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Abs t rac t

A theory  o f  qua l i t a t i ve  r eason ing  on phys ico - techn ica l  systems is
deve loped .  Par t i cu la r  resu l ts  inc lude

0 an app roach  to  reason ing  on t ime  and  causa l i t y  combin ing
s ta te -  and event -based  approaches a l low ing  concur ren t  t ime
s t ruc tures .

0 the  mu l t ip le  v iew  techn ique  wh ich  a l lows  to  represent ,  reason
about ,  and re la te  d i f f e ren t  v iews  o f  t ime  sca les  and o ther
phys ica l  d imens ions  w i th  respec t  to  e .g .  p rec is ion  and
granu la r i t y .  Precise  quant i t a t i ve  models appear as par t i cu la r
v iews ,  So tha t  convent iona l  mathemat ica l  reason ing  can  be
incorpora ted  in  our approach .

o represent ing  phys ico - techn ica l  sys tems  in  te rms  o f  ob jec ts
wi th  in te rna l  s ta tes ,  p rocesses  denot ing  consecut ive  and /or
concur ren t  s t ruc tures  o f  s ta te  t rans i t ions  (even ts ) ,  and
meta -processes  fo r  express ing  te leo log ica l  cons idera t ions .
Th is  approach  is  summar i zed  in  te rms  o f  the
qua l i t a t i ve  reason ing  l anguage  QRL wh ich ,  in  add i t ion ,
p rov ides  var ious  aggrega t ion  and abs t rac t ion  mechanisms on
ob jec ts  and p rocesses .

0 an app roach  fo r  app ly ing  non-monotonic reasoning techniques
to  the  des ign  o f  phys ico - techn ica l  sys tems .

These  resu l ts  p rov ide  a foundat ion  towards  mechan iz ing  the
cons t ruc t ion  process  in  mechan ica l  eng ineer ing :  QRL suppor ts  the
phases o f  requ i rements  de f in i t ion  and spec i f i ca t ion ,  as we l l  as
concept iona l  des ign  in  a way wh ich  i s  re f inab le  to  mate r ia l
des ign  as suppor ted  by CAD-systems.



1. I n t r oduc t i on

The  cen t ra l  me thods  f o r  bu i l d i ng  expe r t  sys tems  d i f f e r  f o r

d i f f e ren t  f i e l ds  o f  app l i ca t i ons ,  a l l ow ing  t he  f o l l ow ing  t axonomy

o f  f i e l ds :
(1 )  INTERPRETATION SYSTEMS a re  ’ a imed  a t  i n t e rp re t i ng

f i nd i ngs ,  i . e .  senso ry  o r  o the r  obse rva t i ons  abou t  t he

s ta te  o f  a sys tem to  de r i ve  p ropos i t i bns  abou t  pas t ,

p resen t ,  and  f u tu re  s ta tes  o f  t he  sys tem.  Examp les  o f

such  p ropos i t i ons  a re  i den t i f y i ng  f au l t s  and  t he i r

causes (d i agnos ing ) ,  j us t i f y i ng  why pa r t i cu l a r  s t a tes
o r  s ta te  sequences  occu r ,  and wha t  f u tu re  deve lopmen ts

can  be  p red i c ted .

(2 )  CONFIGURATION SYSTEM pu t  t oge the r  con f i gu ra t i ons  o f '

ac t i ons  (p l ann ing )  o r  ob jec t s  t o  ach ieve  a pa r t i cu l a r

goa l ,  such  as  a p rocedu re  t r ans fo rm ing  i n i t i a l  i n t o

goa l  s t a tes ,  o r  assemb l i ng  pa r t s  t o  a mach ine  wh i ch

pe r fo rms  some g i ven  t ask .

( 3 )  CONSTRUCTION SYSTEMS pe r fo rm  the  t ask  o f  dev i s i ng
methods  t o  so l ve  p rob lems  desc r i bed  i n  t e rms  o f

i n tended  f unc t i ona l  behav io r s .  Such  a me thod  may  be

rea l i zed  i n  t e rms  o f  a p rog ram as  we l l  as  a mach ine  i n

mechan i ca l  eng inee r i ng .

(4 )  TUTORING SYSTEMS he lp  t o  acqu i re  a pa r t i cu l a r  body  o f
know ledge  wh i ch  i s  t o  be  i nco rpo ra ted  i n to  t he  t h i nk i ng

s t ruc tu res  o f  t he  s tuden ts .

The  f ac t  t ha t  much  more  rap id  p rog ress  i n  deve lop ing  expe r t

sys tems  has  been  ach ieved  f o r  i n t e rp re ta t i on  ra the r  t han
con f i gu ra t i on  and  cons t ruc t i on  sys tems  i s  appa ren t l y  due  t o  a

s imp le r  con t ro l  s t r uc tu re  o f  i n t e rp re ta t i on  sys tems :

o I n t e rp re ta t i ons  o f  f i nd ings  a re  de r i ved  f r om cha in i ng  p r ima r i l y

l oca l  obse rva t i ons  wh i ch  assoc ia te  f i nd ings  and  i n te rmed ia te

s tages  o f  i n t e rp re ta t i ons  w i t h  consequences .  Such assoc ia t i ons

e i t he r  exp ress  comp i l ed  know ledge ,  i . e .  heu r i s t i c  r esp .



j udgmenta l  knowledge based  on sha l low  mode ls ,  o r  t hey  are  based
on deep models in  which funct iona l  and causal re la t ionsh ips  are
exp l ic i t l y  represented.
Conf igur ing  and cons t ruc t ion  requ i res  add i t iona l  mechanisms on

top  o f  cha in ing  loca l  dec is ions :  There  i s  a lways  some overa l l

goa l ,  o r  even h ie ra rch ies  o f  overa l l  goa ls  so tha t  loca l
assoc ia t ions  must be made w i th  s imu l taneous ly  pursu ing  ways fo r

ach iev ing  the  overa l l  goa ls .  I f  l oca l  and g loba l  dec is ion
mak ing  i s  in  con f l i c t ,  add i t iona l  mechan isms  such  as
back t rack ing ,  cons t ra in t  p ropaga t ion  and reasoned rev is ions  o f
be l ie fs  are  requ i red .

The purpose  o f  th is  paper  i s  to  con t r ibu te  to  the  deve lopment
o f  exper t  systems fo r  mechan iz ing  the  process  o f  cons t ruc t ion
in  mechan ica l  eng ineer ing .  P resent  approaches  towards  a
sys temat ic  cons t ruc t ion  p rocess  can  be summar i zed  in  four
success ive  phases  [Hansen  74 ,  Ke l l e r  71 ,  Pah l /Be i t z  76 ,
Rodenacker 76, Roth 68, Yoshikawa 83]:

I .  Problem c la r i f i ca t ion
I I .  Concept iona l  des ign
I I I .  Deta i l ed  des ign
IV .  E labora t ion  o f  the  de ta i l ed  des ign

Phases  I I I  and  IV  a re  cur ren t ly  suppor ted  by CAD/CAM-sys tems
which  mechan ize  the  d rawing  board  toge ther  w i th  ca ta logues  o f
p re - fabr ica ted  par ts .  Our work s t r i ves  fo r  p rov id ing  mechan ica l

suppor t  o f  phases  I and I I  wh ich  incorpora te  the  core  o f  wha t
is  c rea t ive  about  cons t ruc t ion ,  i . e .  the  inven t ion  o f  new
techn ica l  mechanisms and the  syn thes is  o f  such mechanisms fo r
ach iev ing  a des i red  func t iona l  behav io r .  As fa r  as  i t  i s  known
to  us ,  tmere  i s  no p rev ious  work  in  th is  a rea ,  except  fo r
a t tempts  in  mechan ica l  eng ineer ing  to  sys temat i ze  the

construct ion process}

Concept iona l  des ign  i s  exc lus ive ly  concerned  about  the
qua l i t a t i ve -  p roper t i es  o f  t echn ica l  sys tems  and ignores
quant i t a t i ve  aspec ts  such  as  geomet r ica l  measures ,  mate r ia l



proper t i es ,  e tc .  Hence ,  p rogress  in  th is  a rea  requ i res
so lu t ions  fo r  the  fo l low ing  p rob lems:

0 Qua l i t a t i ve  reason ing :  How do we represent
- the  way a techn ica l  system is  assembled f rom i ts  par ts ,
- qua l i t a t i ve  p roper t i es  o f  pa r ts  and the  way such proper t i es

in te rac t  to  fo rming  p roper t i es  o f  the  en t i re  sys tem,  and
- the  func t ion ing  o f  pa r ts  and the i r  in te rac t ion  towards  the

func t ion ing  o f  the  whole?
How can  we reason  on such representa t ions  to  der ive ,  judge  and
exp la in  p roper t i es  de ta i l ing  how and why a techn ica l  sys tem
func t ions?  As such  qua l i t a t i ve  representa t ions  and reason ing
form a bas is  towards  mechan iz ing  phases  I and  I I  o f  the
cons t ruc t ion  p rocess ,  i t  i s  essent ia l  tha t  they  can  be re f ined
in to  quant i t a t i ve  representa t ions  and reason ing  as  done in ‘
CAD/CAM-systems and mechan ica l  eng ineer ing  anyway.

. Non-monotonic reasoning (NMR). Conceptional design i s  very much
a t r i a l  and  e r ro r  p rocess .  Approaches  a re  pursued  under
assumpt ions  wh ich  may tu rn  ou t  to  be wrong  as  a resu l t  o f

e labora t ing  them.  Techn iques  o f  non-monoton ic  reason ing  must
there fo re  be ex tended  to  the  representa t ions  and mechan isms  o f

qua l i t a t i ve  reason ing .



2 .  A Model o f  Cons t ruc t ion  and Concept iona l  Des ign

Const ruc t ion  in  mechan ica l  eng ineer ing  i s  a t ask  wh ich  has
methodological s im i la r i t i es  w i th  program development in  software
eng ineer ing .  Some o f  the  s tandard  tex tbooks  in  cons t ruc t ion
theory  o f  mechan ica l  eng ineer ing  [Hansen  74 ,  Ko l l e r  71 ,
Pah l /Be i t z  76 ,  Roth  68 ]  decompose the  cons t ruc t ion  process  in to
phase  mode ls  wh ich  we very  rough ly  summar i ze  in  th ree  ma jor
phases :

A. Requ i rements  de f in i t ion  and spec i f i ca t ion .  The task  to  be
so lved  i s  c la r i f i ed  in  te rms o f  func t iona l ,  pe r fo rmance ,
mater ia l ,  and  economica l  requ i rements .  Except  fo r
s t ruc tured  char ts  and  tab les ,  no  fo rma l  means  ( fo r
mechan ica l  p rocess ing )  fo r  express ing  such  requ i rements
have been deve loped  so fa r .

B .  Concept iona l  des ign .  Th is  phase produces p r inc ip le  so lu t ions
exh ib i t ing  the  requ i red  func t iona l  behav io r  qua l i t a t i ve ly ,
i . e .  w i thout  de ta i l ing  geomet r ica l  measures ,  mate r ia ls ,  e tc .
D i f fe ren t  so lu t ion  var ian ts  a re  eva lua ted ,  and dec is ions  fo r
se lec t ing  an op t ima l  one a re  made.

C. Mate r ia l  des ign .  The resu l t  o f  th is  phase i s  a de ta i l ed
design conta in ing a l l  i n fo rmat ion  requi red  fo r  a subsequent
mater ia l  rea l i za t ion .  As th is  phase i s  a ma jor  work ing  a rea
for  mechan ica l  eng ineers ,  i t  i s  o f ten  e labora ted  in to  more
de ta i l ed  phases.  The cur ren t  w idespread  CAD-systems suppor t
th iSsphase  by  t rans fe r r ing  the  d rawing  board  to  the
computer .

I t  i s  in te res t ing  to  no te  tha t  in  i t s  shor t  pe r iod  o f  ex is tence ,
so f tware  eng ineer ing  has come up w i th  much more soph is t i ca ted ,
p rec ise ,  and mechan izab le  models  o f  program deve lopment .  For  an
ob jec t ive  to  cont r ibu te  towards  a mechan iza t ion  o f  cons t ruc t ion
in  mechan ica l  eng ineer ing ,  i t  tu rned  ou t  tha t  concepts  f rom



sof tware  eng ineer ing  can be f ru i t fu l l y  app l i ed .  Th is  i s  b r ie f l y

exp lo red  in  sec t ion  2.1. Sect ion  2 .2  t hen  concent ra tes  on the
cent ra l  i ssue  o f  th is  paper  and in t roduces  a model fo r  computer -
aided conceptional design.



2.1. Cons t ruc t i on  i n  Mechan i ca l  and  Sof tware  Eng inee r i ng

We cons ide r  t he  so f twa re  deve lopmen t  cyc l e  as  i nd i ca ted  i n  F ig .

2-1 [Be ie r l e  et a l .  83] .  I n  cont ras t  t o  t radi t ional  approaches,
i t  has  been  t he  con t r i bu t i on  o f  A I  p rog ramming  me thodo logy  t o
show tha t  methods o f  " s t r uc tu red  top-down des ign "  a re  un feas ib l e
f o r  comp lex  sys tems ,  and  t ha t  p rog ram deve lopmen t  shou ld  i nc l ude

a l l  phases s imu l t aneous l y ,  suppor ted  by app rop r i a te  programming
env i ronmen ts .  We the re fo re  p ropose  i n  [Rau le f s  84 ]  t o  r ea l i ze  t he

deve lopmen t  cyc l e  o f  F i g .  2 -1  by  a sp i r a l  o f  p rog ram deve lopmen t

t r i ads  as indicated i n  Fig. 2-2.



Akequirements De f in i t ion
Il

Va l ida t ion  - Va l ida t ion

Formal Spec i f i ca t ion  \\ \

Validation \\

‚A lgor i thm and Da ta  Type Des ign  Pro to type l

‘

Va l ida t ion

Implementation

Va l ida t ion

Adapt ion

Maintenance

Ml
F ig .  2 -1  So f tware  Development  Cyc le

Methods ex is t  fo r  supporting the mechanization o f  a l l  phases o f
the above development cycle [Be ie r le  at  a l .  83] ,  using both
fo rma l  and knowledge-based  techn iques .
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_..\

Reqmts .  De f .

/’//‘——\\‘ Spec./
1

Program \ Pro to types
“\ \ .

% .

Program Deve lopmen t  T r i ad

Development Sp i ra l

F ig .  2-2. Program Development T r iad  and Sp i ra l

A c ruc ia l  reason fo r  the  fa i lu re  o f  the  “s t ruc tured  top-down
approaches“ i s  the  fac t  tha t  the  development  i t se l f  l eads  to
rev is ions  in  ea r l i e r  s tages .  In  par t i cu la r ,  requ i rements  and
spec i f i ca t ions  usua l l y  f a i l  to  an t ic ipa te  a l l  what i s  expected
f rom the  p rogram under  cons t ruc t ion ,  as  th is  i s  o f ten  revea led

when observ ing  the  behav io r  o f  an in i t i a l  ve rs ion  under  opera t ing
condi t ions .  In  o ther  words, sof tware  development i s  an inheren t ly
non-monoton ic  p rocess .

S imi la r  observa t ions  app ly  to  mechan ica l  eng ineer ing .  The

const ruc t ion  p rocess  has  the  fo l low ing  ana log ies  to  so f tware
deve lopment :

. Requ i remen ts  de f i n i t i on  and spec i f i ca t i on  i s  common to  bo th
areas.

. Algor i thm and (abs t rac t )  da ta  type  des ign  corresponds to
conceptional design.

. Imp lemen ta t i on  cor responds  to  a combina t ion  o f  mate r ia l  des ign

and manufac tur ing .

11



Apparen t ly ,  t he re  a re  i n  par t i cu la r  two  a reas  whe re  const ruc t ion

methodo logy  i n  mechan i ca l  eng inee r i ng  cou ld  bene f i t  f r om so f twa re

cons t ruc t i on  methods:

( 1 )  Requ i remen ts  de f i n i t i on  and  spec i f i ca t i on :  Mechan i ca l
eng inee r i ng  cu r ren t l y  comp le te l y  l acks  mechan i sms  t o  f o rma l l y

rep resen t  t he  a r ch i t ec tu re ,  s t r uc tu re ,  f unc t i on  o f  componen ts

and  t he i r  i n t e rac t i on ,  and  p r0pe r t i es  o f  t echn i ca l  dev i ces  i n

an i n teg ra ted  f r amework  so  t ha t  bo th  such  concep ts  as  we l l  as

re l a t i onsh ips  can  be  mechan i ca l l y  r easoned  abou t .  We c l a im

and  p rov ide  ev idence  t ha t  a l geb ra i c  so f twa re  spec i f i ca t i on
languages  p rov ide  exce l l en t  f ac i l i t i e s  f o r  deve lop ing  such

rep resen ta t i ons .

(2 )  Concep t i ona l  des ign :  A l anguage  f o r  qua l i t a t i ve  rep resen ta t i on :

o f  a r ch i t ec tu re  and  f unc t i on  o f  t echn i ca l  dev i ces  t oge the r

w i t h  mechan i sms  f o r  r eason ing  abou t  such  rep resen ta t i ons

wou ld  p rov ide  a f ac i l i t y  t o
- decompose a p rob lem de f i n i t i on  i n to  sub tasks ,  r esu l t i ng

i n  a f unc t i ona l  mode l  o f  t he  p rob lem s t ruc tu re
(subproblems and t he i r  f unc t i ona l  r e l a t i onsh ips ) ,

- r ep resen t  and ex t rac t  bas i c  so lu t i on  app roaches  f r om
appropriate knowledge bases,

- i n t eg ra te  p r i nc i p l e  so lu t i ons  o f  sub tasks  t o  concep t i ona l
va r i an t s  (cor responds  t o  module i n teg ra t i on ) ,

- imp rove  va r i an t s  by  conc re t i za t i ons  and  op t im i za t i ons ,
- eva lua te  and dec ide  on concep t i ona l  va r i an t s .

12



2.2. A Mode l  o f  Compu te r -A ided  Concep t i ona l  Des ign

The  above  cons ide ra t i ons  sugges t  t o  l ea rn  f r om mechan i sms

deve loped  f o r  know ledge -based  p rog ram cons t ruc t i on  when se t t i ng
up a f r amework  f o r  concep t i ona l  des ign  i n  mechan i ca l  eng inee r i ng .
Such  a f r amework  i s  based  on  a number  o f  obse rva t i ons  and
p r i nc i p l es  wh i ch  we d i scuss  f i r s t .

2.2.1. Pr in i c i p l es

( 1 )  The  pa rad igm o f  p roceed ing  f r om non -cons t ruc t i ve  t o
cons t ruc t i ve  desc r i p t i ons .  We desc r i be  t echn i ca l  sys tems  i n  t e rms
o f  ob jec t s  cons t i t u t i ng  t he i r  componen ts ,  and p rocesses  deno t i ng

h i s to r i es  i . e .  sequences  o f  s t a te  changes  i n  t he  ob jec t s

i n vo l ved .  A non -cons t ruc t i ve  desc r i p t i on  de ta i l s  ob jec t s  and
p rocesses  w i t h  t he i r  cons t i t uen t s  w i t hou t  say ing  how s ta te

changes  and  h i s t o r i es  a re  ac tua l l y  execu ted .  I n  con t ras t ,  a
cons t ruc t i ve  spec i f i ca t i on  can  be  execu ted ,  p roduc ing  a h i s t o r y

f r om a g i ven  i n i t i a l  s t a te .
A r equ i remen ts  de f i n i t i on  ( i n f o rma l )  and a spec i f i ca t i on  ( f o rma l )
p rov ide  a non -cons t ruc t i ve  p rob lem de f i n i t i on  i n  desc r i b i ng
dev i ces  i n  t e rms  o f  t he i r  f unc t i ona l  behav io r  and i n tended
p rope r t i es  o f  t he i r  pe r f o rmance .  The  ob jec t i ve  o f  concep t i ona l
des ign  i s  t o  deve lop  cons t ruc t i ve  so lu t i ons  wh i ch  can  be  ob ta i ned

by  g radua l l y  r e f i n i ng  non -cons t ruc t i ve  desc r i p t i ons  i n to
cons t ruc t i ve  des igns .

(2 )  The  requ i remen t  o f  a vocabu la r y  o f  t echn i ca l  concep ts .  To

desc r i be  t he  p rob lem o f  e .g .  des ign ing  a t r ansm iss ion ,  we need a
su f f i c c i en t  vocabu la ry  o f  no t i ons  t o  say what a t r ansm iss ion  i s
ac tua l l y  abou t :  A t r ansm iss ion  t r ans fo rms  one f o rm  o f  mo t i on  i n to
ano the r .  Hence ,  we need  t o  desc r i be  bo th  f o rms  o f  mo t i on  and t he

way  bo th  mo t i ons  shou ld  be  re l a ted .  Mo reove r ,  bo th  f o rms  o f
mo t i on  a re  ca r r i ed  by  conc re te  phys i ca l  ob jec t s ,  such  as a sha f t

and a whee l .  Th i s  imp l i es  t ha t  pa r t  o f  t he  p rob lem de f i n i t i on  i s

a desc r i p t i on  o f  t he  phys i ca l  env i r onmen t  i n t o  wh i ch  t he  dev i ce

13



to  be cons t ruc ted  i s  to  be incorpora ted .  In  summary ,  a p rob lem

def in i t ion  descr ibes  a techn ica l  sys tem whe re  some  componen ts

( t he  ex is t ing  env i ronmen t )  are  descr ibed  cons t ruc t ive ly ,  and
others  ( to  be des igned)  a re  spec i f i ed  non-cons t ruc t ive ly .  Bo th
requ i re  a vocabu la ry  o f  t echn ica l  concepts  and mechan isms  fo r

reason ing  about  them.

(3 )  Qua l i t a t i ve - to -quant i t a t i ve  re f inement .  Con§ept iona l  des ign
i s  p r imar i l y  concerned  about  qua l i t a t i ve  descr ip t ions  and
qua l i t a t i ve  reason ing  about  them.  Mechanisms must be p rov ided  fo r
re f in ing  qua l i t a t i ve  in to  de ta i l ed  quant i t a t i ve  designs so tha t
concept iona l  des ign  systems prov ide  input  in to  CAD-systems.

(4 )  Abstract ion requirement.  As conceptional design i s  intended
to  p roduce  p r inc ip le  so lu t ion ,  p rob lem descr ip t ions  resp .

so lu t ions  must be genera l  enough to
- a l low  to  dev ise  a va r ie ty  o f  des ign  var ian ts

- a l low  ta i lo r ing  bo th  p rob lem de f in i t ions  and so lu t ion  var ian ts
to  spec i f i c  s i tua t ions .

2 .2 .2 .  A Framework fo r  Concept iona l  Des ign

F ig .  2 -3  summarizes our  model fo r  concept iona l  des ign .  The tab le

mere ly  l i s ts  the  ma jor  bu i ld ing  b locks  w i thout  re f l ec t ing  the
cont ro l  s t ruc ture  p rov id ing  subs tan t ia l  f ac i l i t i es  fo r  in te ra t i ve

rev is ions  and re f inements .  I t  i s  a c ruc ia l  requ i rement  to  conduct
the en t i re  design process w i th in  the uniform language environment
o f  QRL wh ich  i s  exp ress i ve  enough to  suppo r t  a l l  l eve ls  f rom
abs t rac t  p rob lem descr ip t ions  down to  representa t ions  o f  concre te

systems.
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Language Phase Result Tool(s)

graph ics ,  System Ana lys is ,  Descr ip t ion  o f  ( ed i to rs )
techn ica l  NL Requ i remen ts  i n t ended  sys tem

De f i n i t i on

QRL Spec i f i ca t ion  Spec i f i ca t ion  QRL-system
and (abs t rac t ion  (ed i to r ,
Abst rac t ion  and po ten t ia l  in te rpre te r ,

ref inements)  reasoner,
exp la iner )

QRL Decomposition Spec i f i ca t ion  QRL-system
i n to  Subtasks

QRL Des ign  o f  Concept iona l  domain
pr inc ip le  sub task -var ian ts  Spec i f i c
so lu t ions  fo r  exper t
subtasks  systems

QRL Eva lua t ion  o f  P roper t i es  about  QRL-system
subtask  var ian ts  Subtask var ian ts  and c r i t i c

QRL Subsystem Concept iona l  QRL-system
i n tegra t ion  var ian ts  o f

ent i re  system

QRL Evaluat ion o f  Selected p r inc ip le  c r i t i c  w i th
system var ian ts  so lu t ion  QRL-system
and var ian t
se lec t ion

QRL Opt imiza t ion  Opt imized  knowledge-
pr inc ip le  based
so lu t ion  op t im ize r

w i th  QRL-
system

F ig .  2 -3 iMode1  of  Concept iona l  Des ign
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3 .  Reason ing  on T ime  and  Causa l i t y

3 .1  Requ i remen ts  on Rep resen t i ng  T ime and  Causa l i t y

T ime  and causa l i t y  a re  c l ose l y  r e l a ted .  Bas i c  t o  ou r  mode l  i s  t he
e lemen ta ry  no t i on  o f  an even t  deno t i ng  obse rvab le  changes  o f  t he
s ta te  o f  a sys tem.  T ime  becomes  obse rvab le  because  o f  even t s
occu r r i ng  a t  d i f f e ren t  i ns tances  o f  t ime .  An even t  e l  may cause
ano the r  event  e2  so  t ha t  i t  i s  obse rvab le  t ha t  e l  occu rs  be fo re
e2 .  Howeve r ,  any  o rde r i ng  o f  t ime  depends  on  obse rvab le  causa l
re l a t i onsh ips  be tween  even ts :  i f  e2  i s  no t  caused  by  e l ,  t he  on l y
way  t o  obse rve  t ha t  e1  occu rs  be fo re  e2  i s  t o  obse rve  e1
s imu l t aneous l y  w i t h  some event  e i  wh ich  causes ano the r  even t  e?
obse rved  s imu l t aneous l y  w i t h  e2  (no te  t ha t  e1  and  e i ,  and  e2

and /o r  eg and eä may be equa l ) .  Hence ,  d i f f e ren t  un re la ted
sys tems  necessa r i l y  have i ndependen t  t ime  sca les ,  and even ts
occu r  concu r ren t l y .

P rev ious  wo rk  on mode l l i ng  and reason ing  abou t  t ime  cons i s t s  o f
two  ca tego r i es :

o Sta te -based  app roaches  t ake  s ta tes  t o  be  e l emen ta ry  and
obse rvab le .  Even ts  a re  caused  by  ac t i ons  desc r i bed  as  s ta te

t r ans fo rma t i ons  wh i ch  a re  no t  obse rved .  Hence ,  t ime  i s
obse rved  as  a sequence  o f  s t a tes  usua l l y  a t t r i bu ted  t o

i n s tan t s  of  t ime [Sacerdot i  77 ] .  This has been extended t o
s i t ua t i ons  [McDermott 82] and s ta tes pe rs i s t i ng  over t ime
i n t e r va l s  having a more or l ess  ce r t a i n  extension [A l l en  83 ] .

0 Even t -based  app roaches  t ake  even ts  t o  be  e l emen ta ry  and
obse rvab le ,  e .g .by  desc r i b i ng  t ime  as  a sequence  o f  cha ins

o f  s t a te  t r ans i t i ons  deno t i ng  t he  s ta te  change  e f f ec ted  by
t he  even ts  hav ing  occu r red  [Kahn, Gorry  77 ] .

[A l l en  83 ]  pos tu l a ted  t h ree  ma jo r  r equ i remen ts  f o r  models o f
t ime :
( 1 )  The pos tu l a te  o f  unce r ta i n t y .  The rep resen ta t i on  must a l l ow

f o r  unce r ta i n t y  w . r . t .  two  aspec t s :
- The t ime  sca le  need  no t  cons i s t  o f  p rec i se l y  quan t i f i ab l e

da tes  and  re l a t i onsh ips  be tween  da tes .  I ns tead ,  vague
no t i ons  f o r  r e l a t i onsh ips  be tween  i ns tances  and  i n te r va l s

such  as  " l ong  be fo re " ,  "much  l a te r " ,  e t c .  mus t  be
accoun ted  f o r .

- Vague no t i ons  f o r  t ime  spans  such  as  "a  p re t t y  sho r t  t ime "
mus t  be  ava i l ab le .
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(2) The  pos tu l a te  o f  var ie ty  i n  granu la r i t y .  Depend ing  on  t he
con tex t  be ing  reasoned  abou t ,  pa r t i cu l a r  spans  o f  t ime  may be
sho r t  o r  ex t reme ly  l ong ,  l i ke  a m i l l en ium be ing  l ooked  a t  as
an i ns tan t  i n  pa leon to l ogy  a l t hough  i t  i s~ l onge r  t han  a l l  o f
mode rn  h i s t o r y .

The  pos tu l a te  o f  pe rs i s t ency .  The  mode l  mus t  accoun t  f o r
p rope r t i es  be ing  pe rs i s t en t ,  i . e .  i f  i t  ho lds  ove r  a pe r i od
o f  t ime ,  i t  w i l l  a l so  ho ld  l a t e r  on un less  exp l i c i t l y
nega ted .  Pe rs i s t ency  subs tan t i a l l y  r educes  s to rage
requ i remen ts  when  ma in ta i n i ng  a l l  o f ,  o r  on l y  aspec t s  o f
s ta tes  ove r  a pe r i od  o f  t ime .

The  above  d i cuss ion  i nd i ca tes  t he  impo r tance  o f  add i t i ona l
pos tu l a tes :

(4)

(5)

The pos tu l a te  o f  t ime -causa l i t y  l i n kage .  Any o rde r i ng  on t ime
sca les  mus t  be  re l a ted  t o  causa l  r e l a t i onsh ips  be tween  even ts
s . t .  one even t  caus ing  ano the r  imp l i es  t ha t  t he  cause  occu rs
be fo re  t he  e f f ec t .

The  pos tu l a te  o f  concu r rency .  The  mode l  mus t  r ep resen t
concu r rency  o f  even t s  and  t ime  sca les .

We c l a im  tha t  t he  mode l  p resen ted  i n  t h i s  sec t i on  f u l l y  sa t i s f i es
a l l o f  t hese  requ i remen ts .
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3.2. I n te rva l  S t ruc tures

To sa t is fy  the above postu lates  except fo r  ( 3 -pers is tency ) ,  t ime
i s  represented  by 'a  se t  In tv  o f  in te rva ls  which  i s

O doubly  par t i a l l y  o rdered  by the  par t i a l  o rders
'R" s . t .  I l  < 12 s tands  fo r  " in te rva l  11 i s  ea r l i e r  than
interval  I2" ,  and ‘
"g“ s . t .  I I  3 12 stands fo r  “ in te rva l  11 i s  during in te rva l

12". ;
I n te rva ls  no t  comparable  under  < are  concur ren t .

. assoc ia ted  wi th  func t ions  re la t ing  in te rva ls  to  ex tens ions
and d is tances .  ‘

I n te rva l  s t ruc tures  a re  ob ta ined  by  compos ing  in te rva ls
sequent ia l l y  and /o r  concur ren t ly .

Nota t ion .  I ( „ )  s t ands  fo r  the  sequence  (11 ‚ Ig ,„ . , In )  r esp .  the
se t  {11 ’12 ’ “ f ’ 1n}  as  i t  i s  ev iden t  f rom the
cor respond ing  contex t .

3 .2 .1 .  In te rva ls

( In tv ,< ,£ )  i s  a doubly par t i a l l y  ordered se t ,  and
. beg ,end :  I n t v  + I n t v  map in te rva ls  to  the i r  beg inn ing  resp .

end .
. d i s t : I n t v  x In tv  + Ext  measu res  the  d i s tance  be tween

<-comparab1e i n te rva ls .
. ext £ I n t v  x Ext relates intervals  to notions of temporal

extensions.

3.2Ju1.  beg-end laws.  The funct ions beg and end are requi red to
sa t is fy  the  fo l low ing  l aws  fo r  any in te rva ls  1 ,11 ,12  e In tv .

[beg-end 1] beg( I )  < end(I)
{ t he  beg inn ing  of  an in te rva l  i s  ea r l i e r  than  i t s

end}

[beg-end 2] I l  < 12 <=> beg(11) < beg(12) & end( I l )  < end(12)
{ I f  i n te rva l  I 1  i s  ea r l i e r  than in te rva l  12,  then I 1
and 12 are in  one of three re la t ions:

seperated end ( I l )  < beg(12 )

consecu t i ve  end( I l )  = beg(12)
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overlapping beg ( I z )  < end(11)}

[beg-end 3] a (b ( I ) )  = b ( I )  for a,b s {beg,end}.
{The  beg inn ing /end  o f  the  beg inn ing /end  o f  an

in te rva l  i s  the  beg inn ing /end  i t se l f .  I . e .
beg inn ing  and end o f  in te rva ls  a re  ins tances  in  the
sense tha t  the i r  beg inn ing  and end co inc ide} .

[beg-end 4] I l  £ 12 <=> beg( Ig)  < beg( I l )  & end(11) < end(Iz)
{ I 1  & 12 expresses that 11 i s  during I 2 }

Note tha t  beg ( I )  = end( I )  i s  su f f i c ien t  to  charac te r i ze  I as an
i ns tance  w i thout  hav ing  any no t ion  on the  ex tens ion  on in te rva ls .
By [beg-end 2 ] ,  I 1  = 12 i f f  each beginnings and ends of I 1  resp .
12 co inc ide ,  as  "<" i s  a par t i a l  o rder .

3.2.1.2. T ime  l ines .  A sequence  I n w i th  V ie (n -1 ) . I i  < I i +1  i s
a time l ine .  We requ i re  In tv  to be gap- f ree  on t ime l ines , i . e .
fo r  any in te rva ls  1%,1
I <1  & end( I1 )<beg  I21 2 € => -}I . I I<I< 12

& end ( I l )  = beg ( I )  & end ( I )  = beg( I z )

In  th is  case,  we ca l l  I to  be the  gap between 11 and 12:
I :  gaP(11 ‚12 ) -  "

3.2.1.3. Ex tens ions .  I n te rva ls  descr ibe  bo th  ins tances  and
t empora l l y  extended t ime  spans. The pos tu la tes  ( I -uncer ta in ty )
and (2 -g ranu la r i t y )  are taken care of  by int roducing appropriate
not ions  o f  the  ex tens ion  o f  in te rva ls .  Leav ing  the  cho ice  o f
par t i cu la r  no t ions  up to  spec i f i c  app l i ca t ions ,  we pos tu la te  the
fo l low ing  min ima l  requ i rements  to  be sa t i s f i ed  by a se t  Ex t  o f
no t ions  o f  ex tens ions :

[Ex t -1 ] (Ex t :< )  i s  a par t i a l l y  ordered set  of  no t ions  of
ex tens ions .
{Ex tens ions  shod ld  a t  l eas t  be par t i a l l y  comparab le . }

[Ext-2]  (0,pos) £ Ext and O i s  minimum of Ex t -
{Ex t  con ta ins  a t  l eas t  the  ex tens ions  0 and  pos

( "pos i t i ve" )  w i th  0 < pos . }

[Ex t -3 ]  + :  Ext x Ext + Ext i s  an add i t i on  ope ra t i on  s . t .
. + i s  assoc ia t i ve  and  commuta t ive
o x + 0 = x
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o + i s  monotonic
o a l l  <-comparable  e lements  o f  Ex t  a re  c l osed  under  +

{+  i s  c l osed  under any s i ng le  v i ew . }

[Ex t -4 ]  ex t  £ I n t v  x Ex t  i s  t he  ex tens ion  re l a t i on  sa t i s f y i ng
(1 )  ex t  i s  pa r t i t i oned  i n to  mu l t i p l e  ex tens ion  v i ews

Eview = { ex t1 ,ex t2 , . . . }  s . t . '
0 each  ex tens ion  v i ew  ex t  i s  a f unc t i on ,  and

ex t  = U Ev iew .
0 t he  range  o f  each  ex tens ion  v i ew  i s  l i nea r l y

o rde red .
. ( I , x )  e ex t  & x #0 => ( I , pos )  e ex t

{ i f  some v i ew  ass igns  I a non -O  ex tens ion  t hen  i t
i s  a " r e f i nemen t "  o f  pos }

The pa r t i t i on i ng  o f  ex t  i n t o  ex tens ion  v i ews  may
the re fo re  l ook  l i ke  t h i s :

pos
1 2 3 4

Ev iew

( 2 )  ex t ( I )  = 0 <=> beg ( I )  = end ( I )  f o r  any I e In t v .
{ beg  and  end  t ake  t he  " f i nes t “  v i ew ,  i . e .  i f

beg inn ing  and  end  o f  an  i n te r va l  co inc i de ,  t hen  t h i s
i n te r va l  has  ex tens ion  O unde r  any  v i ew . }

( 3 )  ( a ( I ) , 0 )  e ex t  f o r  I e In t v ,  ac {beg ,end }
{Unde r  some  v i ew ,  beg /end  map t o  i ns tances ,  bu t  no t

necessa r i l y  unde r  eve ry  v i ew . }

[Ex t -3 ]  ensures t ha t  add i t i on  of extensions of  d i f f e ren t
i n t e r va l s  i s  de f i ned  i f  t hey  con fo rm  to  t he  same  v i ew .
Par t i t i on i ng  ext  i n t o  a rb i t r a r y  views i n  [Ex t -4 ]  a l lows  t o  have
d i f f e ren t  g ranu la r i t i e s  and  deg rees  o f  imp rec i s i on  t o  ex i s t .
He re ,  we l eave  open  i n  wha t  way  d i f f e ren t  v i ews  m igh t  be
comb ined .

3 .2JJ4 .  Fo r  < - comparab le  i n te r va l s ,  i t  i s  i n t e res t i ng  t o
de te rm ine  how fa r  t hey  a re  apa r t .  We the re fo re  i n t r oduce  a
d i s tance  f unc t i on  mapp ing  pa i r s  o f  i n t e r va l s  t o  t empora l
extensions:

d i s t  & I n t v  x I n t v  x Ext i s  a r e l a t i on  s . t .

20



[d is t -1]  11 + 12 => d i s t ( I l , I z )  i s  undefined.
{D i s tances  can  on l y  be  de te rm ined  f o r  i n te rva ls  o f  t he

same t ime  l i ne . }

[ d i s t - 2 ]  For  any i n te r va l s  11 ,12  e I n t v ,
. _‘i_f 12 < I l  _i:._h_e_r_l_ d i s t ( 11 ,12 ) :=  d ' i s t ( 12 ,11 ) .

{A d is tance i s  always determined from an ea r l i e r  t o  a
l a t e r  i n t e r va l . }

o 1_f I 1  < 12
then a .  beg ( Ig )  < end(11)  => d i s t ( 11 ,12 )  = 0 ,  and

{ ove r l app ing  i n te r va l s  have  d i s t ance  0 }
b .  end ( I l )  < beg (12 )
=> VextieEview.ext i [gap(11,Ig)]  e dist(11,12)

{ t he  d i s t ance  i s  de te rm ined  as  t he
ex tens ion  o f  t he  gap be tween  i n te r va l s }

[ d i s t - 3 ]  d i s t  sa t i s f i es  t he  t r i ang le  i nequa l i t y  unde r  any
ex tens ion  v i ew :

' d i s t ( I l , I 3 )  < dist(11,12) + d i s t ( I 2 , I 3 )
f o r  any  i n te r va l s  I l ’  12  and  I 3  on t he  same t ime  l i ne .

No te :  d i s t  i s  on l y  a quas i -me t r i c  on  any  pa r t i cu l a r  v i ew  o f  ex t
i n  t he  sense  t ha t  d i s t ( I l , I z )  = 0 even i f  I 1  # 12 .

3 .2J „5 . I n te r va1  s t r uc tu res .  I n te r va l s  on  t he  same  t ime  l i ne  can

be merged  t o  i n t e r va l s  cove r i ng  t hem.  I n te r va l s  on  d i f f e ren t  t ime
l i nes  can  be  comb ined  i n to  an  exp ress ion  j us t  desc r i b i ng  t he i r
concu r rency .  Th i s  g i ves  us two  comb ina to rs  f o r  merg ing  and
con jo i n i ng  ( " j o i n  concu r ren t l y " )  wh i ch  can be used  t o  cons t ruc t
exp ress ions  desc r i b i ng  i n te r va l  s t r uc tu res .  The merge  and con jo i n
ope ra t i ons  a re  de f i ned  i n  such  a way  t ha t  t hey  requ i re  t o
i n t r oduce  t he  emp ty  i n te r va l  I n i l  as  a neu t ra l  e l emen t  w . r . t .
bo th  ope ra t i ons .

The  emp ty  i n te r va l  I n i l .  We requ i re  I n t v  t o  con ta i n  t he  emp ty
i n t e r va l  I n i l  w i t h  t he  f o l l ow ing  p rope r t i es :

[ I n i l - 1 ]  V Ie In t v .  I n i l  + I
{ I n i l  canno t  be p l aced  on any t ime  l i ne }

[ I n i l - 2 ]  beg ( In i l )  = end ( In i l )  = I n i l
{ imp l i es  ex t ( I n i l )  = 0 by [Ex t -4 (3 ) ] }

[ In i l—3]  d i s t ( I n i l , I ) , d i s t ( I n i l , I )  are undefined f o r  any i n te r va l
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I # I n i l
{any ar t i f i c ia l  de f in i t ion  fo r  d is t ( In i l , I )  r esu l ts  in
conf l icts with the t r iangle  inequal i ty [d is t -3 ] . }

fierge.  The merge operat ion ; :  I n tv  x I n tv  + In tv  i s  def ined to
be a func t ion  w i th  the  fo l low ing  p roper t i es  fo r  any in te rva ls  I ,
11  and I2 :

[Merged] 11;12  i s  undef ined  i f  I l  4 12 un less  I l = In i l  or
I 2= In i l
{only  in te rva ls  on the  same t ime l ine  can be merged}.

[Merge-2] In i l ; I  = I ; I n i l  = I
{ In i l  i s  the  iden t i t y  fo r  merging}

[Merge-3] I f  11  < I 2  with 11,12 # I n i l  then 11;12 e Intv s . t .
( 1 )  beg(11;12)  = beg (11 ) ,  end ( I l ; I z )  = end(12 ) .

{11 ;12  i s  an in te rva l  beginning w i th  the  begin o f
11  and ending w i th  the  end o f  12 }

(2)  ij end(11) < beg(12) {11 ends before 12 begins}
then ext (11;12)  = {e1+e+e2| ex t i  e EView and e l  =

ex t i ( I l ) ,  e2 = ex t i ( I 2 ) ,  e = ex t i [gap ( I l , I 2 ) ] }
{ the  merged in te rva l  1 1 3 1 2  ex tends  no t  on ly  over  I l
and 12 ,  but over the  gap between I l  and 12 ,  too}

(3 )  if beg(12) < end( I1 )  {both in te rva ls  over lap}
then ext(11;12) = ext[beg(11);end(12)] .

[Merge-4] ; i s  associative, i . e .  I ; ( I l ;12 )  = ( I ; I l ) ; 12

Notation: I (n ; )  stands for 11 ; . . . ; I n  for any time l ine  I (n ) '

Conjo in ing  concur ren t  in te rva ls  and in te rva l  s t ruc tures .
In te rva ls  on d i f f e ren t  t ime  l ines  a re  ca l l ed  concur ren t ,  i . e .
in te rva ls  I l  and  12  a re  concur ren t  i f f  11  f 12 .  The  conJo in
opera t ion  ( , ) :  I n tv  x I n tv  + IS  combines  concur ren t  in te rva ls
to  concur ren t  in te rva l  s t ruc tures .

The domain IS  o f  in te rva l  s t ruc tures  i s  induc t ive ly  de f ined  to  be
the  l eas t  se t  s . t .

( 1 )  In tv  £ IS  {each in te rva l  i s  an in te rva l  s t ruc ture }

' . ( 2 )  For any t ime l ine  I (n ) :  I („ ; )  = I l ; . . . ; I n  e IS
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i s  a consecu t i ve  i n te rva l  s t ruc ture .
Note: By [Merge-3], consecutive interval  structures are

gap- f ree .

For any concur ren t  in te rva ls  I , I ‘  e In tv ,  ( I , I ‘ )  5 IS  i s  a
concur ren t  in te rva l  s t ruc ture  w i th
beg[ ( I , I ' ) ]  := ij beg( I )  = beg ( I ' )  then beg( I )

e lse  unde f ined
end[ ( I , I ‘ ) ]  := if end(I )  = end ( I ' )  then end( I )

e lse  unde f ined

The merge  and con jo i n  opera t ions  a re  bo th  ex tended  f rom
in te rva ls  to  in te rva l  s t ruc tures ,  so tha t
; , (  , ) :  IS  x IS  + IS  sa t i s fy  the  fo l low ing  l aws:
0 The con jo i n  of  the  ope ra t i on  ( , ) i s  commuta t i ve

and assoc ia t i ve ,  and has In i l  as i t s  iden t i t y  on IS .

0 Merg ing  d is t r ibu tes  over  con jo in ing ,  i . e .
I ; (11 ‚12 )  ( I ;11 , I ; Ig )  and
(11912) ; I  (11 ; I : IZ ; I ) :
assuming  the  respec t ive  subexpress ions  to  be p roper
in te rva l  s t ruc tures .
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3 .3  Even t  and S i tua t ion  S t ruc tures

Remembering tha t  so le ly  a s ta te -based  as we l l  as an even t -based
approach has bo th  advantages  and d isadvantages  when compared w i th
the  o ther ,  we combine bo th  approaches.  S ta tes  a re  descr ibed  by
asser t ions  about  va lues  bound to  observab les ,  and  events  a re
taken  to  denote  t rans i t ions  be tween  s ta tes  re fe r r ing  to  in te rva ls
on the  same t ime  l ine  in  inc reas ing  o rder .

3.3.1 Event  s t ruc tures .  Le t  E be a se t  o f  even ts .  ES = (E ‚< ,x )  i s
an event s t ruc ture  (on X) i f f  i
O (E,<)  i s  a par t i a l l y  ordered set (a causal s t ruc ture ) ,  and
ox_gE  xE  isa  symmetr ic  and i r re f l ex ive  conf l i c t  re la t ion  onE

s . t .  fo r  any even ts  e1 ,e2 ,e3 ,e4  e E,
e1<e2<e3&e2<e4=>eZXe4

Clear ly ,  the par t i a l  order "<" describes the  causal re la t ionsh ips
between  events  in  the  sense  tha t  e l  < e2  i f f  e l  causes  e2 .  I f  an
event  e2  causes  bo th  the  even ts  e3  and  e4 ,  the  e f fec ts  e3  and  e4
o f  e2  a re  sa id  to  be  in  con f l i c t .  These  no t ions  o r ig ina te  fo rm
Pet r i  nets [Genrich,  Lautenbach 79 ] ,  where causal s t ruc tures  and
conf l i c ts  a re  mode l led  in  occur rence  ne ts  shown to  be  c lose ly
related to event structures in  [Winskel 81] .

3 .3 .2 .  S i tua t ion  s t ruc tures .  Our ob jec t ive  i s  to  re la te  s ta tes
and events  v ia  the  tempora l  in te rva ls  in  wh ich  they  occur .  F i rs t ,
we re late  event and interval  structures: time 3 E x I n t v  relates
events  to  in te rva ls  in  wh ich  they  occur .
Ac tua l l y ,  t ime  invo lves  par t i cu la r  v iews  w . r . t .  p rec is ion  and
granu la r i t y  to  wh ich  the  in te rva l  chosen  to  descr ibe  the  t ime
span conta in ing  the  occurence  o f  an even t  i s  de te rmined .

Given an event  s t ruc ture  E3 = (E ,< ,X ) ,  t ime  is  requ i red  to
sa t is fy  the  fo l low ing  compat ib i l i t y  re la t ion  between ( In tv ,< )  and
ES fo r  even ts  e1 ,e2  e E :

o e1  < e2 => VIl , I z  e I n t v .  e1  t ime  I l  & e2 t ime  12  => I l  < 12
{ I f  e1 causes e2 then e1 occurs earlier than eg.)

Note :  e1 X e2 does no t  imp ly  t ime(e1 )  % t ime (e2 ) ,  i . e .  two
events in  con f l i c t  may occur on the  same t ime l ine .

Nota t ion :  For  an in te rva l  I s I n t v  and even ts  e1 ‚ . . . ‚ e„ ,
( I I  e1 ‚ . . . , e „ )  denotes the assertion
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{ e1 , . „ , e „ }  g t ime '1 ( I ) ‚  i . e .  " t he  even ts  e1 , . . . ‚ en
occur  i n  I " .

A s i t ua t i on  ( I l e1 , . . . , en |p )  cons is ts  o f
an i n te r va l  I e I n t v
a set { e1 , . . . , en }  o f  events s . t .  ( I l e1 , . . . , en )
a f i r s t - o rde r  p rope r t y  p abou t  t he  s ta te  o f  t he  sys tem be ing
mode l l ed  s . t .  p ho lds  t h roughou t  t he  i n te r va l  I .

Le t  i n t s t  e IS  be any i n te r va l  s t r uc tu re  s . t .  i n t v ( i n t s t )  i s  t he
se t  o f  i n t e r va l s  occu r r i ng  i n  i n t s t .  I f  each  i n te r va l  i n
i n t v ( i n t s t )  i s  t he  image  o f  some se t  o f  even t s  unde r  t ime ,  t hen
r ep lac i ng  each  i n te r va l  i n  i n t s t  w i t h  a co r respond ing  s i t ua t i on
y ie l ds  a s i t ua t i on  s t r uc tu re .  (S i t , < ,£ )  deno tes  t he  doma in  o f  a l l
s i t ua t i on  s t r uc tu res ,  where  < and 3 a re  t he  pa r t i a l  o rde rs
ex tended  f r om In t v  t o  S i t  i n  an  obv ious  way ,  bu t  r espec t i ng  t he
causa l i t y  o rde r  o f  even t s .

A s i t ua t i on  ( I | e1 ‚ . „ , e „ [ p )  i s  ca l l ed  pe rs i s t en t ,  i f f  f o r  any
i n t e r va l  I '  e I n t v  con ta i n i ng  I ,  t he  p rope r t i es  o f  t he  s i t ua t i on

pe rs i s t  t h rough  I ‘ :

. ( I l e1 , . . . ‚ e „ | p )  & I £ I ’  => ( I ’ I e1 , . . . , e „ | p )

Note  t ha t  pe rs i s t ency  i s  a t t r i bu ted  t o  s i t ua t i ons  and  no t  t o
tempora l  i n t e r va l s  as  i n  [A l l en  83 ] .  Th i s  i s  because  pe rs i s t ency
re la tes  t o  p rope r t i es  o f  s t a tes  ex tend ing  ove r  t ime  deSp i t e  t he
occu r rence  o f  even t s .  Asc r i b i ng  pe rs i s t ency  t o  t empora l  i n t e r va l s
wh i ch  a va r i e t y  o f  d i f f e ren t  and  un re la ted  s ta tes  and  even ts
migh t  r e fe r  t o  s imu l t aneous l y  i s  a m is l ead ing  "ove r l oad ing "  o f
t ime .
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3 .4 .  Reasoning Techn iques

This sec t i on  br ie f l y  introduces several  approaches to  causal and
t empora l  reason ing ,  based  on the  concepts  in t roduced  in  the
prev ious  sec t ions .

3 .4J„  Re la t ions  on in te rva ls .  For  in te rva ls  on the  same t ime
l ine ,  A l l en  83  d iscussed  the  fo l low ing  comprehens ive  se t  o f
re la t ionsh ips  between in te rva ls  shown in  F ig .  3-1.

Rela t ion  Graphical De f in i t ion
I l lus t ra t ion

before xxx . .xxx  I l  < 12 ,  i . e .  end(11)  < beg(12)

equa l  I ] .  = 12

xxxxx
overlaps xxxxx beg(12)  < end( I l )

& end( I l )  end(12)

dur ing  xxx I l  £ 12 ,  i . e .  beg (12 )  & beg(11 )
xxxxxx

& end( I l )  s end(12)

F ig .  3 -1 .  A l l en ’s  re la t ions  on in te rva ls .

A refinement o f  the  "during" re la t ionsh ip  a re  the  re la t ions

s ta r ts  beg(11) = beg ( I z )  & end( I l )  end( lz )

between 11  3 12 & I l  * ‘ I z

f in ishes  beg(12)  & beg(11)  & end(11 = end(12)

A l len  83 p resents  procedures  fo r  comput ing the  t rans i t i ve
c losures  o f  these  re la t ions ,  the i r  inverses ,  and combina t ions  o f
them.  ’

3 .4 .2 .  Magni tudes .  The  above  re la t ions  l ack  qua l i t a t i ve ,
re f ineab le  no t ions  such  as  " immedia te ly  be fore" ,  “ long  a f te r“ ,
"s l igh t ly  overlapping" e tc . ,  i . e .  the  postu la tes  ( l -uncer ta in ty )
and  (Z -g ranu la r i t y )  o f  sec t ion  3 .1  a re  no t  sa t i s f i ed .  We ca l l
such qua l i f i ca t ions  o f  the  tempora l  re la t ions  magn i tude  .
Simi la r ly  as fo r  ex tens ions ,  we assume to  have d i f f e ren t  v iews  on
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magnitudes, ob ta in i ng  a par t i a l l y  ordered domain (Magn,<) w i th  a
s t ruc ture  s imi la r  to  Ex t :

[Magn-1] (Magn,<) i s  a par t i a l l y  ordered set of magnitude .

[Magn-2] 0 e Magn is  the minimal magnitude.

[Magn-3] Magn x Magn + Magn is  an addition operation s . t .
+ i s  assoc ia t i ve ,  commuta t ive ,  and monotonic
x + 0 = x
a l l  < -comparab le  magni tudes a re  c losed  under  +

[Magn-4] The re lat ion magn g IReln x I n t v  x Intv + Magn ascribes
re la t ions  on in te rva ls  a magni tude  so tha t

magn is  par t i t ioned  in to  mu l t ip le  views
Mview = {magn1, magn2 , . . . }  w i th
0 each magni tude  v iew is  s ing le -va lued ,  and

magn = U Mview
0 the  range  o f  each  magni tude  v iew  is  l inear ly

+

.

.

°

ordered .

When choosing  par t i cu la r  no t ions  and v iews  o f  magn i tudes ,  one may
in t roduce  ru les  fo r  combining them and make in fe rences .

3 .4 .3 .  Reason ing  on ex tens ion  and  magn i tude  v iews .  One obvious
way fo r  de te rmin ing  magn i tudes  i s  to  re la te  them to  par t i cu la r
ex tens ion  v iews .
Example: Let ( 0 ,  immediate ly ,  shor t l y ,  long) £ Magn and
( 0 ,  sho r t ,  med ium,  l ong ,  ve ry  long)  £ Ext  be the  ranges  o f  two
par t i cu la r  magn i tude  and  ex tens ion  v iews  magn i  and ex t - .  One
cou ld  then  base the  magn i tude  ascr ibed  to  the  "be fore" - re  a t ion
on ex t j :

magn1(before, I I ,  12) :=
o i f  extj[gap(11,12)] = 0

immediately i f ' ex t j [gap ( l l , 12 )  = short
shortly i f  ext-[gap(11,12) = medium
long i f  ext j [gap(11,12)]

e { long ,  very long}
So tak ing  the  gap between two in te rva ls  I 1  and I 2  to  be ‘ shor t ‘
resp. ’medium‘ i s  t rans la ted  in to  11 being ‘ immediately  be fore ‘
resp .  ' shor t l y  be fo re~  12 .  C lea r ly ,  one must be ca re fu l  to  de f ine
the  add i t ion  opera t ions  on Ex t  and Magn in  a compat ib le  way.

Ru les  may be  in t roduced  fo r  reason ing  about  ex tens ion  and
magn i tude  v iews .  Two par t i cu la r ly  impor tan t  ways o f  reason ing
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abou t  v iews  a re  t rans la t ing  one v iew  in to  another ,  and in fe r r ing
one v iew  f rom another  v iew  or  even severa l  o ther  v iews .

3 .4 .4 .  Concurrency reasoning. [Winskel 81] has shown tha t  event
s t ruc tures  and occur rence  ne ts  a re  equ iva len t  in  the  sense tha t
they  a re  i somorph ic .  Th is  a l lows  to  app ly  the  wea l th  o f
techn iques  fo r  reason ing  about  occur rence  ne ts  to  even t  and
in te rva l  s t ruc tures .  For  example ,  t echn iques  fo r  de tec t ing  o r
ru l ing  ou t  dead locks ,  l i ve locks ,  l i ve l ineEs ,  e tc .  become
app l icab le .

3 .4 .5 .  Causa l - tempora l  reason ing .  C lea r ly ,  t empora l  re la t ionsh ips
between  in te rva ls  ca r ry  over  to  even ts ,  e .g .

e1 occurs "long before" e2 i f f  ( I l l e l )  & ( I z l ez )
& magni (be fore ,  I I ,  12 )  = long

( fo rsome magn i tude  v iew  magn ih
A h is to r ian  migh t  re fuse  to  impose causa l  re la t ionsh ips ,  say ing
tha t  e l  # e2 .  Howeve r ,  wi th in  sever ly  res t r i c ted ,  e .g .  pa r t i a l l y
res t r i c ted ,  con tex ts  i t  may be poss ib le  to  f ind  cond i t ions
a l low ing  to  in fe r  causa l  f rom tempora l  re la t ionsh ips .

28



4 .  Non-Monotonic Reasoning(NMR)

Concep t i ona l  des ign  i s  o f t en  based  on assump t i ons  and goa l s  which
t u rn  ou t  t o  be  unsu i t ab le  o r  m i s l ead ing  i n  t he  cou rse  o f
deve lop ing  t he  des ign .  I f  such  assump t i ons  and  goa l s  need  t o  be
rev i sed ,  a l l  dependen t  conc lus i ons  and des ign  dec i s i ons  have t o
be  rev i sed ,  t oo .  Concep t i ona l  des ign  t he re fo re  i nvo l ves  non -
monotonic  reason ing  (NMRL

Prev ious  wo rk  on  NMR has  been  based  on  ex tens ions  o f
p ropos i t i ona l  and p red i ca te  l og i c  ( f o r  summar ies ,  see e .g .  [Doy le
83 ] ,  [Ether ington 83 ] ,  [Moore 83 ] ) .  As we are not only concerned
wi th  l og i ca l  asse r t i ons  i n  gene ra l ,  bu t  mach ine  des igns  i n
pa r t i cu l a r ,  we i n t r oduce  a spec ia l  NMR-ca l cu lus  t o  suppo r t  t he
non -mono ton i c  deve lopmen t  o f  concep t i ona l  des igns .  Th i s  sys tem i s
based on Doy les ‘  Reason Ma in tenance  System (RMS) [Doy le  83 ,
Goodw in  82 ] ,  and  ex tends  a rb i t r a r y  f o rma l  sys tems ,  no t  j us t
l og i ca l  ca l cu l i .

4 .1 .  Forma l  sys tems .

A f o rma l  system F5 = (L,R) cons i s t s  o f  a language L and a se t
RE LxLo f  r u l es  wh i ch  i nducea  de r i va t i on  re l a t i on  +on  L ,  where
+ = R* .  Fo r  deno t i ng  ru l es ,  we emp loy  cond i t i ona l  r u l e  schema ta
( c | p+q ) ,  whe re  p and  q a re  exp ress ions  w i t h  va r i ab les
i n s tan t i a t i ng  t o  e l emen ts  o f  L ,  and  c i s  a f i r s t - o rde r  f o rmu la
con ta in i ng  a t  mos t  t he  va r i ab les  occu r i ng  i n  p and  q as  f r ee
va r i ab les .  The  ru l e  schema  ( c [p+q)  app l i es  t o  an  e l emen t  w e L
i f f  t he re  i s  a subs t i t u t i on  0 s . t .  op = w and  ac = t r ue ,  a l l ow ing
to  i n fe r  oq  f r om w.

4 .2  NMR-ca l cu l i  on f o rma l  sys tems .

We app l y  Doy le ’ s  " r eason  ma in tenance " -no ta t i on  t o  an a rb i t r a r y
f o rma l  sys fem FS = (L ,R )  w i t h  a se t  RS o f  r u l e  schema ta  deno t i ng
R by  cons t ruc t i ng  an NMR-ca l cu lus  based  on t he  f o l l ow ing  abs t rac t
syn tax :  '

At t i tude:  := Bel ief IDr ive
{ a t t i t udes  a re  e i t he r  j us t i f i ed

asse r t i ons  ca l l ed  be l i e f s ,  o r
j us t i f i ed  ru l es  ca l l ed  d r i ves }
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Be l i e f  : =

Dr i ve  :=

SL-Jus t i f i ca t i on  :=

CP-Jus t i f i ca t i on  :=

I n ,  Out ,  Conseq

Atom :=

Me ta -D r i ve  :=

MCond :=

MAc t i on  :=

(Name L Jus t i f i ca t i on -se t )
{ a  be l i e f  i s  an  asse r t i on  assoc ia ted

w i t h  a se t  o f  j us t i f i ca t i ons ;  each
be l i e f  may be  re fe r red  t o  by  a un ique
name}

SL-Just i f icat ion I P-Just i f i ca t ion  I
Jus t i f i ca t i on -Se t

(SL I n - se t  Ou t - se t )a

(CP Conseq In -se t  Out - se t )

Atom

Name I (GOAL Name) I (non Atom)

MCond + MAc t i on
{me ta -d r i ves  ac t  as  me ta - ru l es  wh i ch

f i r e  when  an  asse r t i on  on
jus t i f i ca t i ons ,  ca l l ed  me ta -cond i t i on ,
ho lds ;  t he  e f f ec t  o f  f i x i ng  a me ta -
d r i ve  i s  execu t i ng  i t s  me ta -ac t i on }

i s  a doma in  o f  asse r t i ons  on
jus t i f i ca t i ons

Jus t i f yAc t i on  I SelectAct ion
{me ta -ac t i ons  may a l t e r  j us t i f i ca t i ons

o r  p ropose  names o f  d r i ves  f o r  f u r t he r
execu t i on } .

The seman t i cs  o f  t h i s  sys tem i s  an  obv ious  ex tens ion  o f  Doy le ‘ s
RMS [Doyle 83 ] ,  extended i n  [Mina 84 ] .
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5 .  A Theory o f  Qua l i t a t i ve  Reasoning (ORT)

This sect ion i n t r oduces  a t heo ry  of  qua l i t a t i ve  reasoning (ORT)
par t i cu la r ly  su i ted for  physico-technical  systems. We proceed by
summar i z ing  the  goa ls  and requ i rements  fo r  any such theory  in
sec t ion  5 .1 ,  and in t roduce  the  bas ic  concepts  o f  our  theory  in
sec t ion  5.2. The theory  i s  fo rma l i zed  in  te rms  o f  the  l anguage
QRL (Qua l i t a t i ve  Reason ing  Language)  p resented  in  sec t ion  5 .3 .

5 .1 .  Ob jec t ives

The overa l l  goa ls  o f  a theory  o f  QR go fa r  beyond app l ica t ions
for  conceptua l  des ign .  A theory  o f  QR must  p rov ide  fo r
representa t ion  fo rma l isms  and reason ing  mechanisms a l low ing  to
express  and  u t i l i ze  a l l  k inds  o f  knowledge  about  phys ico -
technica l  systems which i s  re f ineab le  in to  quant i t a t i ve  models.

&1.L  Ep is temolog ica l  domains .  Reason ing  on phys ico - techn ica l
sys tems  compr ises  a subs tan t ia l  va r ie ty  o f  knowledge  domains
sugges t ing  d i f f e ren t  knowledge  representa t ion  and reason ing
techn iques .  There fo re ,  i t  i s  a c ruc ia l  p rob lem to  f ind  an
appropr ia te  decompos i t ion  o f  the  en t i re  un iverse  o f  d iscourse
in to  ep is temolog ica l  domains .  Impos ing  such s t ruc ture  should be
gu ided  by two pr inc ip les :

o ep is temolog ica l  un i fo rmi ty :  each domain should be un i fo rm and
succ inc t  wunt .  employ ing  a min ima l  d ive rs i ty  o f  t echn iques
for  represent ing  i t s  con ten ts  adequate ly .  No te  tha t  th is  i s
no t  necessar i l y  a mat te r  o f  fo rma l ism:  e .g .  Horn  c lauses  o f
f i rs t -o rder  p red ica te  ca lcu lus  a re  s imi la r l y  adequate  fo r
represent ing the s ta te  t ransformat ions e f fec ted  by (AB)STRIPS
operations as the PLANNER-like SOUP-functions [Sacerdoti 77].

0 h ie ra rchy  fo rmat ion :  knowledge o f  one domain i s  o f ten  based
on resp .  i s  the  bas is  fo r  knowledge  in  o ther  domains ,
resu l t ing  in  use - re la t ionsh ips  accord ing  to  wh ich  domains
ut i l i ze  o thers .  The  eas ies t  way o f  cons t ruc t ing  and
main ta in ing  such re la t ionsh ips  i s  to  form use -h ie ra rch ies  o f
domains .

For  phys ico - techn ica l  systems tha t  have been s tUd ied  so fa r ,  i t
tu rned  out  to  be use fu l  to  c lus te r  the  ep is temolog ica l  domains
i n to  th ree  d i f f e ren t  l eve ls :
( 1 )  The object  l eve l  comprises domains re la t ing  to  the physical

appearance and proper t i es  o f  ob jec ts ,  such as geometry w i th
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decompos i t ion  and aggrega t ion  o f  pa r ts ,  and mate r ia ls  w i th
the i r  p roper t i es .

( 2 )  The funct ion l eve l  consists of  domains containing knowledge
about  opera t ions  and ac t ions  per fo rmed  by ,  resp .  executed
upon ob jec ts  and the i r  pa r ts  descr ibed  in  the  ob jec t  l eve l .
Such opera t ions  a re  meant to  be e lementa ry ,  i . e .  no t  composed
of  temporal ly  extended functions on ' the  respect ive  l eve l  of
aggrega t ion .  For  example ,  the  f l igh t  o f  a p lane  be tween
c i t i es  i s  t aken  to  be  an  e lementa ry  func t ion  a t  the
aggrega t iona l  l eve l  o f  f l i gh t  schedu les ,  a l though  each s ing le
f l igh t  i s  composed o f  many subac t ions .

( 3 )  The process l eve l  combines domains w i th  knowledge about
processes ,  i . e .  t empora l l y  ex tended ,  success ive  and /or
concur ren t  sequences o f  opera t ions  in t roduced  in  the  func t ion
leve l ,  and ac t ing  on ob jec ts  descr ibed  in  the  ob jec t  l eve l .

5 J „ 2 .  Goa ls  o f  QR. Based  on the  s t ruc tu re  and  ex ten t  of
know ledge  as ou t l ined  above ,  QR should  a l low  to

0 descr ibe  and exp la in  conceptua l ,  spa t ia l ,  and tempora l
s t ruc ture  as we l l  as causa l  and func t iona l  re la t ionsh ips  on
a l l  th ree  l eve ls  o f  ep is temolog ica l  domains.

0 i n te rpre t  observab le  phenomena, such as measurement da ta  and
sensory percep t ions ,  as e f fec ts  o f  p rocesses .

o i n fe r  new causa l  and func t iona l  re la t ionsh ips ,  bo th  by
knowledge-based in fe rence  and fo rmat ion  o f  abs t rac t ions .

o pred ic t  fu tu re  phenomena.
o synthes ize  p roper t i es  f rom proper t i es  o f  aggrega t iona l

components such as Subpar ts  o r  subprocesses .
o configure sequences of  act ions ("planning") and aggregations

of  par ts  ("design", “construction") to  reach par t i cu la r  goals
resp .  ob ta in  a spec i f i c  behav io r .

For  each  o f  these  ac t iv i t i es ,  QR shou ld  a l low  fo r  appropr ia te
quant i t a t i ve  re f inements .

Th is  w ide  range  o f  ob jec t ives  fo r  a theory  o f  QR makes i t  bas ic
to  a l l  fo rms  o f  represent ing  and process ing  knowledge  abOut
phys ico - techn ica l  sys tems .  Hence ,  a theory  o f  QR is  ac tua l l y  a
foundat ion  fo r  a l l  app l i ca t ion  a reas  o f  th is  sub jec t ,  i . e .  i t  i s
what exper t  systems fo r  va r ious  k inds  o f  app l i ca t ions  d iscussed
i n  sec t ion  1 are  based  on .
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5.2. Pr inc i p l es

QR fo r  phys i co - t echn i ca l  sys tems  requ i res  spec i f i c  cons ide ra t i on
o f  f ou r  aspec t s :

- qua l i t a t i ve  reason ing  shou ld  be  re f i nab le  t o  quan t i t a t i ve
reason ing  i n  ma thema t i ca l  mode l s .

- t he  f r ame  p rob lem has  t o  be  so l ved .
- QR mus t  compr i se  mechan i sms  o f  agg rega t i on  and decompos i t i on

o f  spa t i a l l y ,  t empo ra l l y ,  and f unc t i ona l l y  compos i t e  ob jec t s
and  p rocesses .

- QR mus t  i nco rpo ra te  causa l ,  t empo ra l ,  t e l eo log i ca l ,  and
non -mono ton i c  r eason ing .

Th i s  sec t i on  d i scusses  t he  p r i nc i p l es  o f  ou r  app roach  t owa rds
these  aspec t s .

5 .2 .1 .  Re f i nemen t  p r i nc i p l e .  Ma thema t i ca l  mode l s  i n  sc i ence  and
eng inee r i ng  a re  abs t rac t i ons  wh i ch  assume ,  bu t  do no t  exp l i c i t l y
mode l  t he  na tu re  o f  ob jec t s  w i t h  t he  p rocesses  ope ra t i ng  on t hem,
based  on  causa l  r e l a t i onsh ips  de te rm ined  by  phys i ca l  l aws .
Quan t i t a t i ve  mode l s  desc r i be  sys tems  i n  t e rms  o f  spa t i a l  and
tempora l  changes  o f  obse rvab le  quan t i t i e s  as  exp ressed  i n
d i f f e ren t i a l  equa t i ons .  Qua l i t a t i ve  mode l s  on l y  desc r i be  such
changes  i n  t e rms  o f  qua l i t a t i ve  no t i ons  such  as  " l a rge  speed " ,
" sma l l  d i s t ance " ,  e t c .  C lea r l y ,  such  qua l i t a t i ve  no t i ons  a re  made
p rec i se  by  quan t i t a t i ve  da ta .  The re f i nemen t  p r i nc i p l e  pos tu l a tes
th i s  r e l a t i onsh ip  i n  a cons i s ten t  and  comp le te  way :

o Ref i nemen t  p r i nc i p l e .  QR mus t  adm i t  r e f i nemen ts  i n to
quan t i t a t i ve  mode l s  sa t i s f y i ng  t he  f o l l ow ing  t h ree
cond i t i ons :
(1 )£gfl§ i§ tgfl£y .  Qua l i t a t i ve  no t i ons  a re  re f i ned  t o

quan t i t a t i ve  doma ins  o f  va lues  s . t .  o rde r i ngs  a re
p rese rved .  L i kew ise ,  qua l i t a t i ve  f unc t i ons  a re  re f i ned
in to  quan t i t a t i ve  ones ,  aga in  p rese rv i ng  con t i nu i t y  r esp .
mono ton i c i t y  p rope r t i es .  Th i s  cons i s tency  requ i remen t
ex tends  t o  exp lana t i ons ,  i n t e rp re ta t i ons ,  i n f e rences ,
p red i c t i ons ,  syn thes i zed  p rope r t i es ,  p l ans ,  and des igns .

quan t i t a t i ve  re f i nemen t ,  and each  quan t i t a t i ve  va lue  has
a co r respond ing  qua l i t a t i ve  coa rsen ing .  Aga in ,  t h i s
comp le teness  requ i remen t  ex tends  t o  f unc t i ons  and
reason ing  p rocedu res .

(3 )  D i samb igua t i on .  Qua l i t a t i ve  no t i ons  a re  necessa r i l y  vague
so  t ha t  a qua l i t a t i ve  va lue  may have  seve ra l ,  even  an
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i n f in i ty  o f  quant i t a t i ve  re f inements .  A quant i t a t i ve
model  shou ld  a l low  to  dec ide  on any qua l i t a t i ve
ambigu i t i es  and vagueness.

5.2.2. Frame problem. The frame problem [Mccarthy, Hayes 59] i s
to  ma in ta in  the  cur ren t  s ta te  under  changes a f fec t ing  on ly  sma l l
par ts  o f  ex t reme ly  complex  s ta te  descr ip t ions .  I t  a r i ses
regard less  o f  whe ther  reason ing  i s  done  qua l i t a t i ve ly  o r
quant i t a t i ve ly .  However ,  the  fac t  tha t  QR addressed  func t iona l
and causa l  re la t ionsh ips  p rov ides  approaches to  so lv ing  the  f rame
prob lem.

Ear ly  approaches  to  so lve  the  f rame  prob lem (as  e .g .  in
STRIPS/ABSTRIPS [Sacerdoti  77 ] )  consisted of describing s ta te
changes  in  s i tua t ion  ca lcu l i  by ax iomat i z ing  the  e f fec ts  o f
ac t ions .  However ,  an inc reas ing  number  o f  ac t ions  resu l ts  in  an
as t ronomica l  g rowth  o f  ax ioms  proh ib i t ing  th is  approach  f rom
be ing  p rac t ica l .  [Hayes  79 ]  has  shown tha t  s tepp ing  th rough
iso la ted  s ta te  changes w i thout  reason ing  on inheren t  connec t ions
is  p r inc ipa l l y  insu f f i c ien t .  To so lve  th is  de f ic iency ,  Hayes
[Hayes 78 ]  in t roduced  h is to r ies  which  a re  composed f rom ep isodes ,
where each ep isode  compr ises  a conceptua l l y  aggrega ted  sequence
of  s ta te  t rans i t ions .  Conf in ing  the  ex ten t  o f  s ta te  changes  i s
ach ieved  by impos ing  the  requ i rement  tha t  a s ta te  change  o f  an
ob jec t  may on ly  a f fec t  ano ther  ob jec t  i f  bo th  ob jec ts  touch  each
other .  Forbus  [Forbus  81 ,  82 ,  83 ]  d iscovered  tha t  h is to r ies
descr ibe  the  e f fec ts  o f  the  under ly ing  mechan isms  w i thout
represent ing  and a l low ing  to  reason  about  the  mechan isms
themse lves .  Forbus there fo re  proposed processes  as bas ic  en t i t i es
desr ib ing  changes in  phys ica l  systems in  h is  qua l i t a t i ve  p rocess
theory.  A process describes a mechanism whose repeated execution
may e f fec t  a mu l t i tude  o f  h is to r ies .

Such processes  may opera te  on d i f f e ren t  ob jec ts ,  and the  changes
of  par t i cu la r  observab les  can  On ly  be  de te rmined  f rom a l l ,
usua l l y  bo th  spa t ia l l y  and  tempora l l y  d is t r ibu ted  p rocesses ,
a f fec t ing  i t .  A complementary  v iew  is  t aken  by the  env is ion ings
[de K leer ,  Brown 83 ] ,  where conf luence  l aws  on qua l i t a t i ve
var iab les  a re  based  on dev ice  and mach ine  mode ls .  [Ku ipers  82 ;
Kuipers ,  Kass i re r  83 ]  d iscuss  such conf luence  l aws  w i thout
exp l ic i t l y  re la t ing  them to  e i ther  p rocesses  and dev ice  resp .
machine models .

Both qua l i t a t i ve  process theory and envis ioning have iden t i f i ed
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(see [Forbus 83 ]  and [de K lee r ,  Brown 83 ] )  two bas i c  problems
wh ich  mus t  be so l ved  f o r  so l v i ng  t he  f r ame  p rob lem wi th  an
app roach  based  on h i s t o r i es  and  p rocesses :

[Cons t ruc t i on  Prob lem]  Given an observab le  behav ior  as a goa l ,
how can  one  cons t ruc t  a mach ine  mode l  w i t h  p rocesses  be ing
executed on t he  mach ine(s )  l ead ing  t o  t he  requ i red  behav io r?

[ I n t e rac t i on  Prob lem]  I n te rac t i ons  between h i s to r i es  can be
cons ide red  on d i f f e ren t  l eve l s  o f  abs t rac t i on :

P rocess  l eve l :  How can  one de te rm ine  and desc r i be  i n te rac t i ons
be tween  h i s to r i es  f r om desc r i p t i ons  o f  d i f f e ren t
p rocesses  gene ra t i ng  t hese  h i s t o r i es?
Th i s  i s  t he  p rob lem o f  f i nd ing  comb ina to r s  on
p rocesses ,  l ead ing  t o  mechan i sms  f o r  agg rega t i ng
p rocesses  t o  ano the r  l eve l  o f  abs t rac t i on .

H i s to r y l eve l :  G i ven  d i f f e ren t  h i s t o r i es  i n te rac t i ng  v i a
pa r t i cu l a r  s t a tes  resp .  ob jec t s  o r  pa r t s ,  how
can  one i n fe r  and exp la i n  such  i n te rac t i ons  w i t h
i n te rac t i ons  among ob jec t s  i n  t e rms  o f  phys i ca l
l aws?
Th i s  i s  t he  p rob lem o f  how to  f i nd  mechan i sms
mode l l i ng  and  exp la i n i ng  i n te rac t i ons  among
h i s to r i es .

A t h i r d  subs tan t i a l  p rob lem c l ose l y  r e l a ted  t o  t he  p reced ing  ones
i s  t o  f i nd  app rop r i a te  agg rega t i ons :

[Agg rega t i on  P rob lem]  How can  one  comb ine  spa t i a l l y  r e l a ted
ob jec t s  t o  compos i t e  spa t i a l  agg rega tes ,  and ,  s imu l t aneous l y ,  how
can  one  comb ine  t empora l l y  d i s t r i bu ted  even ts  t o  compos i t e
tempora l  agg rega tes  so t ha t  bo th  spa t i a l  and t empora l  agg rega tes
make up mean ing fu l  f unc t i ona l  agg rega tes?

We w i l l  show  i n  t he  seque l  how so l v i ng  t hese  p rob lems  l eads  t o
so l v i ng  t he  f r ame  p rob lem,  t oo .

5.2.3. Concep tua l  ne two rk  f o r  QR on phys i co - t echn i ca l  sys tems .
The app roach  o f  qua l i t a t i ve  reason ing  t heo ry  (ORT) i s  based  on
t he  concep tua l  ne twork  [Rau le f s  83 ]  g i ven  i n  F ig .  5-1.
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F ig  5 -1 .  Concept iona l  network  fo r  QRT.

The nodes  o f  th is  ne twork  a re  l inked  by  four  k inds  o f
aggrega t ion :

Spa t ia l  aggrega t ion  i s  done by phys ica l l y  l ink ing  ob jec ts
s . t .  s ta te  changes  o f  one ob jec t  a re  phys ica l l y  t ransmi t ted
to  the  l inked  ob jec ts .  Ob jec ts  wh ich  cannot  be  decomposed
in to  phys ica l l y  l inked  par ts  a re  e lementa ry  ob jec ts ,  and
spa t ia l  aggrega t ion  o f  e lementa ry  and compos i te  ob jec ts
resu l ts  in  compos i te  ob jec t  . Note  tha t  an ob jec t  must no t  be
so l id ,  bu t  may very  we l l  be a gas o r  a l iqu id  w i th  a spa t ia l
ex tens ion  which  rap id ly  changes in  t ime .
C lear ly ,  wha t  i s  t aken  to  be e lementa ry  i s  a mat te r  o f
v iewpo in t . -For  descr ib ing  a ca r ,  the  eng ine  may be  taken  to
be  an e lementa ry  par t ,  a l though  another  v iew  cons iders  the
eng ine  to  be a compos i te  ob jec t  aggrega ted  f rom thousands o f
par ts .

Temporal  aggrega t ion  takes  even ts  to  be e lementa ry  imp ly ing
tha t  events cannot be a t t r ibu ted  any temporal extension ( t ime
i s  d isc re te ) .  S i tua t ions  tha t  may conta in  even ts  may be
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agg rega ted  t o  ep i sodeg ,  and  ep i sodes  can  be  composed  t o
h i s to r i es  and  f u r t he rmore  t o  scena r i os .  Any  t empora l
agg rega te  sp reads  i n to  a s i t ua t i on  s t r uc tu re  so t ha t  ep i sodes
and  h i s to r i es  may  cons i s t  o f  concu r ren t  ( sub - )ep i sodes ,
pa r t i cu l a r y  f o r  ( sub - )ep i sodes  occu r r i ng  on phys i ca l l y  no t
connec ted  ob jec t s .

0 Abs t rac t i on  o f  h i s t o r i es  o r  scena r i os  t o  p rocesses  i s  a
pa r t i cu l a r  k i nd  o f  concep tua l  agg rega t i on .  A p rocess  deno tes
the  se t  o f  a l l  h i s t o r i es  wh i ch  i t  can  execu te ,  s im i l a r l y  t oa
p rog ram deno t i ng  unde r  i t s  ope ra t i ona l  seman t i cs  t he  se t  o f
a l l  execu t i on  t r aces  ob ta i ned  f r om execu t i ng  i t  on  a l l
poss ib l e  i npu t  da ta .

o Concep tua l  agg rega t i on  c l us te r s  h i s t o r i es  t o  scena r i os  as
we l l  as  p rocesses  t o  p rocess  g roups  wheneve r  t he re  appea rs  t o
be  a compe l l i ng  reason  t o  cons ide r  t hem unde r  a common po in t
o f  v i ew .

Me ta -p rocesses  p rov ide  j us t i f i ca t i ons  and a l l ow  f o r  t e l eo log i ca l
r eason ing .

The re  a re  c l ose  ana log ies  be tween  p rog ramming  l anguages  and QRT:
- Spa t i a l  agg rega t i on  o f  compos i t e  ob jec t s  co r responds  t o

fo rm ing  da ta  s t r uc tu res .
- Tempora l  agg rega t i on  o f  even t s  t o  h i s t o r i es  co r responds  t o

comb in ing  i so l a ted  s ta te  t r ans i t i ons  t o  execu t i on  t r aces  o f
p rog rams  wh i ch ,  i n  t u rn ,  co r respond  t o  p rocesses .

- Abs t rac t i on  o f  h i s t o r i es  resp .  scena r i os  t o  p rocesses
co r responds  t o  t he  des ign  o f  abs t rac t  da ta  t ypes  compr i s i ng
da ta  s t r uc tu res  and  cha rac te r i s t i c  se t s  o f  ope ra t i ons
deno t i ng  se t s  o f  execu t i on  t r aces .

- Concep t i ona l  agg rega t i on  o f  scena r i os  t o  p rocesses  resp .
p rocess  g roups  co r responds  t o  i nco rpo ra t i ng  d i f f e ren t
ope ra t i ons  (g i v i ng  r i se  t o  execu t i on  t r aces )  i n  an  abs t rac t
da ta  t ype ,  whe reas  concep tua l  agg rega t i on  o f  p rocesses  t o
process groups cor responds t o  “ use " -h i e ra r ch ies  o f  abs t rac t
da ta  t ypes .

&2 .4 .  Qua l i t a t i ve  phys i cs  re f i n i ng  i n to  “ o rd i na ry "  phys i cs  i s  an
impo r tan t  pa r t  o f  QRT .A  phys i ca l  sys tem i s  desc r i bed  i n  t e rms  o f
s ta tes  and  s ta te  changes  i n  space - t ime ,  whe rea  s ta te i s  ase t  o f
va lues  t aken  by  phys i ca l  quan t i t i e s .  A phys i ca l  guan t i t y  cons i s t s
o f  a ppmer i ca l  va lue  re fe r r i ng  t o  a pa r t i cu l a r  sca le ,  and a
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dimens ion  denot ing  tha t  sca le .  Phys ica l  func t ions  re la te  phys ica l
quant i t i es  in  space - t ime ,  and thus  cont r ibu te  to  descr ip t ions  o f
the  spa t ia l l y  and tempora l l y  ex tended  behav io r  o f  phys ica l
systems.  As such behav io r  i s  recorded  in  te rms  o f  s ta te  changes,
d i f f e ren t ia l  equa t ions  p lay  a cen t ra l  ro le  in  phys ica l  models .  I t
i s  the re fo re  impor tan t  to  dev ise  qua l i t a t i ve  ana logues  wh ich
re f ine  in to  the  above no t ions .

&

5 .2 .4 .1 .  Qua l i t a t i ve  quant i t i es .  A d imens ion  D i s  an a rb i t ra ry
se t  o f  qua l i t a t i ve  va lues  wh ich  may decompose  in to  d i f f e ren t
v iews  requ i red  to  re f ine  each  o ther .  Such  a
mul t ip le  v iew d imension cons is ts  o f

o a se t  D of  qua l i t a t i ve  va lues  which i s  par t i t ioned  in to
o a set Dview = {01 ,Dz , . . . }  o f  views wi th  D = UDview, and
o a re la t ion  re f ine  £ D x D which re f ines  views in  a way which

is  compatible w i th  orderings on views.
A qua l i t a t i ve  quant i t y  q denotes a pa i r  q = ( va l (q ) ,d im(qH
cons is t ing  o f  the  va lue  va l (q )  and the  d imens ion  d im(q)  o f  q ,
where va l (q )  e d im(q ) .

Dimensions can be composed to  form new d imens ions .  As an example ,
we take

D] = ( 0 ,  shor t ,  medium, long)  to  be a d imens ion  fo r  measur ing
length ,  and

Dt  = ( 0 ,  immed ia te ,  ve ry -shor t ,  shor t ,  a -wh i le ,  some- t ime ,
long ,  ve ry - long)  to  be a d imens ion  fo r  measur ing  t ime
spans.

We want  to  re la te  bo th  d imens ions  to  the  new d imens ion  fo r
ve loc i t i es

Dv = ( 0 ,  slow, medium, fas t ) .
Th is  i s  done by se t t ing  up a d iv is ion  tab le  fo r  d iv id ing  the
qua l i t a t i ve  values from D1 by the  values fo r  t ime spans from n t :

Dv ° SM”  ""““ um 1 °," 9.... ..0 _ „ :„wwv„wfm„mwm„t„_„  .

immediate  0 medium fas t  f as t
very -shor t  0 medium medium fas t

shor t  0 slow medium fas t
a -wh i le  0 slow slow medium

some-t ime 0 slow slow medium
long  0 slow slow slow

very - long  0 slow slow slow
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We requ i re  such  compos i t i ons  o f  d imens ions  t o  be  compa t i b l e  w i t h
mu l t i p l e  v i ews  as  de f i ned  be low .

5 .2 .4 .2 .  Qua l i t a t i ve  f unc t i ons  map qua l i t a t i ve  quan t i t i es  t o
qua l i t a t i ve  quan t i t i e s .  V iew  compa t i b i l i t y  i s  a p rope r t y  o f
pa r t i cu l a r  impo r tance  f o r  qua l i t a t i ve  f unc t i ons .  We de f i ne  t h i s
p rope r t y  f o r  monad i c  f unc t i ons  p roduc ing  s i ng le  quan t i t i e s  on l y ,
as  t h i s  eas i l y  gene ra l i zes  t o  a rb i t r a r y  vec to r  f unc t i ons :

Le t  D and  D '  be  two  mu l t i p l e  v i ew  d imens ions  w i t h  v i ews
Dv iew  = { 01 ,Dz ,n . }  and  Dv iew ‘  = {D i , n ‘ „ . . } ,  and  v i ew
re f i nemen t  r e l a t i ons  re f i ne  and  re f i ne ’ .
A qua l i t a t i ve  f unc t i on  f :  D + D'  i s  v i ew  compa t i b l e  i f f
V x , y  e D . x re f i ne  y => f ( x )  r e f i ne '  f ( y ) .

As qua l i t a t i ve  f unc t i ons  p r ima r i l y  desc r i be  changes  o f
qua l i t a t i ve  quan t i t i e s ,  we need  a no t i on  f o r  de r i va t i ves .
P rev ious  app roaches  on qua l i t a t i ve  de r i va t i ves  s imp l y  t ook
d i f f e rence  quo t i en t s  as qua l i t a t i ve  de r i va t i ves :

I f  f :D+D‘  i s  qua l i t a t i ve  f unc t i on ,  and d i s t :DxD+Ex t ,
d is ‘ :D ‘xD ’+Ext  a re  d i s t ances  on D resp .  D ’  (see
3 .2 .1 .3 .4 ) ,  t hen

dist‘[f(x),f(xo)]/dist(x,xo)
i s  t he  qua l i t a t i ve  de r i va t i ve  o f  f a t  x0 ,  assuming a
d i v i s i on  operat ion on Ex t .

C lea r l y ,  t h i s  app roach  f a i l s  un iqueness ,  because  a rb i t r a r i l y
chosen  va lues  f o r  x cou ld  p roduce  w i l d l y  d i f f e ren t  va lues  o f  t he
de r i va t i ve  a t  xo .  I t  i s  obv ious  t ha t  no  such  concep t  cou ld  do
w i t hou t  t opo log ies  on D and  D ‘ .

Le t  D ,D ‘  be  se t s  w i t h  d i s t ances  d i s t  and d i s t ‘  as above .
(1) A subset A 5 D‘ i s  ca l l ed  open i f f  VxeA.} reExt . r#0 &

{ y l d i s t ( x , y )< r }  3A
( 2 )  A f unc t i on  f :D+D '  i s  con t i nuous  a t  xoeD i f f  f o r  any open se t

V‘gD‘ w i t h  f ( xo )ev ‘ ,  t he re  i s  an open set  VgD s . t .  xoeV and
f (V )  £ V ’ ,

f i s  con t i nuous  on D i f f  eD ,  f i s  con t i nuous  a t  x f o r  eve ry  x aD.
( 3 )  A con t i nuous  f unc t i on  f :D+D‘ i s  qua l i t a t i ve l y  d i f f e ren t i ab le

f o r  XOEAED f o r  an  open  subse t  A o f  D ,  i f f  t he re  i s  a l i nea r
f unc t i on  u :Ex t+D ‘  s . t .  f o r  ¢:D+D' wi th  VxeD.¢ (x ) :=  f ( x ° )  +
u [d i s t ( x , xo ) ] ,  t he  f o l l ow ing  p rope r t y  o f  qualitative
d i f f e ren t i ab i l i t  ho lds :

VxeA. d i s t ‘ l f ( x ) , ¢ ( x ) ] / d i s t ( x , xo )  = 0
=> Vx ‘eA.  d i s t ( x ’ , xo ) / d i s t ( x , xo )=0

39



=>d i s t ‘ [ f ( x ‘ ) , ¢ ( x ‘ ) ] / d i s t ( x ’ , xo )=0
I f  f i s  qua l i t a t i ve ly  d i f f e ren t i ab le  a t  xoeA then  ¢ ( xo )  i s
ca l l ed  the  qua l i t a t i ve  de r i va t i ve  of  f a t  x0 .
Nota t i on .  The qua l i t a t i ve  de r i va t i ve  of  f a t  x0 i s  deno ted  by

QDf (xo ) .
Note  t ha t  QDf ( xo )  i s  de f i ned  as  a l i nea r  f o rm
ra ther  than a va lue ,  wi th  t he  de r i va t i ve  ob ta i ned
f r om a l oca l  l i near  approx imat ion .  Thäs has many
advantages  over  the  approach  taken  in  most
e lemen ta ry  ana l ys i s  t ex t s ,  as po in ted  out  in  e .g .
[Dieudonne 60]

I t  i s  f a r  beyond  the  scope  o f  th is  paper  to  fu r ther  pursue  a
qua l i t a t i ve  ana lys is ,  as i t  i s  cur ren t ly  be ing  deve loped  by the
author .
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5 .3 .  QRL: A Language  f o r  Qua l i t a t i ve  Reason ing

The  l anguage  QRL (Qua l i t a t i ve  Reason ing  Language )  comb ines  ou r
cu r ren t  p r i nc i p l es  and  app roaches  t o  desc r i be  and  reason  abou t
phys i co - t echn i ca l  sys tems .  QRL has  d rawn  f r om concep ts  i n

' qua l i t a t i ve  process theory [Forbus 83 ] ,  envis ionings [de K leer ,
Brown  83 ] ,  and  t he  a l geb ra i c  so f twa re  spec i f i ca t i on  l anguage
ASPIK [Be ie r l e ,  e t .  a l .  83] .  These developments provided some o f
t he  i deas  i nco rpo ra ted  i n  t he  QR- language  OARG [Rau le f s  83 ,  M ina
84 ] ,  o f  wh i ch  URL i s  a subs tan t i a l l y  r ev i sed  and  ex tended
language .

QRL comb ines  t he  ob jec t  and f unc t i on  l eve l  ( see  sec t i on  5.L1) o f
ep i s temo log i ca l  doma ins  i n  t he  no t i on  o f  ob jec t s  and  t he i r
abs t rac t i ons  i n  t e rms  o f  ob jec t - t ypes .  P rocesses  and  p rocess -
t ypes  compr i se  t he  p rocess  l eve l .

Spa t i a l  agg rega t i on  i s  desc r i bed  by re l a t i ng  ob jec t s  i n  t e rms  o f
t he  pa r t - / subpa r t  r e l a t i ons ,  and  desc r i b i ng  t he i r  compos i t i on
wi th  ma te r i a l  ( e .g .  " g l ued  t oge the rn " )  and  spa t i a l
r e l a t i onsh ips .  The execu t i on  o f  p rocesses  p roduces  h i s t o r i es ,
wh i ch  can  be  decomposed  i n to  ep i sodes ,  and ,  u l t ima te l y ,  t o
even ts .  Exp l i c i t  j u s t i f i ca t i ons  a l l ow ing  f o r  t e l eo log i ca l
r eason ing  and reason  rev i s i on  a re  i n t r oduced  by  me ta -p rocesses .

QRL i s  ob jec t -o r i en ted .  Subsys tems  o f  phys i co - t echn i ca l  sys tems
' can  be  gene ra l i zed  as  t ypes  f o r  ob jec t s  and  p rocesses .  Ob jec t -
and p rocess - t ypes  can  be i ns tan t i a ted  t o  ob jec t s  r esp .  p rocesses
so  t ha t  any such  t ype  deno tes  a se t  o f  ob jec t s  r esp .  p rocesses .

5 .3 .1 .  Ob jec t s

Ob jec t s  a re  desc r i bed  i n  t e rms  o f  (QRL-keywords  cap i t a l s )
- s t ruc tu re  and geome t r i ca l  compos i t i on  by spec i f y i ng  t he  PARTS

ob jec t s  a re  composed o f .  The way an ob jec t  i s  i nco rpo ra ted  i n to
t he  ex te rna l  wo r l d  i s  desc r i bed  by re fe r r i ng  t o  o the r  ex te rna l
ob jec t s  (REFOBS-c lause) .  Geome t r i ca l  p rope r t i es  and re l a t i ons
as  we l l  as  i nd i ca t i ons  abou t  how PARTS and  ex te rna l  ob jec t s
(REFOBS) a re  composed a re  spec i f i ed  i n  WHERE-c lauses.

- an i n te rna l  s t a te  cons i s t i ng  o f  t he  qua l i t a t i ve  va lues  bound t o
qua l i t a t i ve  va r i ab les  (OVAR) be ing  exp l i c i t l y  dec la red .  Each
QVAR-dec la ra t i on  cons i s t s  o f  t he  name  and  t he  range  o f  t he
qua l i t a t i ve  va r i ab le .

- Opera t i ons  t ha t  can  be execu ted  by t he  ob jec t s .  Ope ra t i ons  may
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denote  t r ans i t i ons  of  in te rna l  s ta tes .  For  each  opera t ion ,  a t
l eas t  a non-cons t ruc t ive  spec i f i ca t ion  i s  g iven  by descr ib ing
proper t i es  fo r  in i t i a l  s ta tes  requ i red  to  ho ld  fo r  ca r ry ing  ou t
the  opera t ion ,  and re la t ionsh ips  between in i t i a l  and f ina l  s ta tes
cons t ra in ing  the  e f fec t  o f  the  opera t ion .  Note  tha t  the  p rec is ion
of  a non-cons t ruc t ive  spec i f i ca t ion  may vary  be tween  weak
const ra in ts  and a un ique  func t ion  f rom s ta tes  to  s ta tes .
- proper t i es  descr ib ing  a l l  p roper t i es  o f  the  ob jec ts  which  can

be expressed in  te rms  o f  the  v is ib le  names.

F ig .  5 -2  shows the  de f in i t ion  o f  the  ob jec t - type  "whee l“  as  an
example .  whee l  i s  dec la red  to  be a cons tan t  name (permanent
b ind ing )  bound to  the  ob jec t - type  de f ined  in  th is  dec la ra t ion .
The ind iv idua l  c lauses  express  the  fo l low ing  descr ip t ions  o f
whee ls :
REFO&h Wheels a re  cons idered  to  ro l l  on smooth sur faces .

' sur face ‘  must be the  name o f  an ob jec t ( type )  which i s
def ined w i th  a qua l i t a t i ve  va r iab le  'evenness‘ containing
the qua l i t a t i ve  value ’smooth‘ in  i t s  range. TOUCHES is  a
bu i l t - in  re la t ion  in  QRL.

PARTS: Wheels cons is t  o f  spokes and a r ing .  The number o f  spokes
is  l e f t  open up to  an ins tan t ia t ion ,  where  a t  l eas t  3
spokes  must  be par ts  o f  a whee l .  Spokes a re  par t i cu la r
bars  and the  r ing  i s  a par t i cu la r  c i rc le  w i th  a rad ius
equal  to  the  l eng th  o f  the  bars .  A l l  spokes have the  same
length ,  o r ig ina te  in  the  cen te r  o f  the  r ing ,  and end on
the  r ing .

QVAR: The qua l i t a t i ve  va r iab les  se t t ing  up the  s ta te  o f  a wheel
a re  descr ibed  here  w i th  the i r  ranges .  Ranges a re  denoted
by

- exp l ic i t  enumera t ions  o f  f in i t e  se ts ,  as e .g .  {meta l ,
p las t ic ,  gum} and (sma l l ,  med, l a rge ) ,  "{„.} re fe rs  to
ord inary  se t  no t ion ,  and " ( „ . ) "  cons t ruc ts  a l inear ly
ordered  se t  s . t .  sma l l  < med < l a rge .

- bu i l t - in  ranges such as NAT.
- names o f  qua l i t a t i ve  va r iab les  w i th  ranges  a l ready

de f ined  be ing  taken  to  be the  ranges o f  newly  dec la red
var iab les  as we l l .

Any var iab le  dec la red  w i th  the  keyword CONST cannot
change  i t s  va lue  once  the  ob jec t  o f  the  cor respond ing
type  has been  c rea ted .  Hence ,  on ly  the  iden t i f i e rs
dec la red  to  be va r iab le  ac tua l l y  con t r ibu te  to  the
i n te rna l  s ta te  of an object .  For objects of  type ‘wheel ‘ ,
the  ve loc i ty  and d i rec t ion  o f  ro ta t ion ,  ‘ ro t -ve l ’  and
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‘ ro t -d i r ’ ,  as  we l l  as the  speed  and d i rec t ion  on the
su r face ,  ‘ speed ‘  and  ‘d i rec t ion ‘ ,  a re  va r iab le
iden t i f i e rs ,  whereas a l l  o thers  a re  cons tan ts .
l i gwsL ‘d i rec t ion ' i s  declared to have a mu l t ip le  view
d imens ion ,  i . e .  va lues  a re  e i ther  degrees  be tween  0 and
360 ,  or  geograph ica l  d i rec t ions ,  o r  loca l  d i rec t ions .
Connec t ions  be tween  v iews ,  and v iew  re f inement  a re
expressed  in  the  WHERE-clause.

OPS: I n  th is  example ,  opera t ions  a re  spec i f i ed  non-
cons t ruc t ive ly  w i th  PRE— and POST-cond i t ions .  Qua l i t a t i ve
var iab les  a lways  re fe r  to  the  in te rna l  s ta te  be fore
execut ing  the  opera t ion ,  un less  they  a re  marked  w i th  an
apost rophe  ind ica t ing  the  in te rna l  s ta te  a f te r
comple t ing  the  opera t ion ._
OP-TRACE is  a c lause  under  wh ich  the  requ i red  sequences
of  opera t ions  a re  spec i f i ed .  No te  tha t  th is  c lause  i s
redundant  i f  the  opera t ion -sequences  g iven  here  can  be
in fe r red  f rom the  p re -  and  pos t -cond i t ions  o f  the
opera t ion  spec i f i ca t ions .

PROPS: Proper t i es  requ i red  fo r  a l l  ob jec ts  o f  th is  type  a re
spec i f i ed  in  a log ica l  f i r s t -o rder  no ta t ion  on a l l
v is ib le  names .

I ns tan t ia t ion  o f  an ob jec t - type  i s  s imp ly  done by g iv ing  va lues
for  a l l  i den t i f i e rs  wh ich  a re  no t  ex -  o r  imp l ic i t l y  bound.  A
par t i a l  ins tan t ia t ion  o f  an ob jec t - type  resu l ts  in  ano ther
ob jec t - type  inher i t ing  a l l  components  and proper t i es  a l ready
de f ined .
The mic ro -wor ld  de f ined  in  F ig .  5 -2  cons is ts  o f  two  wheels  w1 and
w2 w i th  the  same rad ius ,  w i th  w1 hav ing  th ree  and w2 hav ing  seven
spokes ,  and a suface  $17  tha t  bo th  WI and w2 touch .  Many o ther
proper t i es  such as bo th  whee ls  be ing  perpend icu la r  to  sur face
517 ,  t he i r  i n i t i a l  ro ta t ing  ve loc i ty  and d i rec t ion ,  e tc .  have
been le f t  open as i t  i s  obv ious  how to  spec i fy  them.

CONST wheel = OBJECT-TYPE _
REFOBJ surface[evenness = smoth]WHERE wheel TOUCHES surface.
PARTS spoke[1..$n: NAT & n>3]‚ ring

WHERE ring IS circle[rad=radius], ring TOUCHES surface,
spoke IS  bar[length=radius, origin=center.r ing,

end ON ring], spoke INSIDE ring.
QVAR CONST radius:(small,med,large), #spokes: NAT& ispokes>3,

ring—material: {metal ,plastic,rubber};
VAR rot-vel: (O,small,med,fast,very-fast),
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ro t -d i r :  { l e f t , r igh t ,unde t } ,  speed:rot-vel,
direction: [(0..360): NAT, {E,5E,s,sw,w,Nw,N,NE},

{up,down,left,right}
WHERE E IS (340..360)+(0..30),

SE IS (30..70), s IS (70..110),.. .‚
NE,E IS le f t ,  SE,S IS UP,„. ].

OPS stop = PRE rot—vel # 0 ,  rot -dir :  { lef t , r ight}
POST rot-vel‘=0, rot-dir’=undet

move(d) = PRE rot-vel=0, rot-dir=undet
POST rot -ve1'*0,  rot-dir:  { lef t , r ight}

accelerate = PRE 0<rot-vel<very-fast ,  rot-dir#undet
POST ro t -ve l< ro t -ve l ‘ , ro t -d i r ‘= ro t -d i r

slow = PRE rot -vel#0
POST 0<ro t -ve l ' < ro t -ve l , ro t -d i r ‘= ro t -d i r .

OP-TRACE (move;(accelerate|slow)*;stop)*.

PROPS $n=#spokes, rot-vel=0 <=> rot-dir=undet,
{equations re la t ing rot -ve l  and speed,

rot-dir and di rect ion,  e tc .L

CONST w1 = OBJECT wheel[$n=5,surface=sl7,radius=med,ring-material=metal,.. .];
VAR w2 = OBJECT wheel w1[$n=7];

F ig .  5 -2 .  Example o f  ob jec t - type  and ob jec t  de f in i t ions .

5 .3 .2 .  Processes
Processes  denote  se ts  o f  h is to r ies ,  where  each  h is to ry  i s  a
s i tua t ion  s t ruc ture  as  in t roduced  in  sec t ion  3 .2 .2 .  Be fore
in t roduc ing  p rocesses ,  we need  two  add i t iona l  concepts  fo r
descr ib ing  p rocesses :

- i s to ry  v iews  because o f  the  fac t  tha t  s i tua t ions  may be
re f ined  in to  d i f f e ren t  s i tua t ion  s t ruc tures ,  and

- ' n te rva l - t ypes  combin ing  t ime- in te rva ls  w i th  s imi la r  even ts
and proper t i es .

5 .3 .2 .1 .  H is to r ies  and  h is to ry  v iews .  A h is to ry  i s  a s i tua t ion
s t ruc ture  re fe r r ing  to  a spec i f i c  se t  o f  ob jec ts  s . t .  a l l  even ts
are  names o f  t rans i t ions  o f  in te rna l  s ta tes  in  these  ob jec ts ,  and
proper t i es  a re  p ropos i t ions  about  s ta tes  o f  the  invo lved  ob jec ts
as we l l  as spa t ia l  and phys ica l  re la t ionsh ips  among them.
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As s i tua t ions  may cover  in te rva ls  con ta in ing  severa l  even ts ,  a
s i tua t ion  may be re f ined  in to  a s i tua t ion  s t ruc ture ,  e .g .

( I l e1 , . . . , e5 |p )  refines into
( I l l e l lp l ) . ( 12 |e2 lp2 ) , ( I s lea lp3 ) . ( I 4 le4 lp4 ) . ( 15 le5 lp5 ) ,

where beg(I)=beg(11) and end(I)=end(15). and
Vie (1 . . 5 )  . ( I i up ) ,  i . e .  p i s  an invar ian t  on a l l

in te rva ls  "covered" by I .

There fo re ,  h is to r ies  may re fe r  to  d i f f e ren t  more or  l ess  re f ined
h is to ry  v iews .  Depending on the  way e lementa ry  (=  no fu r ther
re f ineab le )  s i tua t ions  are combined, h is to r ies  u l t imate ly  re f ined
to  the  same s t ruc tures  o f  e lementa ry  s i tua t ions  may no t  be
re f inements  o f  each  o ther ,  i . e .  r e f inement  on ly  cons t ruc ts  a
par t i a l  o rder ing  on h is to r ies .

5 .3 .2 .2 .  In te rva l_ typg§ ;  Very  o f ten ,  h is to r ies  conta in
repe t i t ions  o f  s im i la r  s i tua t ions .  For  example ,  a wheel ro l l ing
up and  down ins ide  a U -shaped  sur face  per iod ica l l y  undergoes
s imi la r  mot ions  f rom a l e f t  tu rn ing  po in t  down to  the  cen te r ,  up
to  the  r igh t  tu rn ing  po in t ,  down to  the  cen te r ,  e tc .

We co l l ec t  t ime  in te rva ls  con ta in ing  s imi la r  even ts  and /or
proper t i es  fo r  s ta tes  in  in te rva l  t ype  . An in te rva l  t ype  denotes
the  se t  o f  a l l  i n te rva ls  dec la red  to  be o f  tha t  t ype .  P roper t i es
and events  ascr ibed  to  in te rva l  t ypes  a re  au tomat ica l l y  ascr ibed
to  a l l  i n te rva ls  o f  tha t  t ype .  In te rva l  t ypes  may be used ins tead
of  in te rva ls  in  express ions  denot ing  in te rva l  and s i tua t ion
s t ruc tures .  Then ,  in te rva l  t ypes  in  such an express ion  may be
subst i tu ted  w i th  in te rva ls  o f  the  respec t ive  type  w i th in  an
express ion .  Any such express ion  conta in ing  in te rva l  t ypes  denotes
the  se t  o f  a l l  i n te rva l  resp .  s i tua t ion  s t ruc tures  ob ta ined  by
proper  subs t i tu t ions .

5 .2 .3 .2 .  Example ;  URL-mechanisms fo r  descr ib ing  processes a re
i l lus t ra ted  in  the  mic ro -wor ld  o f  F ig .  5 -3 :  The wheel ‘w l ‘  o f
F ig .  5 -2  ro l l s  up and down in  the  in te r io r  o f  a c i rcu la r  sur face .
F r ic t ion  causes the  wheel  to  slow down un t i l  i t  s tops  u l t imate ly
a t  the  cen te r  po in t .
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l tp ‘\\1 r tp

left // right

c t r

F ig .  5 -3 .  Ro l l ing  wheel m i rco -wor ld

The par t i cu la r  mechan i sm of  p rocesses  a re  exp la ined  a t  the
example of  the ro l l ing  wheel process (F ig .  5-4)  which runs in  the
micro—world o f  F ig .  5-3.

OBJ

QVAR

INTV-TYPES

INTV-STRUCT

EVENTS

The  whee l  ‘w l ‘  as  de f ined  in  F ig .  5 -2  and  a
semic i rcu la r  sur face  a re  invo lved .  The iden t i f i e r
‘w l ‘  i s  made v is ib le  v ia  the  REFerence qua l i f i -
ca t ion ,  and the  sur face  ob jec t  s i s  c rea ted  here .
F ive  pos i t ions  a re  cons idered  fo r  the  whee l  ( see
F ig .  5-3). Because o f  speed- reduc t ion  due to
f r i c t ion ,  the  l e f t  and r igh t  tu rn ing  po in ts  ’ l tp '
and ‘ r tp ‘  g radua l l y  move c loser  to  the  cen te r
‘ c t r ‘ ,  start ing with a ’very-high‘ position. ’ lasté
speed ‘  and ' s lowdown‘  se rve  to  take  ca re  o f  speed
losses  due to  f r i c t ion .
The en t i re  mot ion  o f  the  wheel i s  broken down in to
seven  phases  ascr ibed  to  seven  d i f f e ren t  t ypes  o f
in te rva ls :
( 1 )  The motion s ta r ts  a t  the l e f t  or r igh t  turn ing

po in t , ' l tp ’  o r ’ r tpfi  The s ta r t  ins tance  i s  an
in te rva l  o f  t ype  IT - l t  r esp .  IT - r t .  As such
in te rva ls  occur  as  beg in /end  o f  o thers ,  they
must have ex ten t  O.

( 2 )  The up and down mot ion takes  p lace  in  the
i n te rva ls  o f  t ype  IT .s ide -up /down w i th  s ide  e
{ l e f t , r igh t }  so tha t  these  in te rva ls  s ta r t
resp .  end w i th  the  tu rn ing  po in t  and the  cen te r
i n te rva ls  (which are  ins tances ) .

Th is  c lause  spec i f i es  a f in i t e  bu t  unbounded
sequence o f  in te rva ls  fo r  the  respec t ive  phases o f
the  mot ion  as ind ica ted  under  INTV-TYPES.
The even ts  l i s ted  in  th is  c lause  must  occur  in
i n te rva ls  o f  the  spec i f i ed  type ,  where ( . „  . „ )
denotes  mutua l l y  exc lus ive  a l te rna t ives .  Events
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OPS

are  names  fo r  s ta te  t rans i t ions  e f fec ted  by
execut ing  opera t ions  as  spec i f i ed  in  the  DPS-
c lause .  The o rder  in  wh ich  even ts  occur  fo l lows
f rom the  o rder  in  wh ich  the  cor respond iong
opera t ions  a re  executed ,  as i t  i s  spec i f i ed  in  the
OP-TRACE-clause.
Each opera t ion  i s  spec i f i ed  in  th ree  par ts :
1 .  The PREcond i t ion  conta ins  a l l  cond i t ions  which

must  ho ld  fo r  the  opera t ion  to  be executab le .
Cond i t ions  cons is t  o f  p roper t i es  o f  the  in te rna l
s ta te  o f  bo th  the  p rocess  and  any  ob jec ts
invo lved ,  an ind ica t ion  o f  the  t ime  in te rva l  fo r
which  the  p roper t i es  about  s ta tes  app ly ,  and an
ind ica t ion  o f  even ts  e f fec t ing  the  s ta te  change
descr ibed  by the  opera t ion .  Hence ,  the  f i rs t
par t  o f  an opera t ion  spec i f i ca t ion  has the  form
PRE <cond i t ions>  IN  < t ime  in te rva l>  WITH
<events> .

2 .  Ac t ions  e f fec t ing  the  s ta te  t rans i t ion .  Here ,
a l l  ac t ions  cons is t  in  execut ing  opera t ions  o f
the  whee l .

3 .  The POSTcond i t ion  spec i f i es  cond i t ions  wh ich
must  ho ld  upon  comple t ing  the  opera t ion .
Apostrophes a f te r  qua l i t a t i ve  va r iab les  ind ica te
tha t  th is  iden t i f i e r  denotes  va lues  upon
sta r t ing  the  opera t ion ,  whereas  iden t i f i e rs
wi thout  apost rophes  denote  va lues  upon s ta r t ing
the  opera t ion .  T ime  in te rva ls  and events  app ly
ana loguous ly  to  the  p red ic t ion .
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CONST rolling-whee] =
PROCESS-TYPE

OBJ REF wl:whee1, s:surface.wl[shape=semicircu1ar].

QVAR pos i t ion :  {1tp,rtp,1eft,right,ctr} INITIAL (I tplr tp),
1 tp ‚ r tp :  {ctr,close-to-ctr,near-ctr,middIe,upper-middle,high‚very-high}

INITIAL very-high,
last-speed: speed.w1, slowdown: booTean

INTV-TYPES IT-Tef t -down,  I T - I e f t -up ,  IT-right-down, IT - r ight -up ,
I T - l a f t - t u rn , IT - r i gh t - t u rn , IT - c t r
WHERE beg(IT-1eft-down), end(IT-1eft-up): IT- Ief t - turn,

beg(IT-right-down)‚ end(IT-right-up): IT-right-turn,
beg(IT-Teft-down), end(IT-right-up): IT-ctr .

INTV-STRUCT (IT-Teft-down; IT-right—up; IT—right-down; IT -Te f t -up ) * .

EVENTS start IN (IT-Teft-turnlIT-right-turn),upturn IN IT-ctr,
l e f t - t u rn  IN I T - r f gh t - t u rn , r i gh t - t u rn  IN IT - I e f t - tu rn .

OPS init iate(pos):LET side :=(pos=Itp+1eft ,  pos=rtp+right) IN
PRE position=pose{1tp,rtp} IN IT-side-turn WITH s ta r t
move.w1(side)
POST position'=side,sTowdown'=true IN  IT—side-turn

s ta r t - ro l l i ng (s ide ) :  PRE positione{1tp‚rtp}, position$ctr‚
IN  IT-side-turn WITH side-turn

move.w1(side)
POST position'=side IN IT-side-down

roIT-down(side): PRE position=side IN IT-side-down
accelerate.w1
POST pos i t ion ’=c t r ,  s]owdown‘=~slowdonw'IN I T - c t r

roTT-up(side): PRE position=ctr,speed.w1*0 IN IT-ctr  WITH upturn
slow.w1
POST position'=side

turn(side): PRE position=side IN IT-side-up
stop.w1
POST position’=(side=1eft+1tp,side=right+rtp),

sTowdown+position‘<position
IN IT-side-turn WITH side-turn.

0P-TRACE(initiate;roT1-down;r011-up;turn);(start-rolTing;roTT-down;
roTTup;turn)*.

PROPS positioneITtp,rtp} => rot—ve1.w1=0

F ig :  5 -4 .  Type of a ro l l ing  wheel process
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5 .3 .3 .  Meta-Processes

For specifying design goals and intentions, we simply use the
same mechanisms already introduced fo r  descr ib ing systems a lso
for  specifying requirements s t i l l  cpen for  design.

As an example, consider designing a " f r i c t ion -c lock"  from the
fo l low ing  p r inc ip le :  F r ic t ion  causes a moving object  to  stop
a f te r  a spec i f i c  amount o f  t ime  which depends on the  in i t i a l
posit ion and speed of  the object. The time elapsing between begin
and end of a motion i s  taken for determining time spans. To
specify th is  pr inc ip le ,  we need the concepts of
- a moving ob jec t  which i s  slowed down by f r i c t ion  un t i l  i t

u l t imately stops.
- a process causing the  ob jec t  to  move from par t i cu la r  in i t i a l

states, determining the time elapsing between begin and end of
the motion.

Before specifying our design goal in  a meta-process, we specify
the notions required to describe i t :

CONST moving-object =

OBJECT-TYPE QVAR posit ion,  speed:{0;#0}.
INTV-TYPES IT-rest , IT-start-moving, IT- in-motion, IT-stop

WHERE beg(IT—in-motion): IT-start-moving,
end(IT-in-motion): IT-stop.

INTV-STRUCT ( IT - rest ; IT - in -mot ion)* ;  IT - res t .
EVENTS s ta r t  IN IT-start-moving, stop IN IT-stop.
OPS move PRE speed=O POST speed'*0,

slowdown PRE speedtO POST speed‘<speed,
stop PRE speedtO POST speed‘=0.

OP-TRACE (move;slowdown;stop)*.

CONST fading-mOtion =

PROCESS-TYPE OBJ mob: maving-object.
INTV-TYPES IT-start ,  IT-motion-(l..$n), IT-stop

WHERE beg(IT-motion-l):IT-start,end(IT-motion-n):IT—stop
INTV-STRUCT IT-motion-1; . . . ; IT-motion-n.
EVENTS star t  IN  IT -s ta r t ,  stop IN  IT-stop.
OPS start(speed) PRE mob.speed=0 IN IT -s ta r t  WITH s ta r t

move.mob
POST mod.speed’=speed#0 IN IT-motion-l.

slowdown PRE mob.speed*0 IN IT-motion—i
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WHERE i IN  (1..n-1)
slowdown.mob
POST mod-speed‘<mod.speed IN IT-motion-(i+1)‚

stop PRE mod.speed#0 IN beg(IT-motion-n)
stop.mob
POST mob.speed‘=0 IN IT-stop WITH stop.

0P-TRACE start;slowdown;stop. '

These not ions  now a l low  to  spec i fy  what we want :

CONST fr ict ion-clock =

‘META-PROCESS OBJ m: moving-object.
PROC fm: fad ing-mot ion.
OVAR elapsed-t ime.
OPS t imer(ip:position.m):elapsed-time

PRE speed.m=0, pos i t ion .m=ip
start.fm;slowdown.fm;stop.fm

, POST elapsed-time'=ext[intv(history(fm,speed.m))]

Ac tua l l y ,  the  ‘ f r i c t ion -c lock ’  i s  a spec i f i c  approach towards
des ign ing  a c lock .  The  meta -p rocess  c lock  Spec i f i es  what  we
expect  from a c lock :

CONST META-PROCESS Clock =

PROCESS pr0c(INIT-COND)
QVAR elapsed-t ime
OPS clocking(INIT-VAL): elapsed—time

PRE INIT-VAL IN RANGE
POST elapsed-time‘=ext{intv[history(proc,INIT-COND)]}

{INIT-COND,INIT-VAL a re  reserved words to  be subs t i tu ted  w i th  a cond i t ion
resp. value}

The reason ing  system observes  tha t  a ‘ f r i c t ion -c lock '  sa t i s f i es
what i s  requ i red  f rom a ’ c l ock '  and comes up wi th  t ha t  s t a temen t

friction-clock SATISFIES clock FOR fm/proc,f(ip:position.m)/speed.m,
t imer/clocking,
ip:position.m/INIT-COND,
speed.m/INIT-VAL

where f i s  an aux i l i a ry  func t ion  conver t ing  in i t i a l  pos i t ions  o f
the  moving ob jec ts  in to  i n i t i a l  speeds .
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A f i r s t  a t t emp t  t o  r ea l i ze  a ‘ f ad ing -mo t i on ‘  p rocess  i s  t o  l e t  a
whee l  r o l l  down  a s l ope  on to  a p l ane  un t i l  i t  i s  s t opped  by
f r i c t i on .  A c r i t i c  m igh t  obse rve  t ha t  a d i sadvan tage  o f  t h i s
app roach  i s  t ha t  t he  p l ane  mus t  poss ib l y  o f  cons ide rab le
ex tens ions  i f  t he  f r i c t i on  i s  l ow ;  i f  t he  f r i c t i on  i s  h i gh ,
howeve r ,  t he  p rec i s i on  o f  t im ing  w i l l  dec rease .  Th i s  d i f f i cu l t y
i s  r emoved  by  bend ing  t he  p l ane  upwards  so  t ha t  t he  whee l  w i l l
r o l l  back  and f o r t h .  I t  i s  cons ide rab l y  beyond  t he  scope  o f  t h i s
pape r  t o  d i scuss  t he  i n t r i cac ies  o f  au toma t i ng  t h i s  k i nd  o f
reason ing .
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