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I N T R O D U C T I O N  

Our  g r o u p  is perhaps  u n i q u e  in that  our  approach 
to m o d e l i n g  d y n a m i c  sys tems has a strong her i tage 
f r o m  a l l  t h r e e  f ie lds  represented at this  workshop.  
Each o f  t h e  f ie lds  has con t r ibu ted  four  major concepts 
to o u r  m o d e l i n g  approach.  

F rom the  Data Base f ield,  w e  have  adopted the idea 
o f  a s i n g l e  g loba l  model  (data base) w h i c h  define:; the 
.state o f  t he  sys tem.  F u l l y  associat ive relat ions among 
typed  a t o m i c  objec ts  (no in te rna l  s t ruc ture)  const i tu te  
t h e  e n t i r e  s ta te  descr ip t ion .  An informat ion  model 
( q u e r y  l anguage )  is def ined  for  ex t rac t ing  in format ion  
f r o m  t h e  s ta te  ( such  as one or all objects sa t is fying 
s o m e  desc r ip t ion ,  or  the  t r u th fu lne s s  of :;ome 
p ropos i t i on ) .  F ina l ly ,  the  model is updated via 
t r a n sac t i ons ,  so tha t  e i t h e r  the  en t i re  operation is 
c o m p l e t e d  s u c c e s s f u l l y ,  or the  state Is unchanged.  

From the  P r o g r a m m i n g  Languages field, we  have  
adop ted  t h e  no t ion  of  opera t ional  semantics for  abstract 
o p e r a t i o n s  w h i c h  enables  these specif icat ions to be 
used  as a " s i m u l a t i o n "  model  of  the specified system. 
N o n - d e t e r m i n i s m  has been incorporated to provide 
a d d i t i o n a l  spec i f i ca t iona l  power .  Concurrent  processes 
a re  used to model  the  in t e rac t ing  ac t ive  part icipants of  
t h e  spec i f i ed  sys tem.  Final ly ,  an except ion handl ing  
m e c h a n i s m  is employed  to s impl i fy  operation 
d e f i n i t i o n s  by  separa t ing  the  descr ipt ion of  normal  and 
e x c e p t i o n a l  cases, and by  de f in ing  universa l  reverse  
i n f o r m a t i o n  f l o w  mechan isms .  

From Ar t i f i c i a l  Inte l l igence,  w e  have  
i n c o r p o r a t e d  an i n f e r e n c i n g  capabi l i ty  w h i c h  enr iches  
t h e  i n f o r m a t i o n  model  by h id ing  the dis t inct ion 
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b e t w e e n  e x p l i c i t  and der ived  data and enables its 
d e f i n i t i o n  to be abs t rac t ly  specified. Arbi t ra ry  
c o n s t r a i n t s  are  inc luded  in our  model to define,  by 
b p h a v i o r ,  w h i c h  n o n - d e t e r m i n i s t i c  execut ions  are 
accep tab le .  Demons, w h i c h  are spontaneously  act ivated 
w h e n  t h e i r  pa t t e rns  are sat isf ied by the  state of' the  
g l o b a l  mode l ,  are  used to enable  the  ac t ive  part icipants  
(p rocesses )  to react  to a s t i m u l u s  in the i r  env i ronmen t  
( t h e  g loba l  mode l )  and respond by a l te r ing  i t  (via  
a b s t r a c t  opera t ions) .  F inal ly ,  a type lat t ice ( ra ther  than 
h i e r a r c h y )  is used to organize the  objects being 
m o d e l e d ,  and al l  the  components  of  the system 
d e s c r i p t i o n  ( the  par t ic ipants ,  operations,  inferenctng,  
c o n s t r a i n t s ,  etc .)  are part  of  the  model and are def'ined 
in t h e  r e l a t i o n a l  m e c h a n i s m  (so that  self  examina t ion  is 

poss ib le ) .  

PR INCIPLES OF GOOD SPECIFICATION 

Pr inc ip le  hi: Separate functionality from implementation. 

.Firs t ,  by  de f in i t i on ,  a specif ica t ion is a descript ion 
o f  WHAT is desired,  r a the r  than  HOW it is to be realized 
( i m p l e m e n t e d ) .  Speci f ica t ions  can adopt two  qui te  
d i f f e r e n t  fo rms .  The  f i r s t  fo rm is that  of  mathemat ica l  
f u n c t i o n s :  G iven  some set of  input ,  produce a par t icular  
set  o f  o u t p u t s .  The  genera l  fo rm of  such specif icat ions 
i.~ f i n d  [A/THE/ALL]  re su l t  such  tha t  P(input),  w h e r e  P 
r e p r e s e n t s  an a r b i t r a r y  predicate.  In such specifications,  

t h e  r e s u l t  to be obta ined  has been en t i r e ly  expressed in a 
W t I A T  ( r a t h e r  t han  HOW) form.  In part this  is because 
t h e  r e s u l t  is a m a them a t i ca l  f unc t i on  of  the  input  ( the 
o p e r a t i o n  has  w e l l  de f ined  s ta r t ing  and stopping points) 
and is u n a f f e c t e d  by any  s u r r o u n d i n g  env i ronment .  

Principle a2: A process-oriented systems specification 
language is required. 

Cons ide r  ins tead a s i tua t ion  in w h i c h  the 
e n v i r o n m e n t  is d y n a m i c  and its changes af fec t  the 
b e h a v i o r  o f  some e n t i t y  in te rac t ing  w i t h  tha t  
e n v i r o n m e n t  (as in an "Embedded Computer  System"). 
Its b e h a v i o r  canno t  be expressed as a mathemat ica l  
f u n c t i o n  o f  its input .  Rather,  a process-oriented 
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d e s c r i p t i o n  m u s t  be employed,  in w h i c h  the WHAT 
s p e c i f i c a t i o n  is a ch i eved  by spec i fy ing  a model of  th e  
desired b e h a v i o r  in te rms  of  func t iona l  respon.~es to 
v a r i o u s  s t i m u l i  f r o m  the  env i ronmen t .  

S u c h  process-oriented specifications,  present ing a 
m o d e l  o f  s y s t e m  behav ior ,  have  normal ly  been excluded 
f r o m  f o r m a l  spec i f i ca t ion  languages,  but  t hey  are 
essen t ia l  i f  m o r e  c o m p l e x  dynamic  s i tuat ions  are to be 
s p e c i f i e d .  In fac t .  i t  mus t  be recognized that  In such  
s i t u a t i o n s  both  the  process to be automated and the 
e n v i r o n m e n t  in w h i c h  It exis ts  must  be described 
f o r m a l l y .  Tha t  is, the  en t i r e  system of in terac t ing  parts 
m u s t  be spec i f i ed ,  r a the r  than  Just  one component .  

Pr inc ip le  aS: A specification must encompass the system 
o f  w h i c h  the sof tware  is a component. 

A s y s t e m  is composed of  in te rac t ing  components.  
O n l y  w i t h i n  t he  c o n t e x t  of  the  en t i re  system and the 
i n t e r a c t i o n  a m o n g  Its parts can the  behavior  of a specific 
c o m p o n e n t  be def ined .  In general ,  a system can be 
m o d e l e d  as a co l l ec t i on  of  passive and ac t ive  objects. 
T h e s e  ob jec t s  are  in te r re la ted  and over  t ime the 
re la t ionsh ips  among  the  objects  change.  These dynamic  
re la t ionsh ips  p rov ide  the  s t imu lus  to w h i c h  the  act ive  
ob jec t s ,  ca l l ed  agents,  respond. The responses may cause 
f u r t h e r  changes  and, hence ,  addi t ional  s t imul i  to w h i c h  
t h e  agents m i g h t  respond.  

Principle a4: A specification must encompass the 
environment in which system operates. 

S i m i l a r l y ,  t he  e n v i r o n m e n t  in w h i c h  the system 
o p e r a t e s  and w i t h  w h i c h  it  in terac ts  must  be specified. 

F o r t u n a t e l y ,  th i s  m e r e l y  necessitates recogll izing 
t h a t  t h e  e n v i r o n m e n t  is i t se l f  a system composed of  
i n t e r a c t i n g  objects ,  both  passive and active,  of  w h i c h  
t h e  spec i f ied  sys t em is one agent.  The other  agents, 
w h i c h  are  by d e f i n i t i o n  una l te rab le  because they  are 
par t  o f  t h e  e n v i r o n m e n t ,  l imi t  the  scope of  t h e  
s u b s e q u e n t  des ign  and implementa t ion .  In fact, the  on ly  
d i f f e r e n c e  b e t w e e n  the  sys tem and its env i ronmen t  is 
t h a t  t h e  s u b s e q u e n t  design and implementa t ion  e f fo r t  
w i l l  ope r a t e  e x c l u s i v e l y  on the  specif icat ion of  the 
s y s t e m .  The  e n v i r o n m e n t  specif ica t ion enables the 
s y s t e m  " i n t e r f a c e "  to be specif ied in the same w a y  as the 
s y s t e m  i t s e l f  r a t h e r  than  in t roduc ing  another  
f o r m a l i s m .  

It  s h o u l d  be noted tha t  the  p ic ture  of  system 
s p e c i f i c a t i o n  presented  here  is that  of  a h i g h l y  
i n t e r t w i n e d  co l l ec t i on  of  agents  react ing to s t imul i  in 
t h e  e n v i r o n m e n t  (changes  to objects) produced those 
a ge n t s .  O n l y  t h r o u g h  the  coordinated actions of  the 
a g e n t s  a re  t he  goals  of  the  system achieved.  Such 
m u t u a l  dependence  v io la tes  the  pr incip le  of separabi l i ty  

( i s o l a t i o n  f r o m  o the r  parts of  the  system and 
e n v i r o n m e n t ) .  But  th i s  is a DESIGN principle,  not one of  
s p e c i f i c a t i o n .  Design f o l l o w s  specif icat ion altd is 
c o n c e r n e d  w i t h  decompos ing  a specif icat ion into nea r ly  
s e p a r a b l e  p ieces  in  prepara t ion  for  implementa t ion .  The 
s p e c i f i c a t i o n ,  h o w e v e r ,  mus t  accura te ly  por t ray the  
s y s t e m  and i ts  e n v i r o n m e n t  as perceived by its user 
c o m m u n i t y  in  as m u c h  deta i l  as requi red  by the  design 

and i m p l e m e n t a t i o n  phases. Since th is  leve l  of  requi red  
d e t a i l  is d i f f i c u l t ,  i f  not  impossible,  to foresee in 
a d v a n c e ,  spec i f i ca t ion ,  design,  and implementa t ion  must  
be r e c o g n i z e d  as an l t e r a t l v e  ac t iv i ty .  It is the re fore  
c r i t i c a l  t h a t  t e c h n o l o g y  ex i s t  for  recover ing  as m u c h  of  
th  is a c t i v i t y  as possible as the  specif ica t ion is elaborated 
and  m o d i f i e d  ( d u r i n g  both  in i t i a l  deve lopment  and l a ter  
m a i n t e n a n c e )  [ 3 ] .  

Principle 85: A system specification must be a cognitive 
model. 

T h e  s y s t e m  spec i f i ca t ion  mus t  be a cogni t ive  model 
r a t h e r  t h a n  a des ign  or imp lemen ta t ion  model. It mus t  
d e s c r i b e  a s y s t e m  as perce ived  by its user communi ty .  
T h e  o b j e c t s  i t  man ipu l a t e s  mus t  correspond to the  real  
o b j e c t s  o f  t ha t  domain;  t he  agents must  model the  
i n d i v i d u a l s ,  o rganiza t ions ,  and equ ipment  in that  
domain~ and the  ac t ions  t h e y  pe r fo rm must  model those 
a c t u a l l y  o c c u r r i n g  In the  domain.  Fur thermore ,  i t  must  
be poss ib le  to incorpora te  Into the  specif icat ion the  ru les  
o r  l a w s  w h i c h  g o v e r n  the  objects  of  the  domain. Some 
o f  t h e s e  l a w s  proscr ibe  ce r ta in  states of  the  system (such 

as " t w o  ob jec t s  canno t  be at the  same place at the same 
t i m e " ) ,  and h e n c e  l i m i t  the  behav ior  of  the agents or 
i n d i c a t e  t he  need for  f u r t h e r  e laborat ion to p reven t  
t h e s e  s ta tes  f r o m  ar is ing.  Other l aws  describe h o w  
o b j e c t s  respond  w h e n  acted upon (e.g., Newton ' s  l aws  of  
m o t i o n ) .  These  l aws ,  w h i c h  represent  a "physics" of  the  
d o m a i n ,  are an i n h e r e n t  part  of  the  sys tem specif icat ion.  

Principle m6: A specification must be operational. 

T h e  s p e c i f i c a t i o n  mus t  be complete  and formal  
o11ough t h a t  i t  can be used to de te rmine  i f  a proposed 
i m p l e m e n t a t i o n  sa t i s f ies  the  specif ica t ion for a rb i t ra r i ly  
c h o s e n  tes t  cases. That  is, g i v e n  the  resul ts  of  an 

i m p l e m e n t a t i o n  on some a rb i t r a r i l y  chosen set of  data, It 
m u s t  be poss ible  to use the  spec i f ica t ion  to val idate  those 
r e s u l t s .  T h i s  imp l i e s  tha t  the  specif icat ion,  t hough  not a 
c o m p l e t e  spec i f i c a t i on  of  HOW, can act as a generator  of  
poss ib l e  b e h a v i o r s  among  w h i c h  must  be the  proposed 
i m p l e m e n t a t i o n .  Hence, in an extended sense, t h e  
s p e c i f i c a t i o n  m u s t  be operat ional .  

T h i s  o p e r a t i o n a l i t y  m a y  exis t  on ly  in a theoret ica l  
.~ense, s i nce  i t  i n v o l v e s  replac ing ex i s t en t i a l ly  and 
u n i v e r s a l l y  q u a n t i f i e d  objects  in the  specif icat ion by  
b r u t e  fo r ce  g e n e r a t i o n  and tes t ing  ( the Bri t ish Museum 
a l g o r i t h m )  o f  a l l  poss ibi l i t ies  ( w h i c h  may  be inf in i te) .  
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One w a y  in w h i c h  the  specif ica t ion can be used to 
p a r t i a l l y  test  an i m p l e m e n t a t i o n  w i t h o u t  re ly tng  on the 
B r i t i s h  M u s e u m  Algo r i t hm is to use the possibilit ies 

g e n e r a t e d  by  the  imp lemen ta t i on  on a specific run  in 
p l ace  o f  t he  sea rch  requ i red  by the  Bri t ish Museum 
A l g o r i t h m .  The  spec i f i ca t ion  then  becomes a val idat ion 
f i l t e r  fo r  t he  genera ted  possibil i t ies  (it  does not, 
h o w e v e r ,  g u a r a n t e e  tha t  al l  va l id  possibili t ies w e r e  
g e n e r a t e d  by  the  implementa t ion ,  on ly  that  those 

g e n e r a t e d  are  val id) .  

Pr inc ip le  .7: The system specification must be tolerant of 
incompleteness, and augmentable. 

No spec i f i ca t i on  can ever  be to ta l ly  complete. The 
e n v i r o n m e n t  in w h i c h  it  ex i s t s  is too complex for that.  
A s p e c i f i c a t i o n  is a l w a y s  a mode l - - an  abs t rac t ion- -of  

s o m e  real  (or env i s ioned)  s i tuat ion.  Hence, i t  w i l l  be 
i n c o m p l e t e .  F u r t h e r m o r e ,  as it  is being formula ted  it  
w i l l  e x i s t  at m a n y  leve ls  of  detail .  The opera t ional l ty  
r e q u i r e d  above  m u s t  not  necessi tate  completeness. The 
a n a l y s i s  tools  employed  to aid specif iers  and to test 
s p e c i f i c a t i o n s  m u s t  be capable of  dealing w i t h  
i n c o m p l e t e n e s s .  N a t u r a l l y  th is  weakens  the analysis 
w h i c h  can  be pe r fo rmed  by w i d e n i n g  the range of  
a c c e p t a b l e  b e h a v i o r s  w h i c h  sa t i s f y  the  specification,  but  
s u c h  d e g r a d a t i o n  mus t  m i r r o r  the  remain ing  levels  of  
u n c e r t a i n t y .  

Pr incip le  .8: A specification must be localized and loosely 
coupled. 

The  p r e v i o u s  pr inc ip les  deal w i t h  the specif icat ion 
as a s t a t i c  e n t i t y .  This  one arises f rom the dynamics of  
t h e  spec i f i c a t i on .  It mus t  be recognized that  a l though  
t h e  m a i n  purpose  o f  a specif ica t ion is to serve as the 
basis  fo r  des ign  and implemen ta t ion  of  some system, it  is 
no t  a p recomposed  s ta t ic  object ,  but  a dynamic  object 
w h i c h  u n d e r g o e s  considerable  modif icat ion.  Such 
m o d i f i c a t i o n  occurs  in  th ree  main actlvitiesz 
f o r m u l a t i o n ,  w h e n  an in i t i a l  specif icat ion is being 
c r ea t ed ;  d e v e l o p m e n t ,  w h e n  the  specif icat ion is 
e l a b o r a t e d  d u r i n g  the  i t e r a t i ve  process of  des ign and 
i m p l e m e n t a t i o n ;  and maintenance ,  w h e n  the 
s p e c i f i c a t i o n  is changed  to re f lec t  a modified 
e n v i r o n m e n t  a n d / o r  addi t ional  func t iona l  requirements .  

W i t h  so m u c h  change  occur r ing  to the 
s p e c i f i c a t i o n ,  i t  is c r i t i ca l  tha t  i ts content  and s t ruc tu re  
be c h o s e n  to accommodate  th is  ac t iv i ty .  The main 
r o q t l i r e m e n t s  for  such  accommodations are that  
i n f o r m a t i o n  w i t h i n  the  specif ica t ion must  be localized 
so t h a t  o n l y  a s ing le  piece ( ideally)  need be modif ied 
w h e n  i n f o r m a t i o n  changes,  and that  the specif icat ion is 
l o o s e l y  s t r u c t u r e d  (coupled)  so that  pieces can be added 
or  r e m o v e d  eas i ly ,  and the  s t ruc tu re  au tomat ica l ly  
r e a d j u s t e d .  

R E A L I Z A T I O N  

T h e  above  pr inc ip les  have  been used to de te rmine  
18 r e q u i r e m e n t s  o f  good specif ica t ion languages, and 
t h e s e  in  t u r n  h a v e  fo rmed  the  basis for  a n e w  formal  
s p e c i f i c a t i o n  language .  This  language  has at tempted to 
i n c l u d e  f o r m a l  ve r s ions  of  the  h i g h  level  constructs  
used  to i n f o r m a l l y  descr ibe sy s t ems  ra ther  than 

p r o v a b l l i t y  c r i t e r i a .  

T h i s  l anguage  uses a s ingle  global data base to 
m o d e l  t h e  c u r r e n t  s tate of  a domain th rough  f u l l y  
a s s o c i a t i v e  re la t ions  b e t w e e n  objects.  

ObJects  h a v e  n e i t h e r  a "value"  nor s t ruc ture .  They  
a re  a t o m i c  u n i t s  w h i c h  gain  def in i t ion  f rom the i r  
r e l a t i o n s h i p s  w i t h  o the r  objects.  The u n i f o r m i t y  of  th is  
r e l a t i o n a l  m o d e l i n g  suppresses  representat ional  issues, 
and t h e  a s s o c i a t i v i t y  of  the  relat ions suppresses access 

pa th  issues.  

T h e  g loba l  data base conta ins  a p o w e r f u l  in fe rence  
c a p a b i l i t y  so tha t  the  d i s t inc t ion  be tween  expl ic i t  and 
d e r i v e d  i n f o r m a t i o n  is h idden.  Thus,  ANY computat ion 
w . h i c h  does  not  i n v o l v e  a state change in the modelled 
d o m a i n  is a " se l f -o rgan iz ing"  sequence of  the  needed 
i n f e r e n c e s .  

O n l y  the  CURRENT STATE of  the domain is 
m o d e l l e d .  All  p r e v i o u s  states, and the  sequence of  states 
i t s e l f  is a u t o m a t i c a l l y  part  of  the  in format ion  space 
w h i c h  can  be in te r roga ted ,  t h r o u g h  his tor ical  reference,  
Jus t  l i k e  t he  c u r r e n t  state.  The domain specif icat ion is 
t h u s  f r eed  f r o m  h a v i n g  to e x p l i c i t l y  provide a memory  
c o m p o n e n t  w h i c h  re ta ins  all  needed in format ion  f rom 
t h e  past  and ins tead  Just  models the cu r ren t  state of  the  
o b j e c t s  in  t h e  domain .  

Cons t r a in t s  are used to def ine  required or 
p r o h i b i t e d  states (or t h r o u g h  his tor ical  reference,  
s e q u e n c e s  o f  states).  These const ra in ts  are ne i the r  
d e c l a r a t i v e  c o m m e n t s  nor  dynamic  consis tency checks  
w h i c h  cause  e r ro rs  to be raised. Rather, they  in teract  
w i t h  t he  n o n - d e t e r m i n i s t i c  cons t ruc ts  (such as "exists x 
s t l ch  t h a t  P [x]" )  to de t e rmine  w h i c h  of  the possible 
b e h a v i o r s  are  acceptable.  Only those behaviors  w h i c h  
d o n ' t  v i o l a t e  a n y  cons t ra in t s  can occur.  This provides a 
p o w e r f u l  d e c l a r a t i v e  me thod  for  cont ro l l ing  a process 
o r i e n t e d  spec i f i c a t i on  in te rms  of  acceptable behaviors  
w i t h o u t  h a v i n g  to de f ine  h o w  choices are made. It is 
t h e  i m p l e m e n t a t i o n  task and not the specif ier 's  to 
d e t e r m i n e  w h a t  c r i t e r ia ,  testable in the  cu r ren t  state, 
/~,uarantees t he  accep tab i l i t y  of  the  result .  

T h e  d o m a i n  is model led  as a set of  autonomous 
i n t e r a c t i n g  agen ts  tha t  respond to s i tuat ions  in the  
w o r l d  and reac t  by p e r f o r m i n g  actions w h i c h  modi fy  
the. w o r l d .  Norma l ly ,  a subset  of  these agents w o u l d  
c o n s t i t u t e  a s y s t e m  to be implemented .  
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