
A b s t ract 

S ke l et al  pl an s  are  a po werfu l  way  to reus e exi s t i ng dom ai n -s pec i fi c proce dural  know l edge .  In the As g aard 
pro j ect ,  a s et  of  tas k s  tha t  sup port  the des i gn  and the execut i on of ske l et al  pl an s  by a hum an ex ecut i ng
age nt  o t her t han t he or i gi na l  pl a n des i gner  w e re cr eat ed .  T he un derl y i ng requi r em ent  to devel o p tas k-
s pe ci fi c  prob l em -s ol vi n g met hods  is  a mod el i ng  lang uage.   The refor e,  wi t hi n the As gaar d pro j ect ,  a ti m e-
ori ent ed ,  i nt ent i o n-bas ed l a nguag e,  ca l l ed As b ru ,  w as  de vel op ed.   Duri n g the  des i gn ph as e of pl a ns ,  As -
bru  al l o ws  to  expr es s  durat i ve ac t i ons  and pl ans  caus ed by  dura t i ve st at e s  of an ob s erve d age nt .   The i nt en-
t i o ns  un derl y i ng t hes e pl ans  ar e re pres e nt ed ex pl i ci t l y as  t em po ral  pat t er ns  to  be m ai nt a i ned,  achi eved or
avo i ded.  T h e As gaa rd p r oj ect  and the As bru langu age were des i gn ed fo r low -freq uency  dom a i ns .  We
pro ved t he ap pl i ca bi l i t y of the As bru langu age i n the  real -worl d,  hi gh-fr equen cy en vi ron m ent  of ne onat a l 
i nt ens i v e car e uni t s  (N IC Us ) .  The  know l edge -bas e  of VI E -VE NT ,  a n ope n-l oo p mon i t ori ng an d the rapy
pl a nni ng  s ys t em  fo r art i f i ci al l y ve nt i l a t ed newbor n inf ant s ,  i s  enh anced  and form u l at ed  in t he As bru s yn-
t ax .  We s how the benefi t s  an d li m i t at i ons  of the  ti m e -ori e nt ed,  skel et al  pl an repre s ent a t i on to be  appl i ca-
bl e  in real -w orl d,  hi gh -freq uency  dom ai ns . 
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1 I n t r o d u ct i o n :  I m p ro v i n g Q u a li t y  of 

H e at h  C ar e  b y A u t om a t e d  S u p p o r t 

o f  P l a n  D e s i gn  a n d  E x e cu t i o n 

S ev eral  dom ai ns  re qui re  the capab i l i t y  of anal yz i ng and
i nt erpre t i ng a  lar ge nu m ber of ti m e-or i ent e d dat a in
com bi nat i on w i t h t em por al  do m ai n knowl edge.  The
dat a a re  in genera l  dra wn on  an i rregu l ar t i m e gri d, 
s i n ce t i m i ng of ob s erva t i ons  depe nds  on som e ind i vi d-
ual  fact or s .   T he do m ai n knowl edge is  of t en not  av ai l -
abl e in a for m  whi ch gi ves  a prop er ti m e an not at i on. 

We are m o t i vat ed by  the needs  for knowl edge- bas ed 
s up port  i n t he  m edi cal  dom ai n .  Hea l t h c are p rovi d ers 
are  face d wi t h two  prob l em s :  (1) the i nform at i on  over-
l oa d res u l t i ng  from  mode rn eq ui pm e nt ,  and (2 ) i m p rov-
i ng  t h e qua l i t y of he al t h care throu gh in creas ed aw are-
nes s  of prope r di s eas e manag em ent  tech ni que s .   Cl i n i -
cal  prot ocol s  an d gu i d el i n es  sh oul d sol ve  the di ffi cul -
t i e s .  C l i n i cal  gui de l i ne ref ers  t o  a ge neral  pri n ci pl e  by
whi ch t o det er m i ne a  cou rs e of act i ons  and cl i ni c al 
pro t ocol  refe rs  to  a ge neral  cl as s  of th erape ut i c int er ven-
t i o ns . 

Appr opri a t e cl i ni ca l  pro t ocol s  are  avai l abl e  for a ver y
l i m i t ed c l as s  of cl i ni c al  pr obl em s  onl y.  T hey ar e n ot 
adj us t ed  t o t he pa t i ent  da t a-m a nagem ent  s ys t em ,  the y
are  part l y va gue and in com pl et e concer ni ng thei r  int e n-
t i o ns  a n d the i r te m pora l  and  cont e xt -de pende nt  r e pre-
s en t at i o n,  an d m os t  oft en th ey ar e out dat ed  aft e r be i ng
dev el ope d.   E xt rac t i ng and form ul at i ng  the knowl edge
s t r uct ur e for  cl i n i cal  prot o col s  is  a non t ri vi a l  tas k.  It 
has  t o m ade expl i c i t  th e con t ext  whi ch  is  i m pl i c i t  in 
t he  prot ocol s . 

Dur i ng t he la s t  ye ars ,  there  have  been  seve ral  effort s 
t o c reat e aut om at e d rea ct i ve  pl an ners  to su pport  the
pro ces s  of pr ot oco l -bas ed ca re ov er a si gni fi can t  per i od
of t i m e.   One  of t hes e effor t s  is  the As g aard  pr oj ect , 
i n whi ch  t as ks  t o s up port  t he des i gn a nd th e exe cut i o n
of s kel e t al  pl ans  a r e def i ned [S hah ar et  a l . ,  199 6]. 
Wi t hi n t he As gaard  proj ect ,  a t i m e-or i ent e d an d int en-
t i o n-bas ed l a nguag e,  ca l l ed As b ru ,  was  d eve l oped  t o
rep res en t  pro t ocol s .   T he As gaard  proj ect  was  ap pl i ed 
t o t he l ow-fr equen cy do m ai n for con t rol l ed ob s erva t i on
and  t rea t m en t  of noni n s ul i n -depe ndent  ges t at i o nal  d i a-
bet es  me l l i t us .  

Tre at m en t  pl a nni ng  wi t h  res p ect  t o rea l -wor l d m e di -
cal  e nvi ronm e nt s  i n  h i gh -freq uency  dom a i ns  ent ai l s 
di f ferent  p rob l em  feat ur es .  The  avai l abl e  d at a  occu r at 
hi g h ob s erva t i on frequ enci e s  (e. g. ,  s a m pl i n g rat e eve ry
10 s econ ds ),  at  va ri ous  regu l ari t i es  (e. g. ,  cont i nuou s l y
or di s co nt i nu ous l y  as s e s s ed dat a) ,  and  at  vari ou s  typ es 
(e. g. ,  q ual i t at i ve  or quant i t at i v e dat a).  The  dom a i n i s 
hi g hl y r eact i ve in  the sens e  that  im m e di at e l y ac t i ons 
and  r eac t i ons  and part i cul ar  cri s i s  ma nagem ent  are
nee ded.   Expe ri enc es  wi t hi n the devel o pm ent  of VI E -
VE N T  s y s t em  [M i ks ch et  a l . ,  1 996],  a n ope n-l oo p, 
m on i t ori ng an d t he rapy pl ann i ng s ys t em  for art i f i ci al l y
ven t i l at ed n e wborn  infa nt s ,  i ndi ca t ed t he non  t ri v i al 
dat a ana l ys i s  p rob l em s .  V IE- VENT was  e s peci a l l y
des i gned  for pract i c al  us e und er re al -t i m e co ns t ra i nt s  at 
neo nat al  i nt ens i v e car e u ni t s  ( N IC Us ) .   Howev er,  t he
per form a nce a nd t h e acc ept an ce of  VIE- VENT coul d  be
i m p roved  s ign i fi can t l y i ncorp orat i ng p r ot oco l -bas ed
concep t s . 

The  ai m  of th e pap er is  to prove the appl i c abi l i t y of 
t he  A s br u lan guage  in t he hi gh-fr equen cy do m ai n of
VIE -VENT ,  nam el y t he me chani cal  vent i l at i on  of new-
bor n inf ant s . 

In the s ect i o n 2 we exp l ai n why  ot he r rep res en t at i o ns 
of skel e t al  pl ans  fa i l  to  meet  spec i fi c requi rem en t s .  Th e
es s ent i a l  com ponen t s  of  the As bru  lang uage are i nt ro-
duc ed i n  sect i on 3.  Sec t i on 4 cha ract e ri zes  the medi c al 
pro bl em  and i l l us t rat es  how it  is  repr es ent ed in  As br u. 
In t he l as t  s ect i o n we eval u at e As bru’ s  app l i cab i l i t y 
i de nt i fyi ng it ’s  st rengt hs  an d li m i t at i o ns . 

2 T h e N e e d  f o r  a  N e w  R e p re s e n t a t i o n 

o f  S k e l et a l  Pl a n s 

A com m on  st ra t egy for t he re pres e nt at i on an d the  reus e
of d om ai n-s pe ci fi c  proc edura l  kno wl edg e is  the repre-
s en t at i o n o f that  knowl edge as  a li bra ry of  skel et al 
pl a ns .   S kel e t al  pl ans  are pl an s chem a t a at  vari ous 
l ev el s  o f det ai l  t hat  capt ur e the  es s e nce of the  proc e-
dur e,  b u t  lea ve ro om  fo r exe cut i o n-t i m e fl e xi bi l i t y i n
t he  a chi evem e nt  of  part i cul a r goa l s  [F r i edl a nd a n d
Iwa s aki  1 985] .   Thus ,  they  are us ual l y re us abl e in
di f feren t  cont ex t s . 

On the one ha nd,  s t a rt i ng  in t he 19 70s  res ear chers  in 
m ed i ci ne  and medi c al  in form a t i cs  have recog ni zed  the
i m p ort an ce o f  prot ocol - bas ed  care  to ens ure  a hi gh
qua l i t y  of care.   A st andar d pro cedur al  la nguag e,  kn own
as  t he Arden synt a x [Hr i pcs a k et  al . ,  1 994],   encod es 
s i t uat i o n-act i on r ul es .  Deve l oper s  of the Arden synt a x
hav e pro m ot ed  thi s  Pas c al -l i ke la nguag e bec aus e of th e
pre s s i ng  n eed s  to faci l i t at e  exch ange of gu i del i nes 
am o ng he al t h- care ins t i t ut i o ns  us i ng exi s t i ng so ft war e
t ec hnol o gy.  T he Ar den s ynt ax  has  si gni fi can t  li m i t a-
t i o ns :  The la nguag e cur rent l y sup port s  onl y  at om i c da t a
t yp es ,  i t  l ac ks  a defi n ed se m ant i c for  maki ng te m pora l 
com pari s ons  o r for  perf orm i n g dat a abs t ract i on,  and i t 
pro vi des  no pri nci pl ed way t o rep res en t  cl i ni cal  gui d e-
l i n es  t h at  ar e mor e com pl ex than indi v i dual  s i t u at i on -
act i on rul es . 

On t he ot her hand,  com p ut er- ori en t ed knowl e dge i n-
t er chang e l an guage s  (e. g. ,  KIF  [Ge nes er et h a nd Fi kes , 
199 2]),  o nt ol ogi es  or m odel s  for knowl edge shari ng
(e. g. ,  [Gu ari na  and Gi are t t a 1995]),  and genera l  pur pos e
l an guage s  to suppo rt  pl anni n g (e. g. ,  P R OP EL  lang uage
[Le vi ns o n 1 99 5],  O -P l an 2 [ T at e et  a l . ,  1 9 94]) wer e
i nt ro duced .  The s e tr adi t i onal  (pl an -exec ut i on ) rep res en-
t at i o ns  ha ve si gni fi cant  li m i t at i on s  and  are not  appl i c a-
bl e  i n dynam i cal l y c h angi n g e n vi ron m ent s :   (1) t hey
as s um e i ns t an t aneo us  ac t i ons  and effec t s ;   (2) act i on s 
oft en ar e con t i nuo us  (d urat i ve) and mi ght  have del aye d
eff ect s  a nd t em por al l y- ext en ded goal s  [B a cchus  a nd
Kab anza,  1996 ];   (3) t here is  un cert a i nt y and vari ab i l i t y 
i n t he ut i l i t y of avai l abl e act i o ns ;   (4) unobs e rvabl e
und erl yi ng pr oces s es  de t erm i ne th e obs ervab l e st at e of
t he  worl d;   ( 5) a goal  may not  be  achi evabl e;   ( 6) se-
que nt i al ,  concur rent ,  and cycl i cal  execut i on of pl a ns  is 
nec es s ar y.   T he re qui re m ent s  of pl an s peci f i cat i ons  i n
cl i ni cal  dom ai ns  are  o ft e n a s upers et  of  the requi re-
m en t s  i n  typi cal  probl e m  dom ai ns  us ed in pl anni n g
res earch . 

A s harab l e sk el et a l -pl a n-exe cut i o n lan guage  need s  to
be expre s s i ve  wi t h  res p ect  t o tem poral  anno t at i o ns  an d
nee ds  t o  have  a ri ch se t  of paral l el ,  seque nt i al ,  and 
i t e rat i v e ope rat or s .   T hus ,  it  sh oul d enabl e des i gner s  to
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expre s s  c o m pl ex  proc edure s  in a man ner s i m i l a r to a
rea l  p ro gram m i ng l angua ge (a l t hou gh ty pi cal l y on  a
hi g her l evel  of ab s t rac t i on) .   Th e lan guage ,  how ever, 
al s o r equi res  w el l -d efi ne d sem ant i c s  for  bot h  the pre-
s cr i bed act i o ns  an d the  tas k -s pec i fi c annot at i on s ,  su ch
as  t he pl an’s  int e nt i on s  and  effe ct s ,  and t he pr efere nces 
(e. g. ,  i mpl i c i t  ut i l i t y  func t i ons ) und erl yi ng th em . 
Thu s ,  t h e exe cut i n g age nt ’s  (e. g. ,  the  phys i ci an ’s ) ac-
t i o ns  ca n be bet t e r sup port e d,  le adi ng  to a more  fl ex i -
bl e  di al og an d,  in  the cas e of th e cl i ni cal  dom a i ns ,  to a
bet t er a ccept ance of au t om at ed sy s t em s  for gui de l i ne- 
bas ed c a re su pport .   C l ear s em ant i cs  for th e tas k-
s pe ci fi c  know l edge  rol e s  al s o fac i l i t a t e ac qui s i t i on and
m ai nt ena nce of the s e ro l es . 

Wi t h t he s e r e qui re m ent s  in m i nd,   a  synt ax of a
t i m e-ori ent ed ,  i nt ent i o n-bas ed l a nguag e,  ca l l ed As bru , 
was  des i gned  [ M i k s ch et  a l . ,  199 7].   T he As bru lan-
gua ge i s  part  of t he As gaard  proj ect  [ S hahar  et  a l . , 
199 6]. 

3 T h e A s g aa r d / A s b r u  P r o j ec t 

The  As g aard  pr oj ect  out l i ned som e us efu l  t as k-s pe ci fi c 
pro bl em - s ol vi ng me t hods  to  supp ort  bot h des i gn er an d
exe cut or  o f s ke l et al  p l an s  [ S hahar  et  a l . ,  199 6].  T he
pro j ect  w as  part i c ul ar ori en t ed on med i cal  probl em s 
wi t h low -freq uency  dat a .  It  mai nl y sup port s  ther apeut i c
i s s ue s .  T h e pro bl em - s ol vi ng me t hods  are di vi d ed in 
t as ks ,  w hi ch are perfor m ed duri ng  des i gn t ime a n d
exe cut i o n t i m e o f  a sk el et a l  pl a n.  Duri ng de s i gn t i m e
t he  r el e vant  tas ks  are:  (1) ver i fi ca t i on a nd (2)  val i da-
t i o n.  Du ri ng execu t i on ti m e the rel evant  t as ks  ar e:  (1) 
app l i cab i l i t y  o f t he pl an to  a pa rt i cu l ar s t at e of th e
wor l d,  (2)  gui dance  i n proper  exec ut i on  of t hat  pl an, 
(3)  m on i t ori ng of  the execut i on proces s ,  (4)  as s es s m e nt 
of t he res ul t s  of the pl an,  (5)  cri t i qui ng t h e exe cut i o n
pro ces s  and i t s  re s ul t s ,  and  (6)  as s i s t an ce i n  t he modi -
fi c at i on  of t he or i gi na l  pl a n. 

3 . 1 A s b r u :  L a n g u a g e  f o r  r e p r e s e n t i n g 

s k e l e t a l  pl a n s 

The  unde rl yi n g req ui rem ent  t o per form  t he s e pro bl em - 
s ol vi ng m et ho ds  is  a mod el i ng  l ang uage.   The refor e, 
wi t hi n t he As gaard  proj ect ,  a t i m e-or i ent e d an d int en-
t i o n-bas ed

1
 l a nguag e,  ca l l ed As b ru ,  was  deve l oped  t o

rep res en t  and  to annot a t e du rat i v e ske l et al  pl an s  bas ed
on the t as k-s peci f i c on t ol og y [M i ks ch  et  al . ,  199 7]. 

Dur i ng t he de s i gn phas e  of pl ans ,  As br u al l ows  t o
expre s s  du rat i v e a ct i ons  and pl ans  caus e d by durat i ve
s t a t es  o f a n obs er ved agent  (e. g. ,  man y act i ons  and
pl a ns  ne ed to  be execut ed in  para l l el  or ev ery part i c ul ar
t i m e poi nt ).   Thes e pl a ns  ar e com bi ned  wi t h  int e nt i on s 
of the execut i ng agent .   T hey are un i form l y re pres e nt ed
and  o rga ni zed  in t he gui del i n e-s pe ci f i c at i on  l ibr ar y. 
Dur i ng t he ex ecut i on ph as e an app l i cab l e pl an is  in-
s t a nt i at ed w i t h di s t i nc t i ve argum ent s  and s t at e- 
t ra ns i t i on cr i t eri a are  adde d to execu t e an d rea s on about 
di f feren t  tas ks . 

                                                
1 The meaning of intentions in general and for planning
tasks in particular has been examined in philosophy
[Bratman 1987] and in Artificial Intelligence [Pollack
1992] .  In Asbru, intentions are viewed as temporally ex-
tended goals at various abstraction levels [Bacchus and
Kabanza, 1996] .

A p l an cons i s t s  of  a na m e,  a set  of ar gum en t s ,  i ncl ud-
i ng  a ti m e an not at i on (repre s ent i ng th e tem poral  scop e
of t he pl an),  and fi ve com po nent s :  p re feren ces ,  i n t en -
ti o n s ,  con d i ti o n s ,  eff ects ,  a nd a p l a n  b od y.   The
gen eral  argum ent s ,  the ti m e annot at i on ,  and  al l  com po-
nen t s  ar e opt i onal .   A p l an m ay co ns i s t  of s evera l  sub-
pl a ns .  S ubpl a ns  a r e pl a ns  at  a mo re de t ai l e d lev el . 
How ever,  s ubpl a ns  h a ve t he  s am e  st ru ct ure  as  pl ans 
(com pare the exam pl e in F i gure  2). 

Pre feren ces  bi as  or  cons t rai n  the sel ec t i on of a pl an
t o achi e ve a gi ven  goal  and expre s s  a ki nd of be havi o r
of t he pl an (e. g. ,  i m pl i c i t  ut i l i t y  func t i ons ,  a s peci f i ca-
t i o n of prohi bi t ed  or obl i ga t ory res ou rces ) . 

I n t en ti o n s  a r e hi g h-l ev el  go al s  at  var i ous  level s  of
t he  p l an ,  an annot at i on  spec i fi ed  by t he de s i gne r, 
whi ch s u pport s  tas ks  su ch as  cri t i qui n g and  modi fi ca-
t i o n.   I nt en t i ons  a re tem po ral  pat t er ns  of  exec ut i ng -
age nt  ac t i ons  and ext er nal -w orl d st at e s  tha t  sho ul d be
m ai nt ai ned ,  ach i eved ,  or avoi d ed.  Int ent i ons  may con-
s i s t  of: 
(1) Int er med i at e s tat e s : t he  s tat e(s ) that  shoul d be

m ai nt ai n ed,  a chi ev ed,  or avo i ded duri n g the  appl i -
cab i l i t y  of t he pl an (e . g. ,  t he  bl oo d-gas  l e vel s  are
s l i g ht l y bel ow  or s l i ght l y ab ove t he ta rget  range ); 

(2) Int er med i at e act i o ns : t he  act i on(s )  t hat  shou l d ta ke
pl a ce du ri ng the execut i on of the  pl an  (e. g . ,  m i n i -
m i z e lev el  of  mech ani ca l  ven t i l at i on); 

(3) Ove r al l  s t at e  pat t er ns : t he  over al l  pat t er n of st at e s 
t ha t  s ho ul d hol d aft er fi ni s hi ng the pl an (e. g. ,  pa-
t i e nt  h a d les s  tha n one  hi gh  bl o od-gl ucos e  v a l ue
per  30 mi nut e s );  and 

(4) Ove r al l  a ct i o n pat t er ns : t he  over al l  p at t er n of ac-
t i o ns  t h at  s houl d hol d aft er  fi ni s hi ng  the pl an
(e. g. ,  avo i d ha nd-ba ggi ng ). 

Con d i ti o n s  a r e tem poral  pat t erns ,  sam p l ed at  a
s pe ci fi e d fre quenc y,  th at  ne ed to  hol d  at  part i c ul ar pl an
s t e ps  t o  indu ce a part i cul ar  st at e tra ns i t i on of  the pl an
i ns t a nce.   Di ff erent  cond i t i on s  are  s pec i fi ed  t hat  ena bl e
t ra ns i t i on fr om  on e pl a n st a t e in t o an ot her .   A pl an is 
com pl et e d whe n the  com p l et ed  cond i t i on s  bec om e t rue, 
ot h erwi s e t he  pl an ' s  ex ecut i on su s pend s  or abort s . 
Abo rt i ng  a pl an' s  execu t i on is  of t en due to  a fa i l ure  of
t he  p l an o r pa rt  of  it .  The  f ol l owi ng  cond i t i on s  are 
di s t i n gui s h ed: 
(1) Fi l t er -p r econ di t i o ns  nee d t o hol d ini t i al l y if th e

pl a n i s  a ppl i cabl e ,  but  can not  be ach i eved  (e. g . , 
ven t i l at or  s upp ort  requi r ed).  T hey are  nece s s ary  for
a s t at e to  becom e pos s i bl e ; 

(2) Set up-pr econd i t i on s  ne ed to  be achi ev ed to  enab l e
a p l an t o st a rt  (e . g. ,  ins pi rat or y oxy gen  conc ent ra-
t i o n F i O2  i s  l es s  than  80%) a nd al l ow a tran s i t i o n
fro m  a pos s i bl e  pl an to  an act i vat e d pl a n; 

(3) Sus pend- condi t i ons  de t erm i ne wh en a st art ed pl an
has  t o be sus pende d - cer t ai n c ondi t i ons 
(pr o t ect i on i n t er va l s ) nee d t o hol d (e. g. ,  b l ood gas 
has  b een  ext re m el y abo ve t h e t a rget  range  for at 
l ea s t  fi v e mi nut e s ); 

(4) Abo r t -co ndi t i ons  d e t erm i ne wh en a st art ed,  s us -
pen ded,  o r re s t art ed pl an ha s  to be ab ort ed  (e. g . , 
t he  incr eas e of th e bl o od-ga s  lev el  is  too- fas t  for at 
l ea s t  30  seco nds ); 

(5) C om pl et e -cond i t i on s  d e t erm i ne wh en a st art ed or 
res t art e d p l a n has  to be com pl et e d suc ces s f ul l y
(e. g. ,  ret urn i ng t o spo nt ane ous  breat hi ng );  an d
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(6) Res t ar t - condi t i ons  d e t erm i ne wh en a sus pe nded
pl a n h as  to be res t art e d (e. g. ,  bl ood gas  l evel  is 
bac k to norm a l  or is  on l y sl i ght l y in creas ed). 

E ff ects  ei t her des cri be  t he funct i onal  rel a t i ons hi p be-
t we en th e pl a n arg um ent s  and  meas urabl e par am et e rs  or 
s pe ci fy an ove ral l  effec t  of a pl a n.   E ffect s  hav e a l i ke-
l i h ood annot a t i on— a pro babi l i t y of occ urren ce. 

The  p l a n  bod y is  a se t  of pl ans  to be exe cut ed  ei t her
s eq uent i al l y,  con cur r e nt l y ,  or cyc l i cal l y.  A  sequ ent i a l 
pl a n s pe ci fi e s  a s et  of  pl an s  tha t  are  exec ut ed in se-
que nce;  for cont i n uat i o n,  al l  pl a ns  in cl ude d hav e to be
com pl et e d s uc ces s f ul l y.   C on curre nt  pl ans  can be  exe-
cut ed i n  para l l el  or in  any order .   A cycl i cal  pl an i n-
cl u des  a  pl an  that  can be re peat e d and  opt i onal  tem po-
ral  a nd cont i nuat i on ar gum en t s  th at  ca n spe ci fy it s 
beh avi or . 

A pl an i n the  gui d el i ne -s pec i fi ca t i on (pl an ) li b rary is 
com pos ed  h i er archi cal l y .   A  deco m pos i t i on of a pl an
i nt o i t s  subp l ans  is  al ways  at t em pt ed by th e exe cut i o n
i nt erpre t er,  unl es s  the  pl an  is  not  fo und i n the  gui d e-
l i n e-s pe ci fi c at i on  l ibr ary,  thus  repre s ent i ng a nonde-
com pos abl e pl a n (i n form a l l y,  an act i on i n  the cl as s i cal 
pl a nni ng  li t e rat ur e).  Thi s  can be  vi ew ed as  a ”s em ant i c“
s t o p-con di t i o n.   S uch a pl an  is  referr ed to  the agent  for
execut i on,  w hi ch  may res ul t  in an in t erac t i on wi t h a
us e r or an ex t erna l  cal l  of a pro gra m . 

Dur i ng t he ex ecut i on ph as e,  an ap pl i ca bl e pl an i s  in-
s t a nt i at ed.   At  ex ecut i on ti m e,  a set  of mu t ual l y exc l u-
s i v e pl a n s t a t es  de s cri b es  th e st a t us  of a pl an i ns t an ce. 
St a t e-t r ans i t i on c r i t er i a s pe ci fy t rans i t i on s  bet ween
s t a t es .   The set  of st a t es  i s  {pos s i bl e ,  act i vat e d,  com-
pl e t ed,  s us pende d,  abo r t ed} . 

3 . 2 T e m p o r a l  P a t t e r s  a n d  A n n o t a t i o n s 

Int ent i o ns ,  w orl d st at e s ,  an d pre s cri b ed ac t i ons  are
t em por al  pa t t ern s .   A  tem p oral  pat t e rn is  ei t h er a pa-
r am et er  p r epo s i t i o n—a p aram et er (or i t s  ab s t rac t i on) , 
i t s  v al u e,  a cont e xt ,  and a ti m e annot at i on  (e. g . ,  th e
s t a t e a b s t rac t i on of th e bl o od-gas  p a ram et er is 
NOR M AL,  a s  def i ned in th e con t ext  of wea ni ng t her-
apy ,  d uri ng  a ce rt ai n  ti m e  peri od)—,  a com bi nat i on of 
m ul t i pl e  para m et er  prop os i t i o ns ,  o r a pl a n-s t a t e as s oci -
at e d t o an in s t ant i at ed  pl an  (pl a n poi nt er)  and a ti m e
ann ot at i on. 

The  t i m e  ann ot at i ons  us ed al l ow t o  re pres e nt  un cer-
t ai nt y i n st a rt i ng  ti m e ,  end i ng t i m e,  and durat i on
[De cht er  et  al . ,  1 994;  R i t  1986 ].   The t i m e annot a t i on
s up port s  m ul t i pl e ti m e li nes  (e. g . ,  di ffere nt  ze ro-t i m e
poi nt s  a nd ti m e un i t s ) by pr ovi di ng r ef er enc e ann ot a-
t i o ns .  Tem p oral  shi ft s  fro m  the  refe rence  anno t at i o n are 
def i ned t o r epre s ent  the uncert ai nt y  in s t art i ng ti m e, 
end i ng t i m e,  a nd durat i on,  nam el y  earl i es t  st art i ng
s hi ft  (E S S ),  lat es t  st a rt i ng  shi f t  (LS S ),  earl i e s t  fi ni s h-
i ng  s hi f t  (EF S ),  l at es t  fi ni s hi ng  shi f t  (LF S ),  m i ni m a l 
dur at i on  ( M i n Du),  and m axi m a l  dur at i on  (M ax Du). 
The  t em p oral  shi ft s  are  as s o ci at e d wi t h ti m e  u ni t s 
(e. g. ,  m i nut e s ,  da ys ).   Thus ,  a t e m pora l  ann ot at i on is 
wri t t en a s  ([ ES S ,  LS S ],  [EF S ,  LF S ],  [ M i nD u, 

M ax Du],  R EF ER ENC E) .  ES S ,  L S S ,  EF S ,  LF S , 
M i n Du,  a nd Ma xDu can be  "unk nown"  or "undef i ned" 
t o al l ow  inco m pl et e ti m e ann ot at i on. 

To al l ow  tem p oral  repet i t i on s ,  se t s  of  cycl i cal  ti m e
poi nt s  a n d cyc l i cal  ti m e  anno t at i o ns  ar e def i ned. 
S hor t -cut s  are  us ed  to al l ow to st art  a pl an  i m m edi at el y
at  t he curren t  t i m e (us i ng t he sy m bol  *now *),   t o us e
t he  a ct i vat i on o f a pl an as  ref erenc e poi nt  (us i ng t he
s ym bol  * s el f*),  or t o a l l ow  t ha t  a  c o ndi t i on ho l ds 
dur i ng t he sp an of  ti m e  over  whi c h the  pl an  is  execut ed
(us i ng t he sy m bol  *).  

F or  exam pl e,  the param e t er propos i t i on  "t he  l eve l  of
bl o od ga s  is  norm a l  or above  the norm a l  ran ge i n t he
con t ext  o f con t rol l ed v e nt i l a t i on- t he rapy for  a t  l eas t 
t hr ee  h ours ,  us i n g the  act i vat i o n of the pl an as  ref er-
enc e poi nt ",  is  wr i t t en  in As bru as : 

(STATE(BG) (OR NORMAL ABOVE-NORMAL)
controlled-ventilation
[[_, _], [_, _], [180 MIN,_], *self*])

4 A s b r u  i n  H i g h - F r e q u e n c y D o m ai n s 

In t he fol l ow i ng,  we wi l l  sh ow ho w a t reat m ent  prot o-
col s  f or  art i fi ci a l  ven t i l at ed ne wborn  infa nt s  wi l l  be
for m ul at ed in  the As bru  synt ax. 

Art i fi ci al  ve nt i l a t i on has  great l y con t ri bu t ed t oward s 
t he  i mpr ovem e nt  of  the mort a l i t y and m orbi d i t y o f
prem at ure n ewbor n inf ant s  [P er l m an et  al . ,  1 995].  E n-
han ced k nowl e dge about  the pat hophy s i ol o gi cal 
m ec hani s m s  of  baro t raum a and  oxyg en to xi ci t y led  to
t he  d evel opm en t  of p at i e nt -t a i l ore d st r at egi es  of  me-
cha ni cal  vent i l at i on an d hel ped t o red uce harm fu l  si d e
eff ect s  o f re s pi ra t or t herap y.  Ho wever ,  s t a ndard i zed
cl i ni cal  t rea t m en t  pro t ocol s  f or  infa nt s ’ res pi rat or y
di s t res s  s ynd rom e (I-R D S ) ar e par t l y v ague and i ncom -
pl e t e co ncern i ng t hei r int en t i ons  and thei r  tem p oral  and
cont e xt -de pende nt  re pres e nt at i on.  T heref ore,  we ac-
qui red t he im pl i ci t  o r no t  men t i one d int ent i o ns  an d
con di t i o ns  fro m  dom ai n exper t s . 

F i g ure 1  il l u s t rat e the  top- l evel  trea t m ent  prot ocol 
for  I -R D S .  Af t er I-R DS  is  di agnos ed,  a pl an  deal i ng
wi t h l i m i t ed m oni t ori ng  pos s i bi l i t i es  i s  act i vat ed , 
cal l ed i n i ti a l -p h a s e.  The n f ol l ows ,  depe ndi ng  on t he
s ev eri t y  of t he di s eas e ,  t hr ee di ffere nt  k i nds  of pl a ns , 
con trol l ed -ve n ti l a ti on ,  p er mi s s i ve-h y p erca p n i a,  o r
cri s i s -m an age men t.  O nl y o ne pl an at  ti m e  can be ac t i -
vat ed,  h oweve r the  orde r of execu t i on and t he ac t i va-
t i o n freque ncy of the  thre e di f feren t  pl a ns  ar e dep endi n g
on the s everi t y of  the di s ea s e.  The br acket s  in Fi gur e 1
i l l us t ra t e t h i s  ci rcum s t ance .  Add i t i on al l y,  it  i s  im p or-
t an t  t o cont i nue wi t h t he pl an wea n i n g o n l y af t er a
s uc ces s f ul  co m pl et i on o f the  pl an  con trol l ed -
ven ti l at i on .   Aft er  a su cces s ful  execut i on of the  pl an 
wea n i n g,  t he ex t ubat i on s houl d  be i ni t i a t ed.  The ex-
t ub at i on  c an be ei t her a si n gl e pl an ext u b ati on  o r  a
s eq uent i al  ex ecut i on of  the subpl a ns  cp a p  an d ext u b a-
ti o n . 
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Fi g u r e  1 :  Tr e a t me n t  p r o t o c o l  f o r  i n f a n t s ’  r e s p i r a t o r y  d i s t r e s s  s y n d r o me  ( I - RDS ) .
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CONDITIONS: (...)

INTENTIONS: (...)

PREFERENCES: (...)

PLAN : controlled-ventilation 

EFFECTS: (...)

PLAN: inc-ventilation

CONDITIONS: (...) 

ACTION: inc-f

ACTION: inc-pip

ACTION: inc-fio2

PLAN: observing

CONDITIONS: (...) 

INTENTIONS: (...)

ACTION: breathing

PLAN: dec-ventilation

CONDITIONS 

ACTION: dec-f

ACTION: dec-pip

ACTION: dec-fio2

Time

Fi g u r e  2 :  Su b p l a n s  o f  t h e  t r e a t m e n t  p r o t o c o l  f o r  i n f a n t s ’ 

r e s p i r a t o r y  d i s t r e s s  s y n d r o me  ( I - RD S) .

F i g ure 2 is  a zoom -i n of Fi g ure 1 show i ng t he su bpl an 
con trol l ed -ve n ti l a ti on  and  i t s  pos s i bl e s ubpl a ns  us i ng
t he  As br u lan guage .  In Fi gur e 2 t wo no t at i o ns  ar e us e d: 
upp ercas e l et t ers  fol l o wed by col ons  (“: ”)  i ndi cat e
el em en t s  o f  As br u and  lowe rcas e  let t ers  i ndi ca t e pa r-
t i c ul ar p l ans ,  sub pl ans ,  or act i o ns .  The  p l an  con -
tro l l ed - ven ti l ati o n  i s  dec om pos ed i n two subpl ans , 
dec reas i ng o r  incr eas i n g the  vent i l at i on se t t i ng  (pl a n
i n c -ven t i l ati on  an d d ec -ven t i l ati on ) a nd th e pl a n ob -
s er vi n g.  T he fr eque ncy o f the s e tw o pl a ns  ca nnot  be
s pe ci fi e d in advan ce.   The num ber  of act i va t i on peri o ds 
dep ends  o n th e hea l t h condi t i on of the  pat i ent .  The
poi nt s  ( ●●● ) i n Fi g ure 2 indi cat e thes e  unkn own repe-
t i t i ons .   The  subpl a n i n c -ven t i l ati on  is  deco m pos e d in
t hr ee su bpl an s ,  i n c -fi o2 ,  i n c -f,  or i n c -p i p .   Thes e  thre e
s ub pl ans  a re non decom pos ab l e p l ans  ( a ct i ons ).  A ddi -
t i o nal l y ,  o nl y one  of t hes e three  act i ons  can be  act i -
vat ed at  each  ti m e  peri o d,  wh i ch i s  il l us t ra t ed wi t h t he
bra cket s .  T he  sam e  deco m pos i t i on hol ds  for the s ub-

pl a n d ec -ven t i l ati on  wi t h d e c-fi o 2,  d ec -f,  o r d ec -p i p , 
res pect i vel y. 

The  f ol l owi ng  spec i fi ca t i on shows  the treat m ent 
prot oc ol  I- R DS  i n As b ru sy nt ax: 
(PLAN I-RDS-therapy

<... parts deleted ...>
(DO-ALL-SEQUENTIALLY 

(initial-phase)
(one-of-controlled-ventilation)
(weaning)
(one-of-cpap-extubation)))

(PLAN one-of-controlled-ventilation
<... parts deleted ...>

(DO-SOME-ANY-ORDER 
(controlled-ventilation)
(permissive-hypercapnia)
(crisis-management)
CONTINUATION-CONDITION controlled-
ventilation))

The  cont i nuat i on c ondi t i on s peci f i es  whi ch subpl ans 
m us t  b e com pl et ed succe s s ful l y to  cont i nue wi t h the
nex t  pl a n.  In  the subpl an on e -of-c on tro l l ed - ven ti l ati o n 
t he  C O N T I N U A T I O N - C O N D I T I O N  g u arant ees  t hat  i t  is 
onl y pos s i b l e t o st ar t  the  pl an  wea n i n g,  w hen p l an
con tro l l ed - ven ti l ati o n  h a d bee n com pl et e d suc ces s -
ful l y.  T  he a l t ernat i ve s ubpl a  ns  p er  mi s s i ve-
h yp ercap n i a or c r i s i s - man ag emen t  are  a ppl i ed t oo, 
how ever t he whol e pl an on e -of-c on tro l l ed - ven ti l ati o n 
wi l l  n ev er be  com p l et ed  succ es s fu l l y wi t hou t  a fi nal 
s uc ces s f  ul  c o m pl et i on of sub pl an con trol l ed -
ven ti l at i on . 

(PLAN controlled-ventilation
(PREFERENCES (SELECT-METHOD BEST-FIT))
(INTENTION:INTERMEDIATE-STATE

(MAINTAIN STATE(BG) NORMAL
controlled-ventilation *))

(INTENTION:INTERMEDIATE-ACTION
(MAINTAIN STATE(RESPIRATOR-SETTING) LOW

controlled-ventilation *))
(SETUP-PRECONDITIONS

(FiO2 (<= 80) * *now*)
(PIP (<= 30) * *now*)
(f (<= 80) * *now*))

(ACTIVATED-CONDITIONS AUTOMATIC)
(ABORT-CONDITIONS ACTIVATED

(OR (FiO2 (> 80) * [[_, _], [_, _],
[30 SEC, _], *self*])

 (PIP (> 30) * [[_, _], [_, _],
[30 SEC, _], *self*])

 (f (> 80) * [[_, _], [_, _],
[30 SEC, _], *self*])

 (RATE(BG) TOO-STEEP
    controlled-ventilation
    [[_, _], [_, _], [180 MIN,_],

*self*]))
(SAMPLING-FREQUENCY 10 SEC))

(COMPLETE-CONDITIONS
(FiO2 (<= 50) * [[_, _], [_, _],

[180 MIN, 180 MIN], *self*])
(PIP (<= 23) * [[_, _], [_, _],

[180 MIN, 180 MIN], *self*])
(f (<= 60) * [[_, _], [_, _],

[180 MIN, 180 MIN], *self*])
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(patient (NOT DYPNOEIC) * [[_, _], [_, _],
[180 MIN, 180 MIN], *self*]))

(STATE(BG) (OR NORMAL ABOVE-NORMAL)
controlled-ventilation
[[_, _], [_, _], [180 MIN,_], *self*])

(SAMPLING-FREQUENCY 10 MIN))
(DO-ALL-SEQUENTIALLY 

(one-of-increase-decrease-ventilation)
(observing)))

The  i nt e nt i on s  of subpl an con trol l ed -ve n ti l a ti on  ar e
t o m ai nt ai n a norm al  le vel  of the  bl oo d-gas  val u es  an d
t he  l owe s t  l e vel  of mec hani c al  ve nt i l a t i on (as  d efi n ed
i n t he cont ex t  of con t rol l ed ve nt i l a t i on t he rapy) dur i ng
t he  s pan  of  t i m e ove r whi ch th e s ub pl a n i s  execu t ed. 
Thi s  s ub pl an is  ac t i vat ed im m edi a t el y,  if i ns pi r at ory 
oxy gen  c onc ent ra t i on F i O2 ≤ 8 0 %,  pe ak in s pi ra t ory
pre s s ur e P I P  ≤ 3 0 ,  and  ins p i rat o ry fr equen cy f ≤ 8 0 . 
The  s ubp l an m us t  be abo rt ed,  if  F i O2 > 80% ,  PIP  >
30,  f > 80,  or the  incr eas e of th e bl o od-ga s  lev el  is  too
s t e ep ( as  d efi n ed in  the cont e xt  of  con t rol l ed v e nt i l a-
t i o n-t he rapy) f o r at  leas t  30 s econd s .  Th e sam pl i ng 
fre quenc y o f the abort  condi t i o n i s  10 se conds .  The 
s ub pl an is  co m pl et ed su cces s ful l y,  i f Fi O 2 ≤ 50 %,  PI P 
≤ 23 ,  f ≤ 60 ,  the  pat i ent  i s  not  dys p noei c ,  and  the level 
of bl ood  gas  is  no rm al  or ab ove t he no rm al  range  (as 
def i ned in t he  cont ext  of con t rol l ed ve nt i l a t i on- t he rapy)
for  at  l eas t  three  hour s .  Th e sam pl i ng fr equen cy of  the
com pl et e  c ond i t i on  is  10 mi n ut es .   The  body  of t he
s ub pl an con trol l ed -ve n ti l a ti on  co ns i s t s  of a seq uent i al 
execut i on o f t he  two subpl ans  on e -of-i n crea s e-
d ec reas e -ven t i l ati on  and  ob s er vi n g. 

5 B e n e f i t s  a n d  L i m i t a t i o n s 

App l yi ng  the As bru  lang uage to re pres e nt  ti m e-or i ent e d
s ke l et al  p l an s  is  a ver y eff ect i v e too l  to acqui re th e
dom ai n k no wl edg e nee ded i n a s t ruct ured way.  C l e ar
s em an t i cs  f or t he ta s k-s p eci fi c kno wl edg e fac i l i t a t e
acqui s i t i o n and  mai n t enan ce.   As bru  pl a ces  a  part i cul a r
em p has i s  o n an exp res s i ve re pres e nt at i on fo r ti m e-
ori ent ed  act i ons  and wo rl d s t at es  i n  com b i nat i on wi t h
t he  unde rl yi n g i nt ent i o ns  as  t em po ral  pat t er ns  to  be
m ai nt ai ned,  achi e ved or avo i ded.  It  al l ows  t o us e  di f-
fer ent  g ranul ari t i es  an d ref erenc e poi nt s  t o rep res en t 
m ul t i pl e  ti m e  li ne s .  As b ru’s  rep res en t at i o n inc l udes  the
dur at i on  of act i on s ,  th ei r s ucces s  or fai l u re,  and al l ows 
t i m e a nn ot at i on o f eve nt s ,  act i o ns / pl ans ,  and worl d
s t a t es  wi t h uncert ai nt y  in t hei r appea rance s .   As b ru has 
a r i ch s et  of  sequ ent i a l ,  c oncur rent ,  or c y cl i ca l  ope ra-
t or s ,  w h i ch enabl e t o expre s s  co m pl ex  proc edure s . 
P re feren ces ,  int ent i o ns ,  condi t i ons ,  effe ct s ,  and act i ons , 
are  s pec i fi ed  on vari ou s  det ai l ed  leve l s  de pendi ng of 
t he i r app earan ces  a n d evi dence s .  Al l  com ponen t s  of 
As b ru ar e o pt i onal .  The  expr es s i v e rep res en t at i o n re-
s ul t s  i n  an uni form l y r ep res en t ed and or gani z ed pl an-
s pe ci fi c at i on  li bra ry. 

Nev ert he l es s ,  t he expre s s i ve  repr es ent at i on  of As bru
s t i l l  h a s  som e li m i t at i on.  In gen eral ,  the medi c al  ex-
per t s  we re ha rd pr es s ed  to fi l l  al l  th e sl o t s  of  the As bru 
l angua ge a n d the re wa s  ver y li t t l e proced ural ,  pre- 
com pi l ed  know l edge  (pro t ocol s ) fo und.  It  se em ed over-
s pe ci fi e d com pared  to fl ow di agra m  or al gor i t hm  type
of prot o col ,  whi ch  the medi c al  ex pert s  are us ed to wo rk
wi t h.  Th e m ed i cal  exper t s  fo und i t  har d to defi n e the i r
i nt ent i o ns  or  met r i cs  by whi ch to  meas ure t he su cces s 
or f ai l u re of  an i ndi vi dual  act i o n.  Th e bes t  exp ert s 
oft en h a ve th ei r own pe rs ona l  met ri cs  by wh i ch t hey
j ud ge t he suc ces s  or fa i l ure  of an act i on t hey have

t ak en.  B ut  th es e m et ri c s  are  us ua l l y very arbi t r ary, 
bas ed on  em pi ri cal  fact ors ,  and di ffi c ul t  t o ext ract  from 
t he  expe rt .  F urt he r,  th es e m et ri c s  may  di ff er fr om  on e
exp ert  t o ano t her qui t e  wi de l y.  The ex pert  canno t  us u-
al l y b e pus he d int o pro vi di ng  t he evi de nce for th es e
m et ri cs . 

The  fl ex i bi l i t y of  the ti m e annot at i on  is  one of  the
m ai n ben efi t s  of As bru.  The choi c e to sel ec t  di f feren t 
ref erenc e poi nt s  i s  hea vi l y us ed in VI E-VEN T’s  pl ans . 
F ur t her,  t he abi l i t y to  defi ne di ffere nt  sa m pl i n g int er-
val s  as  s hown  in t he ab ove exam pl e is  es s en t i al  in
hi g h-fre quenc y dom ai ns .  O n t he on e han d,  it  is  t he
onl y way  to be abl e to react  fas t  (wi t hi n 30 sec onds )  in
cri t i cal  s it u at i on s .  On  the ot her  hand ,  it  al l ow s  to
che ck fo r lon g-t er m  st a bi l i t y on a 10 mi nut es  sa m pl i n g
fre quenc y w i t h app ropri at e fi l t er i ng of dat a.  In  sum -
m ar y,  th e acqui s i t i o n of the t em por al  pa t t ern s  and  ti m e 
ann ot at i ons  needed  is  s t i l l  qui t e  di ff i cul t .  In real - worl d 
hi g h-fre quenc y d om ai ns ,  the tem po ral  di m ens i ons  are
vag ue o r  unkn own m os t  oft en.   The p os i t i on of a
m ea s urem ent  i n the  sequ ence of ti m e-or dered  dat a  in-
fl u ences  t he  a bs t r act i o n o f hi ghe r-l ev el  co ncep t s , 
nam el y,  recen t  mea s ure m ent s  are more im por t ant  than
hi s t ori c al  m eas urem en t s .  Add i t i on al l y,  i nfo rm at i o n
abo ut  t h e f re quenc y and  t he d urat i on of t em po ral  pat -
t er ns  i n  the pas t  are  n eed ed (e. g. ,  " t hree  epi s odes  of
ext rem el y h i g h lev el s  of bl o od-ga s  val ues  d u ri ng the
l as t  3  hours  occur red,  t he epi s od es  la s t ed at  le as t  5
m i nut e s . "). 

As b ru p r ovi de s  s eq uent i al ,  c oncur rent ,  or c y cl i ca l 
opera t ors  t o  repr es ent  pl an s .  Ho wever ,  it  is  qu i t e di ffi -
cul t  t o cope wi t h al l  pos s i b l e or ders  of pl an ex ecut i on
and  a l l  the except i on condi t i ons  that  mi ght  ari s e. 
C l i ni cal  prot ocol s  are  a wa y of pre-c om pi l i ng deci s i ons 
t ha t  m us t  be made,  in whi ch exper t s  kn owl ed ge is 
di s t i l l e d i nt o a form  of pro cedur al  kn owl ed ge.  The
t ro ubl e i s  th at  th i s  by  nece s s i t y  can onl y cover  a sm al l 
s ub s et  o f the  pos s i bl e  s i t u at i on s  a nd  pos s i bl e pat hs 
t hr ough.  Phys i ci an s  us e  a lo t  of backg round  know l edge 
i n t hi nk i ng about  what  is  th e bes t  thi ng to  do,  whi ch 
i s  hard to ac qui re  and to re pres ent  as  a s kel et al  pl an (o r
com put er i zed prot o col ).  Addi t i ona l l y,  a cl e ar se m ant i c
for  al t e rnat i ve pa rt s  of pl a ns  (p rot oc ol s ) is  ne eded.  Thi s 
s ho ws  a l s o th e vag ue—nea rl y m is s i n g—pl a n r ev i s i on 
s t r at egi es  in  As bru . 

The  it er at i ng  cond i t i on  in t he de fi ni t i on of a cycl i c al 
pl a n i n As bru  depe nds  on a t em por al  in t erva l  (pa t t ern ). 
The  i t er at i ng  cond i t i on  shou l d al s o be  a pl an st at e,  to
al l ow,  i . e. ,  a pl a n whi ch it erat e s  a com pon ent  t o dec i de
whi ch s ub-com ponen t  to do.  If the  sub- com po nent 
aba ndon s ,  or  the durat i on s t at e is  vi ol at e d,  it  need s  to
be abl e to it erat e  at  t hat  poi nt .  The it era t i ons  may occur 
at  random  ti m e s .  Ad di t i o nal l y ,  it  shoul d be pos s i bl e t o
cou nt  a c t i vat i on of pl a n st a t es  t o exp res s  part i cul ar 
ord ers  o f pl a n exe cut i o n (e. g. ,  pl an A abor t ed t hree
t i m es ,  t hen p l an A com pl e t ed s ucces s ful l y,  t h en st art 
pl a n B). 

6 C o n c l u s io n 

R ep res en t i ng com pl ex ex ecut i on pl ans ,  such as  cl i ni ca l 
pro t ocol s ,  a nd th e int ent i o ns  un derl y i ng t hem  i n a
s ha rabl e  and  acq ui rab l e for m  i s  im per at i ve  for us e ful , 
fl e xi bl e  aut o m at ed  as s i s t anc e in the execut i on of the s e
pl a ns .   I n th e m an i fol d  dom ai ns  o f cl i ni ca l  med i ci ne 
and  int e ns i ve  care ,  s uch a tas k -s pec i fi c repre s ent a t i on is 
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cru ci al  for di s s em i nat i on of  mode rn cl i ni ca l  kno wl edg e, 
s i n ce th e us e  of cl i ni c al  pro t ocol s  wi l l  set  up s t anda rds 
i n the provi s i on of hi g h qu al i t y  of care. 

We out l i ned t he ba s i c concep t s  of  an effect i ve t i m e-
ori ent ed  r epr es ent at i on  of s kel et al  pl ans ,  cal l e d As b ru
and  prov ed t he  appl i cabi l i t y of th e As b ru sy nt ax i n  t he
con t ext  of ven t i l at or m a nagem ent  i n neo nat al  int e ns i ve 
car e,  wh i ch i s  bas ed on  the accur at e anal ys i s  of  hi gh -
fre quenc y dat a. 

The  d i ff erent  know l edge -rol e s  rep res en t ed i n the 
As bru  lang uage faci l i t at e  the acqui s i t i o n of knowl edge, 
how ever fi l l i ng al l  req ui red  sl ot s  is  a dem andi n g tas k. 
As b ru s t i l l  i ncl ud es  so m e va guene s s  in  a fe w def i ni -
t i o ns ,  l ike cycl i c al  ti m e an not at i ons ,  it er at i ng  pl an s , 
t he  s em an t i c o f the  st at e-t ra ns i t i on cr i t eri a,  sc opi ng 
rul es ,  a nd pl an re vi s i o n st r at egi es .  B ut  it s  mai n
s t r engt h s  a re  the expl i ci t  repres ent at i on of the  int e n-
t i o ns  of  t he defi n ed pl ans ,  the t rans p arenc y of the t i m e
ann ot at i on o f  thes e pl a ns ,  and th e fl e xi bi l i t y i n the 
us a ge o f  di ff erent  refe renc e p oi nt s  and di ffere nt  ti m e
gra nul ar i t i es . 

R e f e r e n ce s 

[B a cchus  a nd Kaban za,  1996] F.  Ba cchus  and F. 
Kab anza.   P l a nni ng  for tem po ral l y  ext e nded goal s . 
Pr ocee di ngs  of  t he Th i r t ee nt h N at i on al  Co nf er e nce on
Ar t i f i c i al  I nt el l i genc e (AA AI-96 ),  P ort l a nd,  OR ,  AA AI
P re s s / Th e M IT  P res s ,  Me nl o P ark,  CA, 12 15–12 22, 
199 6. 

[B r at m an  1 987 ] M. E .  Bra t m an.  Int ent i o n,  p l ans  and
pr a ct i ca l  r ea s on.  C am bri dge,  MA:  Harvar d Uni vers i t y
P re s s ,  1987. 

[De cht er  et  a l . ,  1 994] R . De cht er ,  L.  Mei ri ,  and  J. 
P ea rl .  T em por al  co ns t ra i nt  net wor ks .  Ar t i f i ci al  In t el l i -
gen ce,  49(1-3 ),  19 91. 

[F r i edl a nd an d I wa s aki  1985]  P.  E.  Fri edl an d and  Y. 
Iwa s aki .  T he conce pt  an d im p l em en t ai on  of s kel et al 
pl a ns .  Aut omat e d Rea s oni n g,  1(2): 1 61-20 8,  19 85

[Ge nes er et h a nd Fi kes ,  1992]  Mi ch ael  R .  Gen es ere t h
and   R i c hard E Fi k es ,  K no w l edg e i nt er cha nge f or mat , 
ver s i on 3 . 0 r ef er e nce manual .  C om put er Sc i ence  De-
par t m ent ,  St a nford  Uni v ers i t y,  Te chni c al  Re port  Logi c -
92- 1,  19 92. 

[Gu ari na  and Gi are t t a 1995] N.  Gu ari na  and P.  Gi aret t a. 
Ont ol ogi es  an d kno wl edg e bas es .  N.  J.  I.  Ma rs ,  edi t or . 
T ow ar ds  ver y lar ge  know l edge  bas e ,  A m s t er dam :  IOS 
P re s s ,  1995. 

[Hr i pcs a k et  al . ,  1 994] G.  Hr i pcs a k,  P.  Lude m ann,   T. 
A.  P ryor ,  O. B .  Wi g ert z,  and P. D.  Cl ayt on.  R at i on al e
for  t he Arden  synt ax.  C om put er s  a nd  Bi om edi ca l  Re-
s ea r ch,  27: 291 -324,  1994 . 

[Le vi ns o n 1 99 5] Ri chard  Levi ns on.   A genera l  pro-
gra m m i ng  l ang uage for uni fi e d pl a nni ng  and cont r ol . 
Ar t i f i ci al  In t el l i gence ,  76(1-2 ): 319 -375,  1995 . 

[M i ks ch et  a l . ,  1 996] Si l vi a Mi k s ch,  Werne r Hor n, 
C hr i s t i a n P op ow,  and Fr anz P aky.  Ut i l i zi ng Tem po ral 
Dat a A bs t ract i on for Da t a Va l i dat i on and Th erapy 
P l a nni n g f or  Art i fi ci a l l y Vent i l at ed Newbo rn In fant s . 
Ar t i f i ci a l  Int el l i gen ce in  Medi ci ne,  8(6): 5 43-57 6,  19 96. 

[M i ks ch et  a l . ,  1 997] Si l vi a Mi k s ch,  Yuval  Shah ar, 
and  P et e r Joh ns on.  As br u:  a tas k- s peci fi c,  int en t i on- 
bas ed,  a nd ti m e-or i ent e d lan guage  for repre s ent i ng
s ke l et al  pl an s .  7t h  W or k s hop on Kn ow l ed ge En gi -
nee r i ng:  Met hods  &  La nguag es ,  M il t on  Keyn es ,  UK, 
J an uary 1997. 

[P er l m an et  al . ,  1995] M .  Perl m an,  O.  Cl a ri s ,  Y.  Ho a, 
P .  P andi t ,  H.  Whyt e,  M.  Chi p m an,  and P .  Lui ,  Sec u-
l ar  Chan ges  i n the  out c om es  to ei ght ee n to twent y-fou r
m on t hs  o f age  of ext rem el y l ow bi rt h wei ght  infa nt s 
wi t h adj us t m e nt  fo r cha nges  in ri s k fa ct ors  and sever i t y
of il l ne s s .  Jou r nal  of  Pe di at r i cs ,  126: 75- 87,  1995. 

[P o l l ack  1 992 ]  M a rt ha Pol l a ck.  The us e of pl ans . 
Ar t i f i c i al  Int el l i genc e,  57(1): 43-68 ,  199 2. 

[R i t  198 6] J. -F .  R i t .  P ropag at i ng  tem p oral  cons t rai nt s 
for  sche dul i n g.  Pr o ceedi ngs  of  the  Fi f t h Nat i onal  Con-
f er enc e o n Ar t i f i ci al  Int e l l i ge nce (AAAI- 86),  M organ 
Kau fm ann ,  Los  Al t o s ,  CA ,   38 3-8,  1986. 

[S h ahar et  al . ,  1996] Yuval  Shah ar,  S i l vi a  Mi ks ch,  and
P et er J o hns on .  A t as k-s peci f i c on t ol og y for  des i gn an d
exe cut i o n of ti m e- ori en t ed s kel et al  pl ans .  Brai n  Gai n es , 
edi t or.  Pr o ceedi ngs  o f  the  Tent h Kno w l edg e Acq ui s i -
t i o n f or  Know l edge -Bas e d Sys t ems  Wor ks hop,  B anff, 
Al b ert a,  Cana da,  Novem ber,  1996. 

[Ta t e et  al . ,  1 994] A.  Ta t e,  B .  Dra bbl e,  and R.  Ki bry. 
O-P l an2:  an open archi t ect ur e for  com m and,  pl ann i ng, 
and  cont rol .  M .  Zw eber and M . S .  F ox,  edi t or s ,  Int el l i -
gen t  sch edul i ng,  213-39 .  Mor gan Kaufm a nn,  S an Fr an-
ci s co,  C A,  19 94. 


