t h e  v e r s i o n  cont ro l  sys tem can de le te  

o b s o l e t e ,  p recomp i l ed  vers ions,  s ta r t  some 

r e c o m p i l a t i o n s ,  and f l e n e r a t e  change not ices for 

m o d u l e s  t h a t  n e e d  to be rev ised .  In this fashion, 

simple c h a n g e - r e q u e s t s  as wel l  as major design 

r e v i s i o n s  can  be  mat laged  e f f i c i en t l y  and rel iably.  

5 .  Vers ion Control 

S y s t e m  m a i n t e n a n c e  in large programming 

p r o j e c t s  is c o m p l i c a t e d  by  the  pro l i ferat ion of  

d i f f e r e n t  v e r s i o n s  and cot ] f igurat ions.  Even if a 

s y s t e m  is p l anned  to  be ava i lab le  in a single 

v e r s i o n ,  w e  neve r the l~ : ss  end up deal ing wi th it in a 

n u m b e r  o f  v e r s i o n s  in te rna l l y :  .1here is last  week ' s  

v e r s i o n ,  a s t a b l e  ver , ' ; iO l l ,  a t l  exl~er i l l tental  version,  a 

t e s t i n g  and  ( le lJugqing vers ion,  pro qramn~eer A's 

t e m p o r a r y  ve r s i on ,  e tc .  OI.her vers ions  arise dtte to 

t a i l o r i n g  to  ind iv idua l  user  groups, funct ional  

e n h a n c e m e n t s ,  c h a n g e s  to the  hardware and 

o p e r a t i n g  s y s t e m s ,  reorgan iza t ion ,  and last,  but not 

l e a s t ,  e r r o r  r e p a i r 1 2 .  The manaclement and 

m a i n t e n a n c e  of  the  ntltti,.~rol.lS vers ions c rea tes  

s e r i o u s  p rob lems .  V~:rsio=~ ,~ontrol is des igned to 

r e l i e v e  t h e  pro f l ramm:: r  from the ted ious and er ror -  

p r o n e  t a s k  o f  orqaniTinq sttch a v a s t  co l lect ion of 

c o m p o n e n t s .  More  ..H)ecil ical ly, vers ion control  

a u t o m a t e s  t h e  fo l lowing:  

-Vers ion S~.q~?ction. With a .';at of rules 
and  t h e  INTI-I}COL. d~...,;cril)tion, vers ion 
c o n t r o l  d e i e r m i n e s  which vers ions of 
w h i c h  component .~ should be combined 
t o  c rea te ,  a part icLdar vers ion  of a 
p a r t i c u l a r  conf ic lnrat ion.  

-Con.~truction. Ver.~ion contro l  oral)adios 
(letail~--.cl knowleclEle, a l )ont the var ious 
c o n s t r u c t i o n  proce:~sors tha t  need to 
be  i n v o k e d  to  g e n e r a t e  a runable 

p rog ram.  

-Spaee/Ti/nc~ Trarh:off. Version control  
ma in ta i ns  a da ta  I)a~,e of source t e x t  
and  t h e  d e r i v e d  ver...;ions l ike ob jec t  
hie(hales, I )ar t i~ l ly  l inked subsystems,  

e t c .  It t r ies  to opLiltfize the .~;I)ace/ 
t ime  t r a d e o r f  of  storiticj de r i ved  
v e r s i o n s  or r e g e n e r a t i n g  Lhem on 
d e m a n d .  

-Reconstruct ion. If a new source 
v e r s i o n  e n t e r s  the  da ta  base or if 
i n t e r f a c e s  change,  vers ion  control  
d e t e r m i n e s  wh ich  p ro - cons t r uc ted  
s u b s y s t e m s  a re  ob.,=ol¢:te. r h e y  will 
be  r e c o n s t r u c t e d  on (]emand. 

in o r d e r  t o  de,scr ibe mult iple vers ions and 
c o n f i g u r a t i o n s ,  w e  I ' ave  e x p a n d e d  INTERCOL to 

a c c o m m o d a t e  t h e s e  wotiot~:;. [acl~ module or sys tem 

in an INTERCOL descr i l~ t ion is now v iewed  as a 

fami ly ,  w h o s e  n}eml)ers are  the var ious vers ions.  

T h e  d e s c r i p t i o n  can  then  be exp lo i t ed  to au tomate  
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t h e  a b o v e  func t i ons .  (For a d i f f e ren t  approach, the  

i n t e r e s t e d  r e a d e r  is r e f e r r e d  to  Coopr ider 13.) 

t h a t  can  l)e g e n e r a t e d  by d i f f e ren t  
s e t t i n g s  of  cond i t iona l  compi lat ion 
s w i t c h e s  fal l  in this c lass too. 

5 . 1 .  Module Families 

We d is t i ngu i sh  t l l r ee  o r thogona l  kinds of members 

o f  a modu le  fami ly .  

1. Implementations. Impl(. 'mentations of a 
modu le  fami ly  are  the  ac tua l  source 
p rog rams .  They  share the same 
i n t e r f a c e  and a b s t r a c t  spec i f i ca t ions ,  

b u t  may  l)e iml) lemenl.ed d i f fe ren t l y ,  in 
d i f f e r e n t  lan(lUa~le.'q or ta i lo red to 
d i f f e r e n t  envi ro l }m(:nts,  e l )crat ing 
s y s t e m s ,  or usher groups, For example ,  
a p rog ram : l ia r  ruIIS iIn(ler two  
d i f f e r e n t  o p e r a t i n g  : ;ystel i lS may have 
t w o  d i f f e r e n t  w : rs ions  of  the module 
t h a t  p r o v i d e s  the  i ( leal ized opera t ing  
s y s t e m  env i ronmen t .  

2. Rovi.sions. Each implemel l ta t ion  ex i s t s  
as  a s e q u e n c e  of  rev is ions tha t  
s u c c e e d  each  o the r  in the 
d e v e l o p m e n t  h i s t o r y .  Each r~¢vision is 
a mod i f i ca t i on  of  the prev ious  one. For 
e x a m p l e ,  f i x i ng  a hug in the la tes t  
r e v i s i o n  of  an implementat ion 
g e n e r a t e s  a n e w  one.  All rev is ions of 
an iml) len~entat ion are  l inear ly  ordered 
b y  the i r  c r e a t i o n  t ime. Althougl~ the 
numbe r  o f  r(~visions can be qui te 
l a rge ,  t he  idea is tha t  normal ly one 
d e a l s  on ly  w i th  the  top few, for 
e x a m p l e  t he  expe r imen ta l ,  the stable,  
and  the  b a c k u p  revL,;ions. 

8. Derived Versions. Der ived vers ions 
a r e  g e n e r a t e d  au tomat i ca l l y  from 
r e v i s i o n s  of  implementat ions.  For 

e x a m p l e ,  each  rev is ion of an 
i m p l e m e n t a t i o n  w r i t t e n  in por tab le  
Bl iss can  be compi led into a program 

t h a t  runs on a PDP-11,  a PDP-IO, or a 
VAX ( [ l i ven  tha t  no machine- 
d e p e n d e n t  fea tu r f : s  of Bl iss-16, 
B l i ss -G6,  or R l i ss -32  are used).  Other 
d e r i v e d  v e r s i o n s  can be produced by 
a comp i l e r  t h a t  g~.nerates opt imized or 
n o n - o p t i m i z e d  code,  code wi th or 
w i t h o u t  run - t ime  checks  of a r ray -  
bounds ,  w i t h  or w i t h o u t  debugging and 
i n s t r u m e n t a t i o n  hooks.  The vers ions 

5.2°  System Families 

A s y s t e m  fami ly  cons is ts  of a ser ies  of  

c o m p o s i t i o n s .  Each composi t ion is a l ist of 

c o m p o n e n t s  wh i ch  a re  o the r  module or sys tem 

f a m i l i e s .  Thus,  each  compos i t ion  rep resen ts  not only 

o n e ,  b u t  a w h o l e  s e t  of fami ly  members, depending 

on  h o w  r ich t h e  fami l ies  of i ts components  are. A 

s p e c i f i c  m e m b e r  of  a componen t  can be se lec ted  

b y  i n d i c a t i n g  implemP.l~tation, rev is ion,  and der i ved  

v e r s i o n  o f  a module fami ly,  or by indicat ing 

c o m p o s i t i o n  and componen ts  of a sys tem family. 

Th is  l e a d s  to  a r e c u r s i v e  descr ip t ion ,  which can be 

s i m p l i f i e d  c o n s i d e r a h l , l  w i th  de fau l ts .  

Example. Suppose  M1 and M2 are module 

f a m i l i e s ,  M1.1 and M1.2  are  i l ]~plementations of M1, 

a n d  M2.1  and M2 .2  are  implementa t ions of M2. If 

S.S1 = { M1,  M2 } is a composi t ion of  a sys tem 

f a m i l y  S, t h e n  t he  fo l lowing examp les  rep resen t  

t h r e e  m e m b e r  o f  S: 

S.S 1 (M 1. J. :790G 14:Opt,  M2.2:79 04_22:0pt) 
S.S 1 (MI.2,  M2.2) 
£.S1 

The  f i r s t  e x a m p l e  ind ica tes  exp l i c i t l y  which 

i m p l e m e n t a t i o n s ,  rev i s ions  (by  ( la te) ,  and der ived  

v e r s i o n s  (opt inHze( I )  at , :  ( leMre(I.  The second 

e x a m p l e  suppresse.~ re.visions and der ived  

v e r s i o n s ;  in th is  case ,  the  n e w e s t  revis ions are 

s e l e c t e d .  If p recompi le ( I  d e r i v e d  vers ions  of these  

e x i s t  a l r e a d y ,  t h e y  wi l l  be used regard less  of 

w h e t h e r  t h e y  a re  op t im ized  or hot;  o therw ise ,  non- 

o p t i m i z e d  d e r i v e d  ve rs i ons  wil l  be genera ted .  The 

t h i r d  e x a m p l e  does  not  ment ion implementat ions at  

a l l ;  in th i s  c a s e ,  t he  d e f a u l t  implementat ions o f  M1 

and M2 a r e  s e l e c t e d .  

5 . a .  A Complete E x a m p l e  

W e  n o w  p r e s e n t  our  ear l ie r  examp le  of the 

p r i m i t i v e  p a r s e r  as a sys tem fami ly wi th  two  

m e m b e r s  t h a t  can e x e c u t e  on two  d i f fe ren t  

m a c h i n e s  and under  t w o  d i f f e t e n t  opera t ing  
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s y s t e m s .  

system PARSER 

module ]0 
provide 
function SrcChar : ehar~ 
¢onst lineLn; 
type Line = record { lineNum :int; 

lineBuf : array[L.l ineLn] of char; }; 
procedure ListLine(outLine : ~Line); 

implementation HYDRA.bliss 
implementation TOPS.bliss 

end IO 

module LEXAN 
provide 
type Lexerne = (Keyword, Operator, Identifier)~ 
function NextLe× : Lexeme; 
require 
SrcChar, lineLn, Line.{lineNurn,lineBuf}, ListLine 

end LEXAN 

composition CMMP = { LEXAN, ]O.HYDRA }:TarBet.PDP[ t 
composition PDPJO = { LEXAN, |O.TOPS } :TarBet.PDPJ0 

end PARSER 

I0  has  t w o  iml ) lementat ions,  one for the 

H Y D R A - o p e r a t i n g  s y s t e m  running on C.mmp, and one 

f o r  T O P S I O ,  an o p e r c t i n g  sys tem for a DEC-PDPIO. 

The  i m p l e m e n t a t i o n  of  LEXAN need not be ment ioned 

s i n c e  t h e r e  is on ly  one;  le t  us assume, the de fau l t  

l a n g u a g e  is compa t i b l e  BLISS. By pair ing LEXAN wi th 

the T O P S l O ° i m p l e m e n t a t i o n  of I0, and compiling for 

the P D P I O  as t he  t a r g e t  machine, we  obta in a 

v e r s i o n  o f  PARSER for  a PDPIO. By pairing LEXAN 

w i t h  IO.HYDRA and compi l ing for  a PDP11 ta rge t ,  we 

c a n  g e n e r a t e  a ve rs i on  t ha t  runs on C.mmp (a 

m u l t i p r o c e s s o r  c o n s t r u c t e d  out  of  16 DEC-PDP1 l s). 

5 . 4 .  S y s t e m  G e n e r a t i o n  

The INTERCOL desc r ip t i on  is used to se t  Ul) a 

d a t a  b a s e  t h a t  s t o r e s  the  var ious  components.  The 

r e v i s i o n s  o f  an imp lementa t ion  are maintained in a 

s t a c k  s imi lar  to  SDC 14 and SCCS 15. Der ived 

v e r s i o n s  a re  c o n s t r u c t e d  and in tegra ted  

a u t o m a t i c a l l y .  This poses  a c lassical  t ime /space  

o p t i m i z a t i o n  prob lem.  One can e i ther  consume 

m a c h i n e  t ime  by  r e g e n e r a t i n g  de r i ved  vers ions on 

demand, o r  one  can s a v e  tha t  t ime by stor ing them 

on  d isk .  U n f o r t u n a t e l y ,  the  optimum cannot  be 

determined s t a t i c a l l y ,  b e c a u s e  sys tem generat ion 

a c t i v i t i e s  f l u c t u a t e .  For examp le ,  the modif icat ions 

t o  a p a r t i c u l a r  s u b s y s t e m  may go through cyc les  of 

h igh  and  l ow  a c t i v i t y .  As the  subsys tem approaches 

a s t a b l e  s t a t e ,  i t  is approp r ia te  to  par t ia l ly  

i n t e g r a t e  i t  and s to re  i t  for  la te r  use. However ,  if 

t h e  s u b s y s t e m  is no t  n e e d e d  for a long time, i t  

w a s t e s  s p a c e .  

As a s imple ,  s e m i - a u t o m a t i c  solut ion we  propose 

t h e  f o l l o w i n g :  The ve rs ion  cont ro l le r  maintains the 

l a t e s t  d e r i v e d  ve rs i on  of  each module and 

( s u b - ) s y s t e m  t h a t  was  reques ted .  It is the 

p r o g r a m m e r ' s  respons ib i l i t y  to  de le te  some of these  

in o r d e r  t o  c o n s e r v e  space .  -Ihe only t ime that  the 

v e r s i o n  c o n t r o l l e r  d e l e t e s  de r i ved  vers ions is when 

t h e y  b e c o ~ l e  o b s o l e t e  because  of in te r face  

c h a n g e s  or  n e w  rev is ions .  Re-genera t i on  occurs on 

d e m a n d  on ly .  

W h e n  a p rog rammer  is tes t ing  and debugging a 

m o d u l e ,  t h e  v e r s i o n  con t ro l le r  can opt imize the 

r e - i n t e g r a t i o n  t ime for  the  t e s t  sys tem in which the 

m o d i f i e d  modu le  is embedded .  The typ ica l  work -  

p a t t e r n  is t h a t  t he  programmer  r e p e a t e d l y  goes 

t h r o u g h  a c y c l e  o f  modi f icat ion,  compilation, 

i n t e g r a t i o n ,  and e x e c u t i o n .  Assume tha t  the 

p r o g r a m m e r  is wo rk i ng  in an exper imen ta l  area (a 

s u b - d i r e c t o r y  fo r  i n s t ance )  which conta ins a copy 

o f  t h e  modu le  M he is updat ing.  Suppose tha t  

s y s t e m  X is t h e  t e s t b e d  for M. Whenever  he issues 

t h e  c o m m a n d  to  r e - i n t e g r a t e  X, he ind icates t l ]a t  he 

w a n t s  t o  s u b s t i t u t e  the  n e w l y  modif ied M. The f i rst  

t i m e  he  i ssues  t h a t  command, the  vers ion contro l ler  

a l s o  g e n e r a t e s  a pa r t i a l l y  i n t eg ra ted  sys tem X wi th 

o n l y  M unbound .  In all s u b s e q u e n t  in tegrat ions of X, 

o n l y  M has  to  be l inked in. This saves  the 

r e - i n t e g r a t i o n  of  X from sc ra tch  for e v e r y  

m o d i f i c a t i o n  o f  M. 

The a b o v e  is a s imple cache  scheme which 

s h o r t e n s  t h e  i n t e g r a t i o n  til~le for recen t l y  used 

s u b s y s t e m s .  Combined wi th  t ime-ou ts  for delet ions 

f r o m  t h e  c a c h e ,  i t  should t a k e  care  of most of the 

s p a c e - m a n a g e m e n t  for  program deve lopment  and 

m a i n t e n a n c e .  

In t h e  p r e v i o u s  sec t i ons  w e  d iscussed how the 

various f am i l y  members  are  se lec ted .  System 
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g e n e r a t i o n  is per fo rmed wi lh  the compi le/  

i n t e g r a t i o n  scheme.  There may be several  

i n t e r l e a v e d  phases  of compilat ion and integrat ion. 

Th is  is due to the f ac t  tha t  INTERCOL descr ibes 

on l y  log ica l  i n t e r f a c e s .  A logical in ter face contains 

e n o u g h  in fo rmat ion  to perform the f i rst  compilation 

p h a s e ,  name ly  s y n t a c t i c  and semant ic checking and 

t h e  g e n e r a t i o n  of  in te rmed ia te  code. However, 

t h e r e  is not  enough informat ion to generate  final 

c o d e  b e c a u s e  phys ica l  pr(~perties of the in te r lace  

e l e m e n t s  a re  missing. Examples are values of 

c o n s t a n t s ,  a r ray  hatreds, record sizes, f ield o f fsets ,  

b o d i e s  o f  inl ine p rocedures ,  and gener ic definit ions. 

One cou ld  dec ide  to make the logical and 

p h y s i c a l  i n t e r f a c e  ident ica l  and include them fully in 

t h e  i n t e r f a c e  spec i f i ca t i ons  (this approach was 

t a k e n  in t he  MESA-system).  However,  this is 

u n d e s i r a b l e  b e c a u s e  the designer  of t i le overal l  

s y s t e m  struct~=re may I)e aJnal)le to provide enough 

d e t a i l  t o  do the  i )hysical  bin(ling. Furthermore, this 

w o u l d  s e v e r e l y  r es t r i c t  the ways  d i f fe rent  versions 

can be  c o n s t r u c t e d .  For example,  if the bodies of 

in l ine p r o c e d u r e s  w e r e  prescr i l )ed in the inter faces,  

t h e n  al l  r ev i s ions  of all implementat ions of a module 

f a m i l y  wou ld  have  to  funct ion wi th  the same inline 

b o d y .  

A more comp l i ca ted  compi la t ion/ in tegrat ion 

s c h e m e ,  wh ich  avo ids the3e problems, works as 

f o l l o w s :  The f i r s t  compi lat ion phase performs 

c o m p l e t e  t y p e - c h e c k , n o  of ,~ module and t rans lates 

i t  i n to  i n t e r m e d i a t e  code in which the physical 

i n t e r f a c e s  o f  requ i red  resources  are sti l l  unbound. 

Th is  p h a s e  a lso e x t r a c t s  th, ~. physical  in ter faces of 

p r o v i d e d  r e s o u r c e s  and s t o r e s  them in the data 

b a s e .  Nex t ,  the  in tegra t ion  phase col lects the 

p h y s i c a l  i n t e r f a c e s  of the module's required 

r e s o u r c e s ,  once  for  each conf igurat ion in which the 

modu le  is used .  Note tha t  the origin of t i le required 

r e s o u r c e s  is n e e d e d  to determine which physical 

i n t e r f a c e s  to  use. This is der ived from the 

i n t e r c o n n e c t i o n s  spec i f i ed  in the INTERCOL program. 

F ina l ly ,  t h e  l as t  p l lase  uses t i le  physical in ter faces 

t o  g e n e r a t e  machine code,  again once for each 

c o n f i g u r a t i o n .  

C lea r l y ,  t h e r e  is subs tan t ia l  bookkeeping involved 

in th is  t ask .  In any reali~flic so f tware  project ,  it is 

t o t a l l y  h o p e l e s s  to per l 'or ; ,  that  task by hand; only 

m a c h i n e s  can handle it e f f i c ien t l y  and rel iably. 

6 .  S t a t u s  ( J u n o  1 9 7 9 )  

We h a v e  imp lemented  a demonstrat ion system to 

t e s t  and re f i ne  our ideas.  The system runs Lander 

UNIX on a [~[)1>11/40 and curr~:ntly iml)lements 

i n t e r f a c e  con t ro l  as descr ibed  in sect ion 4. Its 

main compone l l tS  are compi lers for all early version 

o f  INTERCOL and for the pro(Iramminq languages 

C 16  and TC 17. TC is a s t rong ly  typed  variant of C, 

s u p p o r t i n g  opaque  and part ia l ly  opaque data 

s t r u c t u r e s  as we l l  as w r i t e -p ro tec t i on  for data.  

W r i t e - p r o t e c t i o n  is sa fe  in the sense that  it is 

i m p o s s i b l e  to  gain w r i Le -access  to w r i t e -p ro tec ted  

d a t a  e x c e p t  through address  ar i t l lmet ic.  (For 

e x a m p l e ,  pass in f l  pa ramete rs ,  creat ing or returning 

p o i n t e r s ,  d e r e f e r e n e i n g ,  access ing records and 

a r r a y s ,  and e v e n  t ype-h rPach ing  are all checked 

f o r  p o t e n t i a l  protP.ct ion violat ions.)  C and TC d i f fer  

enough  to  s h o w  the feas ib i l i t y  of inter facing closely 

r e l a t e d  l anguages .  We chose TC as the t ype -  

s p e c i f i c a t i o n  sublangaJage for INTERCOL. Of course, 

s t r o n g  t y p e - c h e c k i n g  and wr i t e -p ro tec t i on  can only 

be  g u a r a n t e e d  for module~ wr i t t en  in TC. For 

s imp l i f i ca t i on ,  we  do not make a dist inct ion be tween  

l og i ca l  and phys ica l  i n te r faces  at the moment. 

I m p l e m e n t a t i o n  of, and exper imenta t ion  with, the 

e a r l i e r  ve rs ion  g rea t l y  improved INTERCOL, 

e s p e c i a l l y  w i t h  r e s p e c t  to the representat ion of  

s y s t e m  fami l ies .  Fleimplementat ion i=lcluding version 

c o n t r o l  is p lanned.  

7. C o n c l u s i o n s  

W e  have  described an integrated software 

d e v e l o p m e n t  and maintenance environment that 

g u a r a n t e e s  the structural consistency of a 

programmed system with respect to 

in terconnect ions  and version integration. 

,Summarizing, its facil i t ies are as follows: 

I n t e r f a c e  Control  guaran tees  the consis tency of 

t h e  i n t e r f a c e s  b e t w e e n  the sys tem components. It 

e n s u r e s  g loba l  t y p e - c o r r e c t n e s s  by performing 
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i n t e r - m o d u l e  type-check in fo .  It implements 

i n f o rma t i on  hiding w i th  deta i led  name control and 

w r i t e - p r o t e c t i o n .  It d e t e c t s  the inconsistencies 

c a u s e d  by  i n t e r f a c e  chart,lies and takes appropr iate 

a c t i o n .  Mul t ip le  languages can be accommodated. 

V e r s i o n  Con t ro l  per forms automatic system 

g e n e r a t i o n  in a mul t i -vers ion/mul t i -conf igurat ion 

s y s t e m .  It  ensurE..: s t ruc tura l  consis tency by 

s e l e c t i n g  ve rs ions  cor rec t l y .  It performs f lex ib le  

v e r s i o n  i n teg ra t i on  by handling logical and physical 

i n t e r f a c e s .  It mana qes a data base of numerous 

c o m p o n e n t s  and opt indzes t i le space / t ime  t radeof f  

o f  s t o r i n g / r e g e n e r a t i n g  subsystems.  It responds to 

c h a n g e s  by  d e t e c t i n g  inconsis tent  and delet ing 

o b s o l e t e  ve rs ions .  
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