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Abstract 

The variety of module concepts for concurrent systems suggests looking for a 
unified model that would serve as a basis for specification techniques and 
languages. Starting from the client/server paradigm, a model for concurrent 
modules is developed that is able to cope with incomplete service execution due to 
blocking conditions. The model is shown to be applicable to different kinds of 
modules known from programming languages. It is generalized to support so-called 
implementation specification and interconnection of modules using different com- 
munication rules, 

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

If t h e  m a t u r i t y  of a d isc ip l ine  is to  b e  judged  by  t h e  a m o u n t  o~ a g r e e m e n t  on  i t s  
bas ic  i s sues  a n d  no t ions ,  t h e n  spec i f i ca t ion  of c o n c u r r e n t  p r o g r a m  m o d u l e s  is still  
in  i t s  in fancy .  This  is in  c o n t r a s t  to  s e q u e n t i a l  p r o g r a m m i n g .  Al though  d i f f e ren t  
spec i f i ca t ion  m e t h o d s  a n d  l a n g u a g e s  ex i s t  for  t h e  des ign  spec i f i ca t ion  of s e q u e n t i a l  
sys tems ,  t h e  bas ic  n o t i o n  of d a t a  a b s t r a c t i o n  is widely a c c e p t e d .  The re  a r e  
d i f f e ren t  op in ions  on  how to d e s c r i b e  t he  b e h a v i o u r  of a n  a b s t r a c t  modu le  (or  
ob jec t ) ,  a n d  on  t h e  c o m p o s i t i o n  of modules .  Bu t  t h e r e  is a g r e e m e n t  t h a t  a n  
a b s t r a c t  d a t a  t ype  h a s  to  be  speci f ied  w i thou t  r e s o r t  to  i t s  poss ib le  i m p l e m e n t a -  
t ion,  in  a way t h a t  allows b o t h  u s e r s  a n d  i m p l e m e n t o r s  to  re ly  on  t h e  spec i f i ca t ion  
only. 

In t h e  s e q u e n t i a l  case,  a modu le  is i n d e e d  a "pass ive  objec t" .  Thus,  a m o d u l e  c a n  be  
spec i f ied  by  a s s o c i a t i n g  c e r t a i n  m a p p i n g s  b e t w e e n  a b s t r a c t  va lues  of t h e  m o d u l e  
wi th  i t s  o p e r a t i o n s  ( s t a t e  m a c h i n e  a p p r o a c h ) ,  or  by desc r ib ing  a s e t  of poss ib le  
e x e c u t i o n  s e q u e n c e s  (h i s to ry  a p p r o a c h ) ,  o r  by  i n t e r r e l a t i n g  t h e  visible ef fec ts  of 
the operations (algebraic approach). In any case, operation execution is con- 
sidered indivisible or "timeless", 

The situation is fundamentally different with concurrent systems where operations 
may be executed concurrently and a process may block amidst an operation. More- 
over, a module may not even be "passive", but may contain an active process. 
Modules in concurrent systems will be collectively referred to as concurrent 
modules throughout this paper, independent of their inner functioning. 
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Many prograrrun-dng l a n g u a g e  c o n s t r u c t s  have  b e e n  p r o p o s e d  for  t h e  i m p l e m e n t a  ~ 
t ion  of c o n c u r r e n t  modules .  Among t h e  b e s t  known a re  t h e  p r o c e s s  (in d i f f e ren t  
f lavours) ,  t h e  m o n i t o r  [Hoare  74] a n d  t h e  Ada t a s k  [Ada 82]. Note  t h a t  e a c h  m o d u l e  
c o n c e p t  h a s  i t s  specif ic  p a r a d i g m  of modu le  i n t e r a c t i o n ;  see,  e.g., [ W e g n e r / S m o l k a  
83] [ A n d r e w s / S c h n e i d e r  83]. 

The f u n d a m e n t a l  d i f f e rence  be t w een  a s e q u e n t i a l  m o d u l e  and  a c o n c u r r e n t  modu le  
h a s  given r i se  to  c o m p l e t e l y  d i f f e ren t  a p p r o a c h e s  to c o n c u r r e n t  m o d u l e  
spec i f i ca t ion .  On t h e  one  hand ,  we have  t h e  e x t e n s i o n  of c lass ica l  s e q u e n t i a l  t e c h -  
n i q u e s  to  s u p p o r t  t h e  spec i f i ca t ion  of " g u a r d e d  mon i to r s " :  a pass ive  modu le  is u s e d  
c o n c u r r e n t l y  (bu t  w i t h o u t  over lapping) ,  and  b lock ing  c a n  o c c u r  a t  m o d u l e  e n t r y  
on ly  [ L a v e n t h a l  79] [ K e r a r r i d i s / M a c k e r t  79]. This works  f ine in s imple  cases ,  as  
long as  no  s c h e d u l i n g  p r o p e r t i e s  have  to be specif ied and  modu le  c o m p o s i t i o n  a n d  
l iveness  p r o p e r t i e s  a re  of no  c o n c e r n .  

On t h e  o t h e r  h a n d ,  m e t h o d s  or ig inal ly  deve loped  for  f ine -g ra in  c o n c u r r e n c y  
ana lys i s  have  b e e n  e x t e n d e d  for  u s e  in  modu le  spec i f i ca t ion .  Tempora l  logic plays  a 
p r o m i n e n t  ro le  h e r e ,  a n d  t h e r e  is a m u l t i t u d e  of s o p h i s t i c a t e d  t e m p o r a l  logic 
a p p r o a c b e s ,  d i f fer ing b o t h  in s tyle  and  t h e  d e g r e e  of " s t a t e  m a c h i n e  o r i e n t a t i o n "  
(see,  e.g., [ S c h w a r t z / M e l l i a r - S m i t h  82] [ H a i l p e r n / 0 w i c k i  82] [Lampor t  83]). 

Much of t h e  c o m p l e x i t y  of t h e s e  a p p r o a c h e s  c a n  be  avo ided  if t h e r e  is no  n e e d  for  
c o m p l e t e  l iveness  ana lys is .  We p r opos e  a spec i f i ca t ion  m e t h o d  b a s e d  on  s t a t e  
m a c h i n e s  which  p r o d u c e s  spec i f i c a t i ons  b o t h  c o m p a c t  a n d  r e a d a b l e .  The m e t h o d  

is g e n e r a l  in  t h a t  i t  allows any  conce i vab l e  c o n c u r r e n t  modu le  to  be mode l l ed  
as  a s t a t e  m a c h i n e ;  

i t  is f lexible in  t h a t  i t  s u p p o r t s  m o d u l e  p a r a m e t r i z a t i o n  a n d  compos i t i on ,  a n d  
allows to wr i te  pa r t i a l  spec i f i ca t ions  ( s o m e t i m e s  ca l led  i m p l e m e n t a t i o n  
spec i f i ca t ions ) ;  

i t  is a d a p t a b l e  to  ex i s t ing  s e q u e n t i a l  spec i f i ca t ion  m e t h o d s  a n d  l anguages ,  i t s  
e s s e n c e  b e i n g  i n d e p e n d e n t  of t h e  s t a t e  m a c h i n e  view. 

In s e c t i o n  2 of t h i s  pape r ,  t h e  bas ic  ideas  will be ou t l ined .  Sec t ion  3 dea l s  wi th  
d i f f e ren t  poss ib i l i t i e s  to  i m p l e m e n t  a n  a b s t r a c t  c o n c u r r e n t  module .  The n o t i o n  of 
i m p l e m e n t a t i o n  spec i f i ca t ion  (as  oppos ed  to  ser~fice spec i f i ca t ion)  is i n t r o d u c e d  in 
s e c t i o n  4; d i f f e ren t  p a r a d i g m s  of m o d u l e  i n t e r c o n n e c t i o n  a r e  a lso d i s cus sed  in t h i s  
sec t ion .  We c o n c l u d e  wi th  s e c t i o n  5, c o m m e n t i n g  o n  c o n t e x t  and  p e r s p e c t i v e  of 
o u r  work. 

2. Se rv ice  Spec i f i ca t ion  of a ~ o d u l e  

2.1. The  bas i c  ~ c ~  

Let  us  t h i n k  of a m o d u l e  as  a n  i n d e p e n d e n t  a g e n t  t h a t  offers  c e r t a i n  services .  The 
a g e n t  will obey  o r d e r s  to  e x e c u t e  t h e s e  services :  i t  a c t s  as  a s e r v e r  to  c e r t a i n  
c l i e n t s  p r o d u c i n g  t h e  o rde r s .  At t h e  m o m e n t ,  we do n o t  c a r e  a b o u t  t h e  n a t u r e  of 
c l i en t s  or  t h i n g s  s u c h  as  " o r d e r  t r a n s m i s s i o n " .  

When a m o d u l e  a c c e p t s  a n  o rder ,  t h e  r e q u e s t e d  se rv ice  is e x e c u t e d  e i t h e r  i n s t a n -  
t a n e o u s l y  o r  wi th  a c e r t a i n  delay, in  t h e  l a t t e r  case,  t he  c o m p l e t i o n  of t h e  serv ice  
will be  t h e  b y p r o d u c t  of t h e  a c c e p t a n c e  of a n o t h e r  o rde r .  In genera l ,  a c c e p t a n c e  of 
a n  o r d e r  impl ies  t h e  c o m p l e t i o n  of 0, 1, or  more  o rde r s ,  poss ibly  inc lud ing  t h e  
o r d e r  j u s t  a c c e p t e d .  A c c e p t a n c e  of a n  o rde r ,  t o g e t h e r  with  t he  r e s u l t i n g  comple-  
t i on  of p rev ious ly  a c c e p t e d  o rde r s ,  is c o n s i d e r e d  a n  indivisible,  " t imeless"  a c t i o n  of 
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the  module.  

A module  M can  be model led  as a specia l  pu rpo s e  s t a t e  mach ine  M = (S,A,B,v,p,s0), 

where  S d e n o t e s  the  s ta tes ,  A the  inputs ,  and  B the  ou tpu t s .  T and  p a re  t he  s t a t e  
t r a n s i t i o n  and  o u t p u t  func t ions ,  respect ive ly ,  s0ES is r e f e r r e d  to  as  t h e  initial 

s ta te .  S has  a specia l  s t r u c t u r e ,  and  so has  B: 

S = V x N x  P(N xA),  
B = P(N X R). 

V s t a n d s  for  "value", N for  n a t u r a l  number s ,  P for powerse t ,  A for  "a rgument" ,  and 
R for  "resul t" .  The following mus t  hold for  ~', p, so: 

T((v,n,P), a) = (v ' ,n+l,V') ,  V' c P u [ (n+l ,  a)~ 
p((v,n,P), a) = Q, Q1 = (P1 u ~n+lt)  - P'I (*) 

s o = (v0 ,0 ,¢ )  

Q1 d e n o t e s  t he  1-pro jec t ion  of Q, i.e., if Q = i(nl,rl), . . ,(nk,rk) I t h e n  Q1 = [nl , ' - 'nkl '  ¢ 

d e n o t e s  t he  e m p t y  set .  

Given a c e r t a i n  s t a t e  s = (v,n,P), v is the  a b s t r a c t  value of M, n ident i f ies  the  las t  
o r d e r  a c c e p t e d ,  and  P is the  s e t  of o r d e r s  a c c e p t e d  bu t  no t  ye t  comple ted ;  i t  will be 
r e f e r r e d  to  as t he  "o rde r  list". An o u t p u t  Q can  be seen  as a s e t  of comple t ion  
no t i f i ca t ions  fo r  previously  a c c e p t e d  orders .  Equat ion  (*) speci f ies  tha t ,  upon  
a c c e p t a n c e  of an order ,  exac t ly  t hose  o rde r s  which are  comple t ed  are  removed  
f rom P. 

The mapp ings  T and  p n e e d  no t  be comple te ly  def ined - bu t  t h e i r  domains  are  
ident ical .  We say t h a t  if ~-(s,a) (or, equivalently,  p(s,a)) is undef ined,  "M does  no t  
a c c e p t  a in s t a t e  s". 

Given a module  M as above, a s e q u e n c e  of a r g u m e n t s  ala2...a i mode l s  a s e q u e n c e  of 

o r d e r s  and  d e t e r m i n e s  a s equence  of s t a t e  t r ans i t i ons  s0-*sl, sl-*s2, .. . ,  si_l-~s i (if all 

a r e  def ined)  a n d  a c o r r e s p o n d i n g  s e q u e n c e  of s e t s  of comple t ion  no t i f i ca t ions  
blb2...b i for  t he  o r d e r s  given. Due to (*), t h e r e  will be a t  m o s t  one not i f ica t ion  for  

e a c h  order .  

2.2.  Descr ib ing  a m o d e l  

The behav iou r  of a module  as  model led  above can  be d e s c r i b e d  using any 
spec i f ica t ion  m e t h o d / l a n g u a g e  t h a t  seems  convenien t .  Throughou t  th is  paper ,  we 
will use  a m e t h o d  in t h e  t r ad i t i on  of t he  s t a t e  ma c h i n e  view. 

It m u s t  be emphas ized ,  however,  t h a t  the  model  is no t  t ied to any specif ic  language.  
As we do n o t  wan t  to  e l abo ra t e  on  spec i f ica t ion  languages ,  we will use  an a d - h o c  
l anguage  wi thout  giving p rec i se  syn tax  and semant ics .  

Let us  f i rs t  " s t r u c t u r e "  b o t h  the  module  s t a t e  and t h e  a r g u m e n t / r e s u l t  by allowing 
t h e s e  to be tup le s  and  t h e i r  c o m p o n e n t s  to be typed.  In addit ion,  we use  the  no t ion  
of service  with t he  mean ing  of "opera t ion" ,  "entry",  or  "port" .  Consequent ly ,  t h e  
f lavour of " a r g u m e n t / r e s u l t "  c h a n g e s  a little: a s soc ia t ed  with each  service  are  a 
c e r t a i n  n u m b e r  of a r g u m e n t s  and  a ce r t a in  n u m b e r  of resul t s ,  all of c e r t a i n  fixed 
types .  An o r d e r  is t he  r e q u e s t  to execu t e  a ce r t a in  service  with given a rgumen t s ,  
and  to  del iver  t h e  resul t s .  

Accept ing  an o r d e r  c h a n g e s  the  s t a t e  and may p roduce  comple t ion  not i f ica t ions .  
These  .effects a re  specif ied using an ad -hoc  language  r e m i n i s c e n t  of sequen t i a l  
spec i f ica t ion  l anguages  like Special  [Robinson et  al. 79] or  lna Jo [Egger t  80] 
[Cheheyl  et.  al. 81]. To give a f lavour of bo th  the  m e t h o d  and  t h e  language,  let  us  
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c o n s i d e r  a s imple example:  

We wish to  speci fy  a module  t h a t  is capab le  of s to r ing  one  value of a c e r t a i n  
type,  say  tezt .  There  a r e  two opera t ions ,  p u t  and  get,  fo r  s tor ing  and  removing,  
rasp. ,  s u c h  a value,  p u t t i n g  a value in to  t h e  module  c a n  s u c c e e d  only when no 
value is p r e s e n t ,  ge t t ing  a value f r o m  the  module  can  s u c c e e d  only if a value is 
p r e s e n t .  There  is one specia l  r e q u i r e m e n t ,  though:  get has  a boolean a r g u m e n t  
p r /o r / ty ;  we want  to  spec i fy  a p r o g r a m  module  tha t ,  in t h e  c a s e  of two "pend-  
ing o r d e r s "  with p r / o r / t y  and  n o t  primarily, resp. ,  will comple t e  t he  prior i ty  
o r d e r  u p o n  arr ival  of a value. 

Now t u r n  to t h e  following spec i f ica t ion  text :  

module  rea~boz is 
pz~t (~essage  : i n  tezt) ,  
get (pr~.~: in booteaTt; message: out re=t); 

c o m p o n e n t s  boz: tezt;  
initially boz = ?; 
service put when box = ? is 

if orders = ~ then 
b o z "  = wtessage 

e lse  b0z '  = ? a n d  
f or  t h a t  z in  ~rders  s a t  x .pr io~ ty  o r  t h a t  z in orders s a t  t rue  
r e t u r n  m e s s a g e '  = tAbs.message fi and 

re turn;  
se rv i ce  get is 

boz '  = ? a n d  
i f  box ~ ? t h e n  

return message ' = box f l ;  
end  ~ 4 J b o z ,  

Although t h e  r e a d e r  may  guess  t h e  mean ing  of m a n y  p h r a s e s  in th is  example ,  
seve ra l  c o m m e n t s  on t h e  ad -hoc  l anguage  used  h e r e  a re  neces sa ry .  

(I) The module head contains the syntactical part of the specification (this corresponds to the 
"signature" in an algebraic specification and to the "definition module" of Module-2 [Wirth 

S2]). 

(2) The initial state is characterized by an assertion (it need not be unique). 

(3) ? is a special value available for all types; it cannot be returned, though. 

(4) Each service is specified by an assertion that relates old values of state components to new 
ones (the latter are denoted by primed component names). A component with no primed 
occurrence remains unaffected. Note that the description of the state transition may be 
highly non-deterrrdnate, 

(~) The specification of a service may contain expressions of the form "return assertion" or "for 
order expression return assertion'. Such a return expression specifies the completion of the 
current order or the order indicated, resp. The assertion serves to characterize the return 
values. 

(6) The expression 'that x in set sat P(x)' denotes an arbitrary element in a given set satisfying P, 
or ? if no such elemen~ is present, or means determinate choice if the operands are non- 
boolean: the first operand is selected if it is not ?; otherwise, the second operand is selected. 

(7) The predefined identifier orders denotes the order list, Its elements are variant records, 
~ceordLng to the information given in the module head. 

A salient feature of the above specification is that overflow and underfiow of the 

mailbox are prevented by d!fferent techniques. Overflow is prevented by simply not 

accepting a put order if the message cannot be deposited. A get order is always 
accepted; its completion, however, may be delayed until a message is available and 

can be granted - according to the priority discipline. Note that without accepting 

the ge~ orders it would be impossible to express the priority scheduling. 
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2.3. N o n - d e t e r m i n a c y  r e s t r i c t e d  by t e m p o r a l  logic a s s e r t i o n s  

N o n - d e t e r m i n a t e  serv ice  desc r ip t ion  as  possible  with an a s s e r t i o n - o r i e n t e d  
spec i f ica t ion  l anguage  is a powerful  tool. It allows for  i ncomple t e  spec i f ica t ion  of 
modules  in c a s e s  where  a b s t r a c t i o n  f rom behaviora l  de ta i l s  is des i red .  It also allows 
to  spec i fy  modules  t h a t  a re  in ten t iona l ly  or  de fac to  n o n - d e t e r m i n a t e .  

In t he  l a t t e r  case,  it  is o f t en  n e c e s s a r y  to r e s t r i c t  t he  se t  of possible  s t a t e  
s e q u e n c e s  to  a s u b s e t  with c e r t a i n  p rope r t i e s .  Such r e s t r i c t i o n s  c a n n o t  be 
e x p r e s s e d  by re la t ing  a s t a t e  to i ts  s u c c e s s o r  s ta te .  In th is  s i tuat ion,  t e mp o r a l  logic 
can  be used  to speci fy  t h e  des i red  p r o p e r t i e s  of s t a t e  s e q u e n c e s  (see, e.g., 
[ M a n n a / P n u e l i  81]). The spec i f ica t ion  may con t a i n  a p h r a s e  like 

a s s e r t i o n  t empora l  a s se r t ion ;  

Note t h a t  an  a s se r t i on  of t he  form [] P, where  P is a s t a t e  p red ica t e ,  i n t r o d u c e s  P 
as  a module  invar iant .  Unlike invar ian ts  known f rom o t h e r  spec i f ica t ion  languages ,  
P is no t  m e a n t  to be  provable  f r o m  t h e  r e s t  of the  specif icat ion;  i ts  p u r p o s e  is to  
r e s t r i c t  t he  module  behaviour .  - The i n t r o d u c t i o n  of t he  a s s e r t i o n  c lause  makes  
t h e  init ial ly c lause  obso le te  (as can  be seen  in the  n e x t  example) .  

Cons ider  t h e  following example  which specif ies  an  unre l iable  t r a n s m i s s i o n  medi ium. 
This might  be, e.g., a c o m m u n i c a t i o n  line be tween  two compu te r s ,  one  ac t ing  as a 
t r a n s m i t t e r  of c e r t a i n  "packets" ,  t he  o t h e r  ac t ing  as  a receiver .  There  is a p a c k e t  
buffer  a t  t he  r ece ive r  site,  bu t  no flow con t ro l  to  p r e v e n t  overwri t ing of th is  buffer.  
Each  p a c k e t  s e n t  will be received,  a l though  possibly damaged.  

m o d u l e  l ine is 
z m i t  (data: in packet) ,  
r e c v  (data: out  packet); 

c o m p o n e n t s  buffer: packet; 
a s s e r t i o n  buf fer  = ? a n d  []<> buffer  # ?; 
s e r v i c e  zwzit is  

(buf fer '  = data or  buffer '  = ?) and 
re turn;  

se rv ice  recv when  buffer # ? is 
buffer" = ? and 
r e t u r n  data' = buffer; 

e n d  line. 

The spec i f i ca t ion  of xrn/t  shows t h a t  t r ansmis s ion  is unrel iable .  The t e mp o r a l  
a s se r t ion ,  however ,  p r e c l u d e s  p e r m a n e n t  co r rup t i on  of all packe t s .  

2.4. A u t o n o m o u s  s t a t e  t r a n s i t i o n s  

It is easy  to e x t e n d  t h e  bas ic  model  of 2.1. with a u t o n o m o u s  s t a t e  t rans i t ions .  
There  a r e  m a n y  p rac t i c a l  c a s e s  where  a u t o n o m o u s  s t a t e  t r a n s i t i o n s  a re  useful .  
Typically, a p r o c e s s  pe r fo rming  a c e r t a i n  b a c k g r o u n d  task  over  and  over  again  will 
be  model led  conven ien t ly  by using an a u t o n o m o u s  s t a t e  t r ans i t ion .  As a s imple 
example ,  c o n s i d e r  the  following clock module:  

m o d u l e  clock is 
get time (t: o u t  natural ) ;  

c o m p o n e n t s  t ime:  na tura l ;  
a s s e r t i o n  t ime = O; 
service get time is 

return t' = time; 
auto t/ck is 

t i m e ' =  t ime + 1; 
e n d  clock, 



314 

Note that the identifier t/clc ser'¢es documentation purposes only. 

Autonomous transitions add to the degree of non-determinacy of a module. So it is 

not surprising that autonomous transitions will often be used in conjunction with a 
temporal assertion. The following example specifies a "bad memory" which is nei- 

ther completely reliable nor completely broken: 

m o d u l e  m e m o r y  is  
r e a d  (v: o u t  va l u e ) ,  
write (v: in v a l u e ) ;  

c o m p o n e n t s  cell: va lue ;  
a s s e r t i o n  cel t  = ? and  [ ] < >  (cell  ~ ? ~ © cell  ~ ?) 
service r e a d  w h e n  cell  # ? is 

r e t u r n  v" = celt; 
s e r v i c e  w r / t e  is  

cell" = v and return; 
auto forget is 

ce~l' = ?; 
e n d  m e m o r y .  

T h e  t e m p o r a l  a s s e r t i o n  c o n t a i n s  t h e  " n e x t  s t a t e "  o p e r a t o r  © .  The  a s s e r t i o n  s t a t e s  
t h a t  (1) t h e  m e m o r y  is  a n  u n d e f i n e d  s t a t e  in i t i a l ly  a n d  (2) i t  will h a p p e n  i n f i n i t e l y  
o f t e n  t h a t  w h e n  a s t a t e  is d e f i n e d  i t s  s u c c e s s o r  s t a t e  will a l so  be  d e f i n e d .  T h e  l a t t e r  
r e q u i r e m e n t  g u a r a n t e e s  t h a t  a v a l u e  w r i t t e n  i n t o  t h e  m e m o r y  c a n  be  r e a d  a g a i n  - 
at l e a s t  f r o m  t i m e  to t i m e .  

Note that the when clause does not necessarily imply a "delay" of the read opera- 

tion; whether cel{= ? causes a "delay" or "exception" is beyond the expressiveness 
of the basic model (see, however, section 4.). 

3. C o r r e s p o n d e n c e  b e t w e e n  Modules  and  Progr a mmi n g  Language  C o n s t r u c t s  

3.1.  Processes ~h message p a s s i n g  

In  a s t r a i g h t f o r w a r d  i m p l e m e n t a t i o n ,  a m o d u l e  is  r e a l i z e d  a s  a s e q u e n t i a l  p r o c e s s  
i n t e r a c t i n g  w i t h  i t s  e n v i r o m e n t  v ia  m e s s a g e  p a s s i n g .  T h e r e  a r e  d i f f e r e n t  p a r a d i g m s  
f o r  i n t e r - p r o c e s s  c o m m u n i c a t i o n .  We a s s u m e  t h e  fo l lowing  b a s i c  c h r a c t e r i s t i e s :  

(1)  T h e  c o d e  of  a p r o c e s s  c o n t a i n s  c e r t a i n  p o i n t s  w h e r e  t h e  p r o c e s s  is  wil l ing to  
a c c e p t  a m e s s a g e .  If n o n e  is  a v a i l a b l e  ( s e e  be low) ,  t h e  p r o c e s s  w a i t s  f o r  t h e  
a r r i v a l  of  a m e s s a g e .  

(2)  A m e s s a g e  r e c e i v e d  b y  t h e  p r o c e s s  r e p r e s e n t s  a n  o r d e r :  i t  d e s c r i b e s  a s e r v i c e  
to  b e  e x e c u t e d  b y  t h e  p r o c e s s .  

(3)  At a n y  p o i n t ,  a p r o c e s s  m a y  d e c i d e  to  a c c e p t  c e r t a i n  k i n d s  of  o r d e r s ;  t h e s e  
m a y  b e  d e s c r i b e d  b y  s e r v i c e  n a m e s  a n d / o r  c e r t a i n  p r e d i c a t e s  i n v o l v i n g  
parameters and the process state. 

(4) The process is able to signal the completion of an order by "sending an 
answer". It is irrelevant here, whether and how this answer is bound to the 

order, to a client process, to a third process, or whatever. Sending an answer 

does never imply waiting. 

As is evident from (I) and (4), we abstract from the details of message/answer 
buffering, in fact from the whole inter-process communication scheme. E.g., we 
ignore issues like sending a message or recei%Sng an answer. We just have an 
"environment" producing messages and swallowing answers. Issues of module 
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i n t e r c o n n e c t i o n  a re  d e f e r r e d  to sec t ion  4. 

Any p r o c e s s  with t he  p r o p e r t i e s  m e n t i o n e d  above can  be model led  as a c o n c u r r e n t  
module.  The act ivi ty  be tween  a c c e p t a n c e  of a message  and  the  n e x t  a c c e p t a n c e  of 
a message  is model led  as a s t a t e  t rans i t ion .  If the  locus of con t ro l  is e n c o d e d  in t he  
module  s t a t e ,  t h e  when  c lause  can  be used  to e x p r e s s  t h a t  a p r o c e s s  is c h o o s y  
a b o u t  when to  a c c e p t  which kind of order .  The when  c lause  also se rves  to re f lec t  
t he  p r e d i c a t e s  m e n t i o n e d  in (3). Note t h a t  t he  p r o c e s s  has  to take  explici t  meas -  
u r e s  for  t he  bookkeep ing  on orders!  

3.2.  P r o c e s s e s  w i t h  r e m o t e  i n v o c a t i o n  

The Ada task  [Ada 82] is an example  for  a p r o c e s s  using the  r e m o t e  invoca t ion  
parad igm.  The t ask  is an a u t o n o m o u s  p roce s s  with t he  following c h a r a c t e r i s t i c s  (cf. 
3.1.): 

(1) The code  of a t a sk  con t a in s  a c c e p t  s t a t e m e n t s  ca r ry ing  the  n a m e s  of t a sk  
en t r ies .  Accept  s t a t e m e n t s  may be nes ted .  At t he  beginning of an a c c e p t  s t a t e -  
ment ,  t he  t a sk  waits  for  a co r r e spond ing  e n t r y  call i s sued  by a c l ien t  task,  
t h e n  a c c e p t s  t he  inpu t  p a r a m e t e r s ,  e x e c u t e s  the  body of t he  a c c e p t  s t a t e -  
men t ,  and  del ivers  the  ou tpu t  p a r a m e t e r s  to t he  client.  

(2) An e n t r y  call a c c e p t e d  by a task  r e p r e s e n t s  an  order:  it de sc r ibe s  a se rv ice  to  
be e x e c u t e d  by the  task;  e 'xecuting the  body of the  a c c e p t  s t a t e m e n t  is par t( t )  
of t h e  e x e c u t i o n  of t h e  service  (see below). 

(3) Using the  se lec t ive  wait s t a t e m e n t ,  a t a sk  can  a c c e p t  d i f fe ren t  se rv ice  
r eques t s ,  whichever  h a p p e n s  to arrive: a g roup  of a c c e p t  s t a t e m e n t s  m e n t i o n s  
the  a c c e p t a b l e  e n t r y  calls; moreover ,  e a c h  a c c e p t  s t a t e m e n t  may  be g u a r d e d  
by a when  clause.  

(4) The comple t ion  of an  o r d e r  a c c e p t e d  by a c e r t a i n  a c c e p t  s t a t e m e n t  is sig- 
nal led  t h r o u g h  t e r m i n a t i o n  of t h a t  s t a t e m e n t .  This compr i s e s  r e t u r n  of o u t p u t  
p a r a m e t e r s .  Note t h a t  the  c l ien t  is waiting for  t he  t e rmina t ion .  

As with m e s s a g e  pass ing,  we p r e s u p p o s e  t h a t  a t a sk  to  be model led  as  a c o n c u r r e n t  
module  does  no t  use  a n o t h e r  t a sk  ( this  r e s t r i c t i o n  will be  r emoved  in sec t ion  4). 
The act iv i ty  b e tween  a c c e p t a n c e  of an e n t r y  call and  the  n e x t  a c c e p t a n c e  of an 
e n t r y  call (possibly nes t ed )  is model led  as a s t a t e  t rans i t ion .  If t he  t a sk  body con-  
s is t s  of a loop con ta in ing  a se lect ive  wait, b u t  no  o t h e r  a c c e p t  s t a t e m e n t s ,  th i s  
s t r u c t u r e  will be  d i rec t ly  m i r ro r ed  in t he  model  specif icat ion.  If t he  s t r u c t u r e  is 
different ,  t he  locus of con t ro l  has  to be encoded  in t he  module  s t a t e  (as m e n t i o n e d  
in 3.1.). Note t h a t  t h e r e  is no explici t  bookkeep ing  for  orders!  An o r d e r  is 
r e p r e s e n t e d  by the  ac t iva t ion  of an  a c c e p t  body. 

If a t a sk  uses  t h e  e n t r y  a t t r i b u t e  e'count (denot ing the  n u m b e r  of pend ing  calls fo r  
e), t he  model  has  to  a c c e p t  any  call for  e uncondi t ional ly .  The service  r e q u e s t  will 
be  r e g i s t e r e d  in t h e  o r d e r  list  so t h a t  t he  module  behav iour  can  b e . m a d e  d e p e n -  
d e n t  on e'count. Clearly, t he  effect  of service  e will now be specif ied  as  t he  e f fec t  of 
a g u a r d e d  a u t o n o m o u s  t rans i t ion .  

Note t h a t  a se lec t ive  wait  can  have an e lse  p a r t  which will be e x e c u t e d  if no o t h e r  
a l t e rna t ive  can be se lec ted .  This can  also be model led using an a u t o n o m o u s  t r ans i -  
t ion.  
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3.3. Hoaitor~ 

T h e  m o n i t o r  is  t h e  m o s t  n a t u r a l  g e n e r a l i z a t i o n  of  t h e  " m o d u l e "  a s  k n o w n  f r o m  
s e q u e n t i a l  p r o g r a m s .  D i f f e r e n t  v e r s i o n s  of  s y n c h r o n i z a t i o n  w i t h i n  m o n i t o r s  h a v e  
b e e n  p r o p o s e d .  We r e f e r  t o  t h e  H o a r e  v e r s i o n  [ H o a r e  74] ,  b u t  o t h e r  v e r s i o n s  c o u l d  

b e  t a k e n  a s  well.  

M o n i t o r  a c t i v i t i e s  a r e  e x e c u t e d  o n  b e h a l f  of  a p r o c e s s  c a l l i n g  o n e  of t h e  p r o c e d u r e s  
e x p o r t e d  b y  t h e  m o n i t o r .  T h e  fo l lowing  c h a r a c t e r i s t i c s  of  a m o n i t o r  a r e  p e r t i n e n t  

t o  o u r  m o d e l i n g :  

(1)  A m o n i t o r  i s  " a c t i v e "  w h e n  a p r o c e s s  is  w i t h i n  a m o n i t o r  p r o c e d u r e  a n d  is  n o t  
b l o c k e d .  A m o n i t o r  is  a c t i v a t e d  w h e n  a p r o c e s s  is e n t e r i n g  it. 

(2)  A p r o c e s s  e n t e r i n g  a m o n i t o r  is  t a n t a m o u n t  to  t h e  m o n i t o r  a c c e p t i n g  a n  
order~  T h e  p r o c e d u r e  c a l l e d  r e p r e s e n t s  t h e  s e r v i c e  r e q u e s t e d .  

(3)  If a m o n i t o r  i s  r e a d y  t o  a c c e p t  a n  o r d e r ,  i t  will a c c e p t  a n y  o r d e r .  (Th is  i s  

d i f f e r e n t  w i t h  " g u a r d e d  m o n i t o r s " ! )  

(4)  An o r d e r  i s  c o m p l e t e d  w h e n  a p r o c e s s  l e a v e s  a m o n i t o r :  t e r m i n a t i o n  of a p r o -  
c e d u r e  e x p o r t e d  b y  t h e  m o n i t o r  m e a n s  c o m p l e t i o n  of  t h e  c o r r e s p o n d i n g  o r d e r .  

If a m o n i t o r  i s  m o d e l l e d  a s  a c o n c u r r e n t  m o d u l e ,  t h e  e x p o r t e d  p r o c e d u r e s  a r e  
m o d e l l e d  a s  t h e  s e r v i c e s .  T h e  a c t i v i t y  w i t h i n  a m o n i t o r ,  l a s t i n g  f r o m  a n  e n t r y  t o  t h e  
n e x t  e n t r y ,  is  d e s c r i b e d  a s  t h e  s e r v i c e  e f f ec t .  D i f f e r e n t  p r o c e s s e s  m a y  t a k e  p a r t  in  
t h i s  a c t i v i t y ,  e .g. ,  if a p r o c e s s  w a k e s  a b l o c k e d  p r o c e s s  u s i n g  a s i g n a l  o p e r a t i o n .  
F u r t h e r m o r e ,  a n  a c t i v i t y  p e r i o d  is  n o t  n e c e s s a r i l y  e n d e d  w h e n  a p r o c e s s  l e a v e s  t h e  
m o n i t o r ;  m o n i t o r  e x i t  j u s t  m e a n s  o r d e r  c o m p l e t i o n .  - No e x p l i c i t  b o o k k e e p i n g  o n  
o r d e r s  is  n e c e s s a r y ,  s i n c e  a n  o r d e r  i s  r e p r e s e n t e d  by  a p r o c e d u r e  a c t i v a t i o n .  

3.4. Synchronized sequential  modules  

A s t a t e  t r a n s i t i o n  in  a c o n c u r r e n t  m o d u l e  is  a n  i nd iv i s ib l e  a c t i o n .  T h e r e  is  n o  c o n -  
c e p t  of  " o v e r l a p p i n g  t r a n s i t i o n s " .  P r o c e s s e s ,  t a s k s ,  a n d  m o n i t o r s  c o r r e c t l y  i m p l e -  
m e n t  i n d i v i s i b l e  s t a t e  t r a n s i t i o n s ,  d u e  to  t h e i r  s e r i a l i t y  a n d  e x c l u s i o n  p r o p e r t i e s ,  
r e s p e c t i v e l y .  I t  is  n e v e r t h e l e s s  p o s s i b l e  to  w e a k e n  t h e  r e s t r i c t i o n  t h a t  two  o r  m o r e  
p r o c e s s e s  m u s t  n o t  be  p r o c e e d i n g  s i m u l t a n e o u s l y  w i t h i n  a n  i m p l e m e n t a t i o n  of a 

m o d u l e .  

T h e  i m p o r t a n t  o b s e r v a t i o n  is  t h a t  c l i e n t s  o f  a m o d u l e ,  n o t  a w a r e  of  t h e  m o d u l e ' s  
i m p l e m e n t a t i o n ,  a r e  n o t  e v e n  a w a r e  of e x c l u s i o n  o r  s e r i a l i z a t i o n  m e a s u r e s  w i t h i n  
t h e  m o d u l e .  T h e s e  a r e  e x c l u s i v e l y  in t h e  m o d u l e ' s  r e s p o n s i b i l i t y .  E.g., if a c o n -  
c u r r e n t  m o d u l e  is  i m p l e m e n t e d  a s  a s i n g l e  s e q u e n t i a l  p r o g r a m  m o d u l e  c o n t a i n i n g  
s o m e  l o c k i n g  o p e r a t i o n s ,  t h i s  i s  p e r f e c t l y  a t r i g h t  a s  l o n g  a s  t h e  c l i e n t s  r e c e i v e  t h e  
s a m e  s e r v i c e s  a s  t h e y  w o u l d  r e c e i v e  f r o m  a m o n i t o r  i m p l e m e n t a t i o n .  S e r v i c e  is  a 
m a t t e r  of  s p e c i f i c a t i o n ,  e x c l u s i o n / l o c k i n g  is a m a t t e r  of i m p l e m e n t a t i o n .  

V e r i f y i n g  s u c h  a m o d u l e  i m p l e m e n t a t i o n  is  of  c o u r s e  m o r e  d i f f i cu l t  t h a n  v e r i f y i n g  a 
m o n i t o r  o r  p r o c e s s .  In a d d i t i o n  to  p r o v i n g  t h e  c o r r e c t n e s s  of  e a c h  i n d i v i d u a l  

o p e r a t i o n ,  we h a v e  to  p r o v e  t h e  fo l lowing:  

C o n s i d e r  a n  a r b i t r a r y ,  o v e r l a p p i n g  e x e c u t i o n  E of o r d e r s  o 1 ..... o n. T h e n  t h e r e  is  
a p e r m u t a t i o n  i I ..... i n of  I ..... n s u c h  t h a t  t h e  n e t  e f f e c t  of  t h e  a c c e p t a n c e s  of  
oil,..,o%, a s  s p e c i f i e d  f o r  t h e  a b s t r a c t  m o d u l e  is  s a t i s f i e d  by  t h e  n e t  e f f e c t  of  E. 

No te  t h a t  t h i s  n o t i o n  of c o r r e c t n e s s  d o e s  n o t  g u a r a n t e e  d e t e r m i n a c y ,  n o t  e v e n  if 
t h e  s p e c i f i c a t i o n  is d e t e r m i n a t e .  T h i s  is n o t  a w e a k n e s s ,  t h o u g h ,  i t  is t h e  n a t u r a l  
c o n s e q u e n c e  of  c o n c u r r e n t  o r d e r  a r r i v a l .  U s i n g  d a t a  b a s e  t e r m i n o l o g y  ( see ,  e .g. ,  
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[Ul lman  80]), E involves  a c e r t a i n  s c h e d u l e  for  t h e  t r a n s a c t i o n s  o I ..... On; if t h e  
spec i f i ca t i on  is d e t e r m i n a t e ,  we have  to prove t h a t  all s c h e d u l e s  a r e  ser ia l izable .  

If t h e  spec i f i ca t ion  is n o n - d e t e r m i n a t e ,  a n  over l app ing  e x e c u t i o n  m a y  be  allowed to  
p r o d u c e  a n e t  e f fec t  t h a t  c a n n o t  be  ach ieved  by a n y  ser ia l iza t ion .  This  is b e c a u s e  a 
d e t e r m i n a t e  i m p l e m e n t a t i o n  will n o t  u s u a l l y  e x h a u s t  all t h e  poss ib i l i t ies  al lowed by 
a n o n - d e t e r m i n a t e  spec i f ica t ion .  Thus ,  a c o r r e c t  i m p l e m e n t a t i o n  of a n o n -  
d e t e r m i n a t e  m o d u l e  m a y  welt allow non - se r i a l i z ab l e  s c h e d u l e s .  A s imple  e x a m p l e  

will suff ice to d e m o n s t r a t e  this:  

m o d u l e  growing is  
increase; 

c o m p o n e n t s  counter: natural ;  
a s s e r t i o n  counter  = O; 
s e r v i c e  increase is 

counter" > counter  and r e t u r n ;  
end  growing. 

I m p l e m e n t i n g  increase by t h e  n o n - a t o m i c  a s s i g n m e n t  counter:= counter+l  on an  
i n t e g e r  va r iab le  counter  with no  locking is c o r r e c t  

- b e c a u s e  a n y  over l app ing  e x e c u t i o n s  of t h e  a s s i g n m e n t  will have  a n e t  e f fec t  
t h a t  sa t i s f i e s  t h e  n e t  effect  of a c o r r e s p o n d i n g  s e q u e n c e  of o rde r s ;  

d e s p i t e  t h e  f a c t  t h a t ,  e.g., two over l app ing  e x e c u t i o n s  m a y  p r o d u c e  a n  e f fec t  
d i f f e ren t  f r o m  t h a t  of two ser ia l  e x e c u t i o n s .  

3.5. Multiple p r o c e s s e s  

We h a v e  s e e n  t h a t  a m o d u l e  i m p l e m e n t a t i o n  m a y  c o n t a i n  m o r e  t h a n  one  locus  of 
c o n t r o l  a t  a g iven  t ime.  Similarly,  it  is poss ib le  t h a t  a mo d u l e  i m p l e m e n t a t i o n  is a n  
a r b i t r a r y  " n o n - s e q u e n t i a l  p roces s " ,  i.e., c o n t a i n s  s eve ra l  p e r m a n e n t  p r o c e s s e s  
i n t e r a c t i n g  in a r b i t r a r y  ways. And vice versa ,  a n y  c o n c u r r e n t  s y s t e m  of a r b i t r a r y  
c o m p l e x i t y  c a n  be mode l l ed  as  a c o n c u r r e n t  mo d u l e  - if i ts  visible b e h a v i o u r  is t h a t  
of a se rve r .  A s imple  e x a m p l e  is t h e  " r e s o u r c e "  m o d u l e  of t h e  l a n g u a g e  SR [Andrews 
81] which  m a y  c o m p r i s e  mul t ip le  p r o c e s s e s .  The m o s t  g e n e r a l  way to o b t a i n  a con-  
c u r r e n t  s y s t e m  is of c o u r s e  c o m p o s i n g  a r b i t r a r y  a b s t r a c t  modu les .  This  is t h e  sub-  
j e c t  of t h e  n e x t  sec t ion .  

4. Building Modules from Modules 

4.1. I m p l e m e n t a t i o n  Spec i f i ca t ion  

If a n  i m p l e m e n t a t i o n  of a m o d u l e  A m a k e s  use  of a n o t h e r  mo d u l e  B (or of seve ra l  
o t h e r  modu le s ) ,  it  is poss ib le  to "spec i fy  t h e  i m p l e m e n t a t i o n " .  With r e s p e c t  to t h e  
s e r v e r  B, A a c t s  a s  a c l ient .  F r o m  th i s  p o i n t  of view, a s t a t e  t r a n s i t i o n  of A is 
c a u s e d  n o t  only  by a c c e p t i n g  an  order ,  b u t  a lso by t ak ing  n o t i c e  of a c o m p l e t i o n  
no t i f i ca t i on  f r o m  B which  s igna l s  t h e  c o m p l e t i o n  of an  o r d e r  p rev ious ly  i s s u e d  by A. 
Of c o u r s e ,  t h e  ef fec t  t h a t  A i s s u e s  a n  o r d e r  m u s t  be speci f iable  as  well. 

Let  u s  a s s u m e  t h a t  B is a p r iva t e  s e r v e r  of A, i.e., B h a s  n o  o t h e r  c l ients .  T h e n  we 
c a n  p i c t u r e  t h e  s i t u a t i o n  as  follows: 
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~S 

1 
A {, 

~T 

B 

The c l i en t s  of A rely on a ce r t a in  service spec i f ica t ion  S. They d o n ' t  know any th ing  
a b o u t  B, The i m p l e m e n t a t i o n  of A rel ies  on B's service  spec i f ica t ion  T. The n a t u r e  
of th is  r e l i ance  is d e s c r i b e d  by an imp lemen ta t i on  spec i f ica t ion  I for  A. 

As an example ,  let  us cons ide r  the  i m p l e m e n t a t i o n  spec i f ica t ion  for a s c h e d u l e r  A 
t h a t  c o n t r o l s  a c c e s s  to a r e s o u r c e  B; e.g., le t  A be a disk dr iver  and  B the  
c o r r e s p o n d i n g  disk drive {including t h e  cont ro l le r ) .  A c l ien t  Of A sees  an  a b s t r a c t  
disk which is d e s c r i b e d  by the  following service  specif icat ion:  

modu le  disk is 
t rans fer  COn: in blockno; bl: in o u t  block; dir: in (in, out)); 

c o m p o n e n t s  sector (1..last): block: 
a s s e r t i o n  true; 
s e r v i c e  t rans fer  when  1 ~ bn a n d  bn ,: last  i s  

if dir = in  t h e n  r e t u r n  bl" = sectorcon) 
e lse  sector'Con) = bl a n d  

all ~ in 1,.last sa t  (i ~ bn -, sector'(i)=sector(i)) and 
r e t u r n  fi; 

e n d  disk. 

Of course ,  t he  spec i f ica t ion  d o e s n ' t  say  any th ing  abou t  schedul ing ,  b e c a u s e  
schedu l ing  does  no t  af fect  t he  module ' s  func t iona l  behaviour .  For  th is  reason ,  how- 
ever,  t he  spec i f i ca t ion  can  also be used  for  t he  disk drive.* An i m p l e m e n t a t i o n  
spec i f i ca t ion  for  t he  disk dr iver  may look like this:  

modu le  disk driver 
us ing  disk <transfer  COn: in blockno; bt: in o u t  block; dir: in  (in, out))> 
is t rans fer  COn: in blockno; bl: in o u t  block; dir: in (in, out)); 

c o m p o n e n t s  devq: device queue; (* technical  details are omitted*) 
a s s e r t i o n  length(devq) = O; 
a c c e p t  t rans fer  i s  

devq" = enter(devq, this)  (*real izes  the scheduling discipline *) 
a n d  
i f  length  (devq) = 1 t h e n  

s tar t  disk. trans]er(head (devq ').bn) fi; 
notice disk . t rans fer  is 

devq'  = body(devq) and 
if length(devq ~ > 0 t h e n  

s tar t  d isk . transfer(head (devq ").bn, head (devq ').hi,head (devq ").dir) 
fi and 
fo r  head(devq) r e t u r n  

ff dir = in  t h e n  bl" = this.bl fi; 
e n d  disk dT~ver. 

We use  t h e  keyword  a c c e p t  i n s t ead  of se rv ice  in o r d e r  to e n h a n c e  the  " implemen ta -  
t ion flavour". 

A s t a r t  e x p r e s s i o n  speci f ies  t h a t  a c e r t a i n  o r d e r  is p r o d u c e d  {like r e t u r n  p r o d u c e s  
a comple t ion  not i f ica t ion) .  At the  momen t ,  we d o n ' t  ca re  w h e t h e r  or  no t  the  s e rve r  
is r e a d y  to a c c e p t  t he  order .  A n o t i c e  spec i f ica t ion  d e s c r i b e s  the  e f fec t  of 
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a c c e p t i n g  a comple t ion  not i f icat ion.  Noticing will be se lect ive  in the  g e n e r a l  case:  
t h e r e  will be d i f fe ren t  no t ice  spec i f ica t ions  for d i f ferent  services ,  and  t h e y  may  be 
g u a r d e d  by w h e n  c lauses .  

The o r d e r  list  is no t  visible in th is  example.  Re fe r ences  to pend ing  orders ,  however,  
a re  k e p t  in devq, and  t h e  exp res s ion  fo r  head(deVq) r e t u r n  ... speci f ies  an o r d e r  to  
be r emoved  f r o m  the  o r d e r  list. 

As ind ica t ed  in t he  module  head,  disk driver r e f e r s  to the  disk module,  disk can be 
s e e n  as a fo rmal  p a r a m e t e r  of disk driver. The s e m a n t i c s  of disk dr iver . t rans fer  
d e p e n d s  on t h e  spec i f ica t ion  given for disk and on the  deta i l s  of i n t e r -modu le  com- 
munica t ion .  

It should  be n o t e d  t h a t  t he  notice c o n c e p t  is pecu l ia r  to c o n c u r r e n t  sys tems.  There  
is no n e e d  for  it  in sequen t i a l  sys t ems  where  an o r d e r  will always be  e x e c u t e d  to 
comple t ion  p r io r  to  a c c e p t a n c e  of t he  n e x t  order .  (Cf. the  effect of c lause  used  in 
Special  [Robinson,  e t  al. 79].) 

4.2. Module composition 

The eas i e s t  way to model  communica t i on  be tween  modules  is to a s sume  the  
e x i s t e n c e  of a mes sage  pool which is capab le  of buffer ing an  unl imi ted  a m o u n t  of 
o r d e r s  and  comple t ion  not i f ica t ions .  A s t a t e  t r ans i t i on  of a module  (if no t  au to -  
nomous )  r emoves  a mes sage  f rom the  pool and  may  e n t e r  new m e s s a g e s  in to  t h e  
pool. If the  s t a t e  of a module  allows consuming  an o rde r  or comple t ion  not i f ica t ion  
p r e s e n t  in t h e  pool, t h a t  module  is said to be "enabled" .  In a s e t  of c o mmu n i c a t i n g  
modules ,  any  enab l ed  module  may "switch" a t  any  time. Each  
serv ice /accept ]not i ce  will c o n s u m e  i ts  mes sag e s  in arrival  t ime order .  

It is readi ly  c l ea r  t h a t  th i s  modell ing is a p p r o p r i a t e  for  c lass ical  i n t e r - p r o c e s s  com- 
m u n i c a t i o n  via mai lboxes  and  por ts .  In teres t ingly ,  it is appl icable  to mo n i t o r s  as 
well. Cons ider  t h e  "weak moni to r"  first; i t  will r e l ea se  exclus ion when calling 
a n o t h e r  m o n i t o r  [Haddon 77], which m e a n s  t h a t  it will always be r eady  to c o n s u m e  
any m e s s a g e  s e n t  to  it. Thus, t he  infinite message  pool is an  a d e q u a t e  model  
a l t h o u g h  we d o n ' t  see  a message  pool in the  real izat ion.  (Note t h a t  queues  of 
p r o c e s s e s  waiting to  e n t e r  a mon i to r  have no th ing  to de with t he  a b s t r a c t  message  
pool; t h e y  a re  a t r a n s i e n t  p h e n o m e n o n  of t he  i m p l e m e n t a t i o n  only, serving to  
achieve  a tomic i ty  of s t a t e  t rans i t ions . )  

A p r o b l e m  a r i s e s  with t h e  regular ,  "s t rong"  mon i to r  and  with t he  Ada task.  Nes ted  
invoca t ions  may c a u s e  a module  to ge t  s tuck  with an  invoca t ion  s t a t e m e n t .  How- 
ever,  s ince  an  invoca t ion  s t a t e m e n t  r e q u e s t s  s y n c h r o n o u s  service  we a re  in good 
shape :  t he  i m p l e m e n t a t i o n  spec i f ica t ion  of the  module  has  to speci fy  t h a t  a t r ans i -  
t ion  p roduc ing  an o r d e r  will r e su l t  in a s t a t e  t h a t  r e fuses  to c o n s u m e  any  me s s a g e  
d i f fe ren t  f r o m  ,the c o r r e s p o n d i n g  comple t ion  not i f ica t ion.  So a s imple i m p l e m e n t a -  
t ion  spec i f ica t ion  for  a c l ient  module  might  look like this:  

modu le  cl ient  using server  <s> is 
service1 .....  ; (*services  offered by cl ient!  *) 

components  . . . . .  
ready: boolean; 

a s s e r t i o n . . .  ; 
accept  serv/ce  1 when  ready is 

... and  s tar t  server.s 
a n d  n o t  ready ? 

notice  s e ~ v e r . s  is 
... and ready ? 

end client.  
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We can  conc lude  t h a t  i t  is n o t  n e c e s s a r y  to  have d i f ferent  models  for  module  in te r -  
connec t i on ;  t h e  "unl imi ted  message  pool" model  will do. Communica t ion  pecul ia r i -  
t ies  with d i f fe ren t  r ea l i za t ions  of modu le s  will be (and  have to  be) r e f l ec t ed  in t he  
i m p l e m e n t a t i o n  speci f ica t ions .  

4.3. A non- t r iv ia l  e x a m p l e  of modu le  in te rconnecLion  

Several  a u t h o r s  have u s e d  the  a l t e rna t i ng  bit  p ro toco l  as  a vehicle  for  d e m o n s t r a t -  
ing spec i f ica t ion  t echn iques ;  see, e.g., [Schwar tz /Mel l i a r -Smi th  82] [Lampor t  83]. 
These p a p e r s  also d i scuss  t h e  p ros  and  cons  of s t a t e  m a c h i n e  o r ien ta t ion .  P ro toco l  
spec i f i ca t ion  using s t a t e  m a c h i n e s  is jus t  a specia l  case  of our  module  
speci f ica t ion .  In cons ide r ing  t h e  a l t e r n a t i n g  b i t  p ro toco l  we will n o t  e n c o u n t e r  
complex  modules  f ea tu r ing  o r d e r  lists and  de layed  o r d e r  complet ion;  the  example  
se rves  t he  m e r e  p u r p o s e  of d e m o n s t r a t i n g  a non- t r iv ia l  module  i n t e r ac t ion .  

We a s s u m e  to  have  two i n s t a n c e s  of an  unrel iable ,  un id i r ec t iona l  t r a n s m i s s i o n  line, 
s imilar  to  t he  line speci f ied  in 2.3. We would like to c o n s t r u c t  a re l iable  mailbox of 
f ini te  c a p a c i t y  on  top  of t h e  two lines.  The mailbox should  be s imilar  to  t h e  mai lbox 
spec i f ied  in 2.2. The idea is to use  one  line fo r  the  t r a n s m i s s i o n  of messages ,  t he  
o t h e r  one  fo r  t h e  t r a n s m i s s i o n  of acknowledgemen t s .  According to  t he  a l t e r n a t i n g  
bit  p ro toco l ,  a m e s s a g e  is t agged  with a bit  a n d  t r a n s m i t t e d  r epea t ed ly ,  unti l  an  
a c k n o w l e d g e m e n t  ca r ry ing  t h a t  tag is received;  a f t e r  this,  r e p e a t e d  t r a n s m i s s i o n  of 
t h e  n e x t  m e s s a g e  is s t a r t e d ,  t h e  tag  being t h e  c o m p l e m e n t  of t he  las t  Lag. The reli-  
able mai lbox is to behave  as  follows: 

r~odule mailboz is 
send (message: in packet)  
receive (message: out  paeket);  

c o m p o n e n t 8  queue: infinite queue (* of  messages *); 
capacity: natura2 (* l imits  n u m b e r  of queue elements "); 

a s s e r t i o n  length(queue) = 0 a n d  [] capacity ~ 1; 
~ervice send when  tength(queue) < capac i~  is 

queue" = enter(queue, message) and  
r e t u r n ;  

service  rece ive  w h e n  length(queue) > 0 is 
queue" = body (queue) and  
r e t u r n  message" = head(queue); 

e n d  mailbox. 

The mai lbox  is to  be c o n s t r u c t e d  f r o m  four  componen t s :  a m e s s a g e  line, an  ack-  
n o w l e d g e m e n t  line, a s e n d e r  module  and  a r ece ive r  module.  The func t iona l  h i e r a r -  
chy  will look like th i s  (cf. t he  p i c tu r e  in 4 . t ) :  

J, s e n d  J, r e c e i v e  

I sender receiver 

The de ta i l s  of t h e  sender/receiver  modules  a re  d e c r i b e d  by t h e  following imp lemen-  
t a t i on  speci f ica t ions :  
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module  s e n d e r  
using msgl ine ,  ack l ine  <xmi t (da ta :  in message;  tag: in boolean); 

recv(da ta:  o u t  message;  tag: ou t  boolean)> 
is send (msg: in  me~sage);  

c o m p o n e n t s  buffer:  message ;  bit: boolean; 
a s s e r t i o n  bu f f e r  = ? a n d  n o t  bit; 
a c c e p t  s e n d  when  bu f f e r  = ? is 

bu f f e r '  = m s g  a n d  r e t u r n ;  
a u t o  r e t r a n s m i s s i o n  when  bu f f e r  ~ ? is  

start m s g l i n e . z m i t ( b u f f e r ,  bi t)  and 
s t a r t  ac•line.recv; 

no t i ce  ack l ine . recv  is 
i f  tag  = bit  t h e n  

bit" ~ bit  a n d  bu f f e r '  = ? fi; 
e n d  sender ,  

module  rece iver  
u s ing  msg l ine ,  ack l ine  < z m i t ( da t a :  in  message;  tag: in  boolean): 

recv  (data: o u t  message;  tag: ou t  boolean)> 
is  rece ive (msg:  out  message) ;  

c o m p o n e n t s  buffer:  message;  bit: boolean; 
assertion buffer = ? and bit; 
a c c e p t  receive  w h e n  buf fer  ~ ? is 

buf fer"  = ? a n d  r e t u r n  msg"  = buffer;  
a u t o  re t r a n s m i s s i o n  is  

s t a r t  aclc l ine .zmi t (ni l ,  b i t )  and 
s t a r t  m s g l i ne . r ecv  ; 

n o t i c e  m s g l i n e . r e e v  i s  
i f  tag ~ bit  and  bu f f e r  = ? t h e n  

buffer"  = d a t a  and  bit" = tag fl; 
end  receiver .  

Let us inves t iga te  t he  i n t e r a c t i o n  be tween  t h e s e  modules  and  the  l ine  modules .  An 
z m i t  o r d e r  is readi ly  a c c e p t e d  by a l ine  module ,  so an i m p l e m e n t a t i o n  of 
s t a r L . z m i t . ,  will n o t  r equ i re  o r d e r  queueing.  The a b s e n c e  of s t a t e  t r a n s i t i o n s  
no t i ce . . . zmi t  specif ies  t h a t  t h e  module  is no t  i n t e r e s t e d  in comple t ion  not i f ica t ions;  
an  i m p l e m e n t a t i o n  may  e i t h e r  d i sca rd  t h e s e  - or  t hey  may be implici t  in a s y n c h r o -  
nous  i n t e r f ace  to t h e  line. 

T r e a t m e n t  of recv  o r d e r s  is more  subt le .  R e m e m b e r  t h a t  such  an  o r d e r  is no t  
a c c e p t e d  unti l  an  u n c o r r u p t e d  p a c k e t  is available. According to the  above 
speci f ica t ions ,  t he  l ines  a re  r epea t ed ly  " t r iggered" ,  by m e a n s  of s t a r t  ... recv, to  
del iver  a packe t .  When an  u n c o r r u p t e d  p a c k e t  is available, t he  s t a t e  t r ans i t i on  
not ice . . . recv  may occur .  Note t h a t  an imp lemen t a t i o n  n e e d  no t  "buffer  t he  t r igge r  
signals".  On the  o t h e r  hand ,  it  is by m e a n s  of t he  t r igger ing t h a t  arr ival  of an 
u n c o r r u p t e d  p a c k e t  will i ndeed  be not iced.  An i mp l e me n t a t i o n  may well dec ide  to 
t ry  execu t ion  of a s y n c h r o n o u s  recv  or, if th i s  is n o t  possible ,  to  p r o c e e d  with 
r e t r a n s m i s s i o n .  (Note t h a t  Ada's "condi t ional  en t ry  call" s u p p o r t s  th is  kind of pro-  
gramming. )  Looping on th is  act ivi ty is a c o r r e c t  i mp l e me n t a t i o n  of what  is specif ied 
by the  a u t o  a n d  no t i c e  t r ans i t ions .  

4.4. A n o t h e r  example :  dead lock  in i n t e r c o n n e c t e d  modu le s  

We were  able to speci fy  t he  a l t e rna t ing  bi t  p ro toco l  wi thout  r e c u r r e n c e  to t h e  
no t ion  of an  o r d e r  list. More gene ra l  cases  may  requ i re  t he  usage  of o r d e r  l is ts  for  
expl ic i t  spec i f ica t ion  of blocking. The added  complexi ty  i n t r o d u c e s  t h e  d a n g e r  of 
dead lock ,  as  shown in t h e  following example.  
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Our goal  is to cons~.ruct  a m o d u l e  t h a t  r e p r e s e n t s  two m a i l b o x e s  which  a re  f u n c -  
t iona l ly  i n d e p e n d e n t  b u t  s h a r e  a c o m m o n  pool of m e s s a g e  f r a m e s .  Each  mai lbox  is 
to  be  r e p r e s e n t e d  by a q u e u e  of n u m b e r s  t h a t  s e rve  to  i den t i fy  m e s s a g e  f r a m e s  in 
t h e  pool. The h e a d  of t h e  pool spec i f i ca t ion  m a y  r e a d  like this:  

m o d u l e  text  pool is 
enter  (message: in text; id : o u t  natural) ,  
remove (id: in na tura l ;  message: out text); 

As t h e  pool h a s  a f ini te  capac i ty ,  s a y  cap, a n  enter  o r d e r  will n o t  be a c c e p t e d  when 
no  e m p t y  f r a m e s  a r e  avai lable .  Comple t ing  t h e  spec i f i ca t ion  of t h e  pool is left  to 
t h e  r e a d e r .  

The d e s i r e d  m o d u l e  is c o n s t r u c t e d  as  i n d i c a t e d  in th i s  p ic tu re :  

4, 4, 4, 4, 
4 send ,~ r e c ~  $ send ~ rec~t~ 

mai lbox  [ mai lbox  

text  pool 

We omi t  t h e  se rv ice  spec i f i ca t ion  of th i s  m o d u l e  a n d  t u r n  o u r  a t t e n t i o n  to t h e  
i m p l e m e n t a t i o n  s p e c i f i c a t i o n  of mailbox. If we h a v e  a m o n i t o r  i m p l e m e n t a t i o n  in 
mind ,  we h a v e  to  t a k e  in to  a c c o u n t  t h e  r e s p e c t i v e  r e m a r k s  in 4.2. This  l e a d s  to t h e  

following spec i f i ca t ion :  

m o d u l e  mailbox  
u s i n g  text  pool <enter(message: in text: id: o u t  natural) ,  

remove(id: in  natura l ;  message: o u t  text)> 
is send (message: in text),  

receive (message: o u t  text); 
c o m p o n e n t s  queue: inf ini te  queue (* o f  id~ *), 

locked: boolean; 
a ~ e r t i o n  length(queue)  = O a n d  n o t  loci~ed; 
a c c e p t  send w h e n  length(queue)  < cap and  n o t  locked is 

s t a r t  tex t  pool .enter(message)  and locked :" 
n o t i c e  text  pool .enter is 

queue" = append(queue, id)  and  n o t  locked" and 
for t h a t  z in orders sa t  true return;  

a c c e p t  receive wiaen length(queue)  > O and  n o t  locked is  
queue" = bedy(queue)  and locked" and 
s tar t  text  pool.remove (head(queue)); 

n o t i c e  tex t  pool.remove is 
n o t  locked" and 
for  t h a t  x in  orders s a t  true r e t u r n  message '  = this.message; 

e n d  mailbox. 

Analys is  of t h e  m o d u l e  t r ip le  c o n s t r u c t e d  f r o m  text  pool a n d  two i n s t a n c e s  of mai l -  
box r e v e a l s  t h a t  d e a d l o c k  m a y  o c c u r .  If t h e  pool is e x h a u s t e d  it  wiil n o t  a c c e p t  a n  
enter  o r d e r  g iven  by a mai lbox,  which  m e a n s  t h a t  t h e  t r a n s i t i o n  n o t i c e  text  
pool .enter will n o t  t a k e  p lace .  If b o t h  t h e  m a i l b o x e s  e x p e r i e n c e  t h i s  s i t u a t i o n  a f t e r  
a t r a n s i t i o n  a c c e p t  s e n d ,  b o t h  will be in  t h e  loci~ed s t a t e .  As a c o n s e q u e n c e ,  t h e y  

a re  d i sab led  forever .  
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Of course ,  th i s  effect  is no t  too surpr i s ing  to t hose  who know of the  p rob lems  with 
nes t ing  s t rong  moni tors .  Deadlock does  no t  occu r  if the  locked c o m p o n e n t  is 
r emoved  f rom the  above example.  The resu l t ing  spec i f ica t ion  d e s c r i b e s  t he  
behav iour  of a weak moni to r .  

5. Conclus ion 

It has  b e e n  d e m o n s t r a t e d  t h a t  a simple s t a t e  mach ine  a u g m e n t e d  with an o r d e r  list  
is capab le  of modell ing complex  modules  in a c o n c u r r e n t  env i ronment .  The 
a p p r o a c h  t a k e n  is appl icable  t~o modules  obeying the  c l i e n t / s e r v e r  p a r a d i g m and 
r e s t s  on spl i t t ing a c c e p t a n c e  and comple t ion  of an order .  

We have s e e n  how this  k ind of modell ing works for  d i f ferent  kinds of c o n c u r r e n t  
modules  known f rom programming  languages .  Moreover, an a rb i t ra r i ly  complex  
c o n c u r r e n t  s y s t em can  be model led  as an a b s t r a c t  module,  provided it a c t s  like a 
s e rve r  to the  outs ide  world. The a p p r o a c h  is essent ia l ly  i n d e p e n d e n t  of p a r t i c u l a r  
t e c h n i q u e s  and  l anguages  for  specifying the  model  (a l though  we found it p rac t i ca l  
to use a s t a t e  m a c h i n e  t echn ique) .  

The no t ion  of i m p l e m e n t a t i o n  specif icat ion,  mainly known f rom the  a r ea  of p ro to -  
col speci f ica t ion ,  h a s  been  d e m o n s t r a t e d  to involve modell ing of i n t e r -modu le  com- 
munica t ion .  An i m p l e m e n t a t i o n  speci f ica t ion  for  a module  d e t e r m i n e s  t he  n a t u r e  of 
c o m m u n i c a t i o n  be tween  t h a t  module  and i ts  servers ,  w h e t h e r  buf fe red  or  
unbuf fe red ,  s y n c h r o n o u s  or a synch ronous ,  or even " ten ta t ive"  as  in the  condi t iona l  
e n t r y  call of Ado. 

Work r e m a i n s  to  be done  in t he  a rea  of verif icat ion.  This inc ludes  bo th  i m p l e m e n t a -  
t ion  ver i f icat ion and  compos i t ion  verif icat ion.  While t he  f o r m e r  can  be a t t a c k e d  
along wel l -es tab l i shed  l ines of p r o g r a m  verif icat ion,  t he  g r o u n d  is no t  well p r e p a r e d  
for  t he  l a t t e r  (cf. [Lampor t  83], f oo tno t e  2!). We are  working on a formal  f r amework  
t h a t  allows to prove  t h a t  t he  behav iour  of a sy s t e m of i n t e r c o n n e c t e d  modules  with 
given spec i f i ca t ions  m e e t s  a spec i f ica t ion  given for  t h a t  sys tem.  

It r e m a i n s  to be m e n t i o n e d  t h a t  t he  pe r spec t i ve s  for  p ro to typ ing  c o n c u r r e n t  sys- 
t e m s  s e e m  promising.  Execu tab le  service  spec i f i ca t ions  will allow to  e x e r c i s e  
models.  If i m p l e m e n t a t i o n  spec i f ica t ions  are  made  e x e c u t a b l e  as well, it will be  pos-  
sible to t e s t  c o n c u r r e n t  sys t ems  buil t  f rom c o n c u r r e n t  module  p ro to types .  
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