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A b str a c t. C o m p o sitio n a l te s tin g  concerns the  testing  o f  system s that consist o f  

com m unicating  com ponents w hich can a lso  be tested in iso la tion. E xam ples are 

com ponent based testing and  in teroperab ility  testing. W e show  that, w ith  certa in  

restrictions, the  io c o - te s t  theory  fo r conform ance testing  is suitable for com po ­

sitional testing , in the  sense th at the  integration  o f  fully  conform ant com ponents 

is guaran teed  to be correct. A s a consequence, there is no need to re-test the  in te ­

grated system  for conform ance.

This resu lt is also relevant for te s tin g  in  con text, since it im plies that every fa ilure 

o f  a system  em bedded in a test con tex t can be reduced to a fault o f  the  system  

itself.

1 I n t r o d u c t io n

In  th is  p ap er  w e  stu d y fo r m a l te s t in g  b a se d  o n  th e  io c o - t e s t  theory. T h is  th eo ry  w o rk s  

o n  la b e le d  tra n sition  sy s te m s  (L T S ) [1 ,2 ] . T h e  n am e i o c o ,  w h ic h  stan d s fo r  in p u t/o u tp u t  

co n form ance,  refers to  th e  im p le m e n ta t io n  re la t io n  ( i.e ., n o t io n  o f  co rrec tn ess) o n  w h ic h  

th e  th eo ry  a n d  th e  te s t  g en er a tio n  a lg o r ith m  h ave b e e n  b u ilt. A  n u m b er o f  to o ls  are b a se d  

o n  th e  i o c o  th eory , a m o n g  w h ic h  th ere are t g v  [3 ] , T e s t G e n  [4] an d  T o r X  [5 ] .

T w o o p e n  is s u e s  in  te s t in g  th eo ry  in  g en era l, an d  th e  io c o - t h e o r y  in  particular, are 

co m p o sitio n a l te s tin g  an d  te s tin g  in  context. F o r  in s ta n ce , fo r  th e  te s t in g  th eo ry  b a se d  

o n  F in ite -S ta te -M a c h in es  (F S M ) th is  is s u e  h as b e e n  s tu d ied  in  [6 ] .

C o m p o sitio n a l te s tin g  c o n sid e r s  th e  te s t in g  o f  c o m m u n ica t in g  c o m p o n en ts  that t o ­

g e th er  fo r m  a  larger sys tem . A n  e x a m p le  is  co m p o n e n t  b a se d  te stin g , i .e .,  in teg ra t io n  

te s tin g  o f  c o m p o n e n ts  that h a v e  a lread y  b e e n  te s te d  sep arately . A n  e x a m p le  fr o m  the  

t e le c o m  se c to r  is  in tero p era b ility  te stin g , i .e .,  te s t in g  i f  sy s te m s  fro m  d ifferen t m a n u ­

factu rers, th at sh o u ld  c o m p ly  w ith  a  certa in  standard, w o rk  togeth er; fo r  e x a m p le  G S M  

m o b ile  p h o n es . T h e  q u e st io n  is  w h a t c a n  b e  c o n c lu d e d  fr o m  th e  in d iv id u a l te s ts  o f  the  

sep arate co m p o n en ts , an d  w h a t  sh o u ld  b e  (r e)te sted  o n  th e  in teg ra t io n  or sy s te m  lev el. 

W ith  th e  current th eo ry  it  is  u n c le ar  w h a t  th e  re la t io n  b e t w e e n  th e  co rrec tn ess o f  the  

co m p o n e n ts  an d  th e  in teg ra ted  sy s te m  is.
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A n o th er  scen a r io , w ith  s im ila r  ch a ra c ter istic s , is  te s tin g  in  context. T h is  re fers to  

th e  s itu a tio n  that a  te s ter  c a n  o n ly  a c c e ss  th e  im p le m e n ta t io n  u n d er  te s t th ro u g h  a  te s t  

co n tex t  [7 ,8 ,9 ] . T h e te s t  c o n te x t in ter faces  b e tw e e n  th e  im p le m e n ta t io n  u n d er  te s t  and  

th e  tester. A s  a  c o n se q u e n c e  th e  te s ter  ca n  o n ly  in d irectly  o b serv e  an d  co n tro l th e  i u t  

v ia  th e  te s t  co n tex t. T h is  m a k es  te s t in g  w ea k er , in  th e  se n se  th at th ere are fe w e r  p o s ­

s ib ilit ie s  fo r  o b serv a tio n  an d  co n tro l o f  th e  i u t .  W ith  te s t in g  in  co n te x t , th e  q u e s tio n  

is  w h eth e r  fa u lts  in  th e  i u t  c a n  b e  d ete c te d  b y  te s t in g  th e  c o m p o s it io n  o f  i u t  an d  te s t 

co n tex t, an d  w h eth er  a  fa ilu re  o f  th is  c o m p o s it io n  a lw a y s in d ica tes  a  fau lt o f  th e  i u t .  

T h is q u e st io n  is  th e  co n v er se  o f  c o m p o s it io n a l testin g : w h e n  te s t in g  in  c o n te x t w e  w is h  

to  d etec t  errors in  th e  i u t  —  a  c o m p o n e n t  —  b y  te s t in g  it in  c o m p o s it io n  w ith  th e  te s t 

co n tex t, w h er ea s  in  c o m p o s it io n a l te s t in g  w e  w is h  to  in fer  co r rec tn ess o f  th e  in tegrated  

sy s te m  fr o m  c o n fo r m a n c e  o f  th e  in d iv id u a l c o m p o n en ts .

T h is p ap er  stu d ies  th e  a b o v e m en tio n ed  c o m p o s itio n a lity  p ro p erties  o f  i o c o  fo r  tw o  

o p era tio n s o n  la b e le d  tra n sition  sy s te m s:  p a ra lle l c o m p o s it io n  an d  h id in g . i f  i o c o  has  

th is c o m p o s it io n a lity  prop erty  fo r  th e se  o p era t io n s, it  f o l lo w s  that co rrec tn ess o f  the  

parts (th e co m p o n e n ts)  im p lie s  co r rec tn ess o f  th e  w h o le  (th e  in teg ra ted  sy s tem ), or that 

a  fau lt in  th e  w h o le  (iu t  an d  te s t  c o n te x t) im p lie s  a  fa u lt in  th e  co m p o n e n t  (i u t ). T h is  

c o m p o s itio n a lity  prop erty  i s  fo r m a lly  c a lle d  a  p re-co n g ru en ce .

W e sh o w  th at i o c o  is  a  p re -co n g ru en ce  fo r  p a ra lle l c o m p o s it io n  an d  h id in g  in  the  

a b sen ce  o f  u n d er sp e c if ic a t io n  o f  inp u t a c t io n s . O n e  w a y  to  sa tisfy  th is  c o n d it io n  is  to  

o n ly  a llo w  sp e c if ic a t io n s w h ic h  are in p u t enabled. A n o th er  w a y  is  to  m ak e th e  u n d er ­

sp e c if ic a t io n  e x p lic it  b y  com pletion . W e sh o w  that, in  p articu lar, d em o n ic  com ple tion  

is  su ita b le  fo r  th is  p u rp o se . A s  a  fin a l resu lt w e  sh o w  h o w  to  u se  th e  o rig in a l (u n c o m ­

p le ted ) sp e c ifica t io n s  an d  s t ill sa tisfy  th e  p re -co n g ru en ce  property. T h is  lea d s  to  a  n ew  

im p lem en ta tio n  re la tion , b a p tiz e d  i o c o  v  w h ic h  is  s lig h t ly  w e a k e r  th a n  i o c o .

T h is p ap er  h a s tw o  m a in  resu lts . F irst w e  sh o w  a  w a y  to  h a n d le  u n d er sp e c if ic a ­

t io n  o f  inp u t a c t io n s w h e n  te s t in g  c o m m u n ica t in g  c o m p o n e n ts  w ith  th e  i o c o  theory. 

T h is id e a  is  n ew  fo r  L T S te stin g . It is  in sp ired  b y  [1 0 ] an d  s im ila r  w o r k  d o n e  in  F S M  

te s tin g  [1 1 ] . S e co n d  w e  e s ta b lish  a  fo r m a l re la t io n  b e tw e e n  th e  c o m p o n en ts  an d  the  

in tegrated  sys tem . A s  fa r  as w e  k n o w  th is  resu lt is  n ew  fo r  b o th  L T S te s t in g  an d  F S M  

testin g .

O v e r v ie w . T h e  n ex t s e c t io n  re ca lls  so m e  b a s ic  c o n ce p ts  an d  d efin itio n s  ab ou t tra n sition  

sy s te m s  an d  i o c o .  S e c t io n  3 sets  th e  sce n e  a n d  fo r m a liz e s  th e  p ro b lem s  o f  c o m p o s i ­

t io n a l te s t in g  an d  te s t in g  in  co n tex t. S e c t io n  4  stu d ies  th e  p re -co n g ru en ce  p ro p erties  o f  

i o c o  fo r  p a ra lle l c o m p o s it io n  an d  h id in g . S e c t io n  5 d isc u s se s  u n d er sp e c ifica tion , and  

a p p ro a ch es to  c o m p le te  sp e c ifica t io n s  w ith  im p lic it  u n d ersp ec ifica tion . S e c t io n  6  c o n ­

c lu d e s  w ith  so m e  fin a l rem ark s an d  a n  a s se s sm e n t o f  th e  resu lts. F o r  a  fu l l  v e r s io n  o f  

th is p ap er  w ith  a ll  th e  p ro o fs , w e  re fer  to  [1 2 ] .

2  F o r m a l  p r e l im in a r ie s

T h is se c t io n  re ca lls  th e  a sp ec ts  o f  th e  th eo ry  b e h in d  i o c o  that are u se d  in  th is paper; 

see  [1] fo r  a  m o re d eta iled  ex p o s itio n .



L a b e le d  T r a n s it io n  S y s te m s . A  la b e le d  tra n sition  sy s te m  (L T S ) d escr ip tio n  is  d e fin ed  

in  term s o f  sta tes a n d  la b e le d  tra n sition s b e t w e e n  sta tes, w h er e  th e  la b e ls  in d ica te  w h a t  

h a p p en s d u rin g  th e  tran sition . L a b e ls  are ta k en  fr o m  a  g lo b a l s e t  L . W e u se  a  sp e c ia l 

la b e l t  <  L  to  d en o te  a n  in tern al actio n . F o r  arbitrary L  ç  L , w e  u se  L T a s  a  sh orth an d  

fo r  L  U { t } . W e d ev ia te  fr o m  th e  standard  d ef in it io n  o f  la b e le d  tra n sition  sy s te m s  in  

that w e  a s su m e  th e  la b e l s et  o f  a n  L T S to  b e  p a rtition ed  in  a n  inp u t an d  a n  o u tp u t set.

D e f in it io n  1. A  la b e le d  tra n sition  sy s te m  is  a 5 -tu p le  (Q , I , U, T , q0 } w here Q  i s a  n o n ­

e m p ty  co u n ta b le  s e t  o f  s ta te s; I  ç  L  is  the co u n ta b le  s e t  o f  inp u t la b e ls ;  U  ç  L  is  the 

cou n ta b le  s e t  o f  o u tp u t la b e ls , w hich is  d is jo in t from  I  ; T  Ç  Q  x  ( I  U U  U { t  } )  x  Q  

is  a s e t  o f  triples, the  tra n sition  re la t io n ; q0 < Q  is  the  in it ia l state.

W e u se  L  as sh orth an d  fo r  th e  en tire  la b e l s et  (L  =  I U U ); furtherm ore, w e  u se  Q p , I p 

etc . to  d en o te  th e  c o m p o n en ts  o f  a n  L T S p . W e c o m m o n ly  w r ite  q —> q' fo r  (q , A ,q ')  <  

T . S in ce  th e  d ist in c t io n  b e tw e e n  in p u ts  a n d  ou tp u ts i s  im p ortan t, w e  so m e tim e s  u se  a  

q u e s tio n  m ark b e fo r e  a  la b e l to  d en o te  inp u t an d  a n  e x c la m a tio n  m ark to  d en o te  output. 

W e d en o te  th e  c la s s  o f  a ll  la b e le d  tra n sition  sy s te m s  o v er  I  a n d  U  b y  L T S  ( I ,  U  ). W e  

rep resen t a  la b e le d  tra n s ition  sy s te m  in  th e  standard  w a y , b y  a  d irected , e d g e - la b e le d  

grap h  w h er e  n o d e s  rep resen t sta tes an d  e d g e s  rep resen t tran sition s.

A  state  th at ca n n o t d o  a n  in tern a l a c t io n  is  c a lle d  stable. A  sta te  th at ca n n o t d o a n  

ou tp u t o r  in tern al a c t io n  is  c a lle d  qu iescen t. W e u se  th e  sy m b o l S ( <  L T) to  rep resen t  

q u iesc en ce : that is , p  —  p  stan d s fo r  th e  a b sen ce  o f  an y  tr a n s it io n p  —> p ' w ith  A <  U T. 

F o r  a n  arbitrary L  Ç  L T, w e  u se  L s as a  sh orth an d  fo r  L  U { S } .

A n  L T S is  c a lle d  s tro n g ly  re sp o n sive  i f  it  a lw a y s ev e n tu a lly  en ters a  q u ie sc e n t  state; 

in  o th er  w o r d s , i f  it  d o e s  n o t  h a v e  an y  in fin ite  U T-la b e le d  p ath s. F o r  te c h n ic a l rea so n s  

w e  restrict L T S  ( I ,  U  ) to  stro n g ly  re sp o n siv e  tra n sition  sy s tem s . S y s tem s  that are n o t  

s tro n g ly  re sp o n s iv e  m a y  sh o w  liv e - lo c k s  (o r  d e v e lo p  liv e - lo c k s  b y  h id in g  a c t io n s ). S o  

o n e c a n  argu e that it  is  a  fa v o ra b le  prop erty  i f  a  sp e c if ic a t io n  is  stro n g ly  resp o n s iv e . 

H o w ev er , fr o m  a  p ra ctica l p ersp ec tiv e  it w o u ld  b e  n ic e  i f  th e  co n stra in t c a n  b e  le s se n e d . 

T h is is  p ro b a b ly  p o ss ib le ,  b u t n e ed s fu rther research .

A  trace  is  a  f in ite  s eq u en ce  o f  o b serv a b le  a ct io n s. T h e se t  o f  a ll  traces o v e r  L  (Ç  L ) 

is  d en o ted  b y  L * , ran ged  o v er  b y  a ,  w ith  e d e n o tin g  th e  em p ty  seq u en ce . I f  a 1, a 2 <  L *, 

th en  a 1 a 2 is  th e  c o n ca ten a tio n  o f  a 1 an d  a 2. W e u se  th e  standard  n o ta t io n  w ith  s in g le  

an d  d o u b le  arrow s fo r  traces: q a — > q d e n o te s  q ■ • • • —>  q', q = >  q' d en o tes  

q q' an d  q “ = . '  = >  q d en o tes  q = >  = » --- - - -= >  q' (w h ere  a  <  L ^  ).

W e w i l l  n o t  a lw a y s d is t in g u ish  b e t w e e n  a  la b e le d  tra n sition  sy s te m  an d  its  in itia l 

state. W e w i l l  id e n tify  th e  p r o c e ss  p  =  (Q , I ,  U , T , q0} w ith  its  in it ia l sta te  q0 , an d  w e  

w rite , fo r  e x a m p le , p  = = »  q 1 in stea d  o f  q0 = = »  q1.

I n p u t -o u tp u t  tr a n s i t io n  s y s t e m s .  A n  in p u t-o u tp u t transition  system  ( iO T S ) is  a  la ­

b e le d  tra n sition  sy s te m  th at is  c o m p le te ly  sp e c if ied  fo r  inp u t a ct io n s. T h e  c la s s  o f  in p u t ­

ou tp ut tra n sition  sy s te m s  w ith  in p u t a ct io n s  in  I  an d  o u tp u t a c t io n s in  U  is  d en o ted  b y  

I O T S  ( I ,  U  ) (Ç  L T S  ( I ,  U  )). N o tic e  th at w e  d o  n o t  require IO T S ’s to  b e  stro n g ly  re ­

sp o n s iv e .

D e fin it io n  2 . A n  in p u t-o u tp u t tra n sition  sy s te m  p  =  (Q , I ,  U, T , q0 } is  a la b e le d  tra n s i ­

tion sys tem  fo r  w hich a ll  in p u ts  are en a b led  in  a ll s ta tes:  Vq <  Q , a  <  I  : q



C o m p o s it io n  o f  la b e le d  tr a n s i t io n  sy s te m s . T h e  in teg ra t io n  o f  c o m p o n en ts  c a n  b e  

m o d e le d  a lg eb ra ica lly  b y  p u ttin g  th e  c o m p o n en ts  in  p a ra lle l w h ile  sy n c h r o n iz in g  th e ir  

c o m m o n  a c t io n s , p o s s ib ly  w ith  in tern a liz in g  (h id in g ) th e  sy n c h r o n iz e d  a c t io n s . In  p ro ­

c e s s  a lgeb ra , th e  sy n ch ro n iza tio n  an d  in tern a liza tio n  are ty p ic a lly  regard ed  a s  tw o  se p ­

arate o p era tio n s. T h e  sy n c h r o n iz a t io n  o f  th e  p r o c e sse s  p  an d  q is  d en o ted  b y  p  y q. T h e  

in tern a liza tion  o f  a  la b e l s et  V  in  p ro ce ss  p , or  h id in g  V  in  p  as it  is  c o m m o n ly  ca lled , 

is  d en o ted  b y  h i d e  V  i n  p . B e lo w  w e  g iv e  th e  fo rm a l d efin ition .

D e fin it io n  3 . F or  i  =  1, 2  l e t p¿ =  (Q j, I¿, U¿, Tj,p.¿} b e  a transition  system .

o I f I 1 n  I 2 =  U 1 n  U 2 =  0 th e n p 1 y p 2 = d e f  (Q , I ,  U, T , p 1 || p 2 } w h ere  

0  Q  =  { q 1 1 q2 | q 1 e  Q 1 , q2 e  Q 2 } ;

o I  =  ( I 1 \  U 2 ) U ( I 2 \  U 1 ) ;

o U  =  U 1 U U 2 .

o T  is  the m in im a l s e t  sa tis fy in g  the fo llo w in g  in feren ce  ru le s  (p  e  L T) :

q1 - >  q i , p  <  L 2 I- q 1 y q2 - >  q 1 y q2

q2 - >  q 2 , p  <  L 1 -  q 1 y q2 - >  q1 II q2 

q 1 - >  q i , q2 - >  q2, p  =  t  -  q 1 y q2 - >  q 1 y q2

o I f  V  Ç  U 1, th en  h i d e  V  i n p 1 = def ( Q , I 1, U 1 \  V, T , h i d e  V  i n  p 1} w here

o Q  =  { h i d e  V  i n  q1 | q 1 e  Q 1 } ;

o T  is  the m in im a l s e t  sa tis fy in g  the fo llo w in g  in feren ce  ru le s  (p  e  L T) :

q 1 —>  q ' , p  <  V  -  h i d e  V  i n  q1 —> h i d e  V  i n  q1 

q 1 —>  q ' , p  e  V  -  h i d e  V  i n  q1 —>  h i d e  V  i n  q '

N o te  th at th ese  co n s tr u c tion s  are o n ly  pa rtia l: th ere are co n stra in ts  o n  th e  inp u t and  

ou tp ut sets. M o reo v er , p a ra lle l c o m p o s it io n  m a y  g iv e  r ise  to  a n  L T S that is  n o t stro n g ly  

re sp o n siv e , e v e n  i f  th e  c o m p o n en ts  are. F o r  th e  t im e  b e in g , w e  d o  n o t try to  a n a lyz e  

th is b u t im p lic it ly  restrict o u rse lv e s  to  c a se s  w h er e  th e  p a ra lle l c o m p o s it io n  is  s tro n g ly  

re sp o n s iv e  (th u s, th is is  a n o th er  so u rce  o f  p artia lity  o f  th e  co n stru c tion ).

i n  th is  p ap er  w e  restrict o u r se lv es  to  b in a ry  p a ra lle l c o m p o s itio n . N -a ry  p a ra lle l 

c o m p o s it io n  m a y  b e  a n  in tere st in g  e x te n s io n . O n e m a y  w o n d e r  h o w e v e r  w h a t th is  

m e a n s  in  o u r  inp u t ou tp u t settin g , s in c e  a n  ou tp u t a c t io n  i s  u n iq u e ly  id e n tified  b y  its  

sender. F ro m  th is  p ersp ec tiv e  o n ly  th e  sy n ch ro n iz a t io n  o f  m an y  re ce ivers  to  o n e  sen d er  

(b road cast) s e e m s  a n  in tere st in g  ex ten s io n .

P r o p o s it io n  1. L e t  p , q e  L T S  (I¿, U¿) fo r  i  =  p , q, w ith  I p n  I q =  Up n  U q =  0 , a n d  

l e t  V  Ç  U p .

1. I f p  y q is  s tro n g ly  resp o n sive  th en  p  || q e  L T S  ( ( I p \  U q ) U ( I q \  Up ), Up U U q ) ;  

m oreover, p  |  q e  I O T S  i f p ,  q e  I O T S .

h i d e  V  i n  p  e  L T S  ( I p , Up \  V  ) ;  m oreover, h i d e  V  i n  p  e  I O T S  i f p  e  I O T S .

C o n fo r m a n c e . T h e  te s t in g  scen a r io  o n  w h ic h  i o c o  is  b a sed  a s su m e s that tw o  th in g s  

are g iven : 1) A n  L T S co n s titu tin g  a  sp e c if ic a t io n  o f  req u ired  b eh av ior . A n d  2 )  a n  im ­

p le m e n ta t io n  u n d er test. W e treat th e  i u t  as a  b la c k  b o x . In  o rd er to  r ea so n  a b o u t it  

w e  a ssu m e  it  c a n  b e  m o d e le d  as a n  IO T S  (a n  i u t  is  a n  o b je c t in  th e  rea l w o r ld ) . T h is



a ssu m p tio n  is  referred  to  a s  th e  te s t  h y p o th e s is  [7 ] . W e w a n t to  stress that w e  d o  n o t  

n ee d  to  h a v e  th is  m o d e l w h e n  te s t in g  th e  i u t .  W e o n ly  assu m e  that th e  im p lem en ta tio n  

beh a ves  as a n  IO T S.

G iv e n  a  sp e c if ic a t io n  s  an d  a n  (a s su m ed ) m o d e l o f  th e  i u t  i ,  th e  re la t io n  i  i o c o  

s  e x p r e sses  that i  co n fo r m s  to  s . W h eth er  th is h o ld s  is  d e c id e d  o n  th e  b a s is  o f  the  

su sp en sio n  traces  o f  s: it m u st b e  th e  c a se  that, a fter  an y  su c h  trace  a ,  ev ery  o u tp u t 

a c t io n  (an d  a lso  q u ie sc e n c e )  that i  is  ca p a b le  o f  sh o u ld  b e  a llo w e d  a c c o rd in g  to  s . T h is  

is  fo r m a lize d  b y  d e f in in g  p  a f t e r  a  (th e se t  o f  sta tes th at c a n  b e  rea ch ed  in  p  after  the  

su sp e n s io n  trace a ) ,  o u t( p )  (th e se t  o f  o u tp u t an d  S -a ct io n s  o f  p )  an d  S tra c e s  (p ) (the  

su sp e n s io n  tra ces  o f  p ).

D e f in it io n  4 . L e tp ,  s  e  L T S  ( I ,  U  ), l e t  i  e  I O T S  ( I ,  U  ), l e t  P  Ç  Q p b e a  s e t  o f  s ta tes  

in  p  a n d  le t  a  e  L * .

1. p  a f t e r  a  = d e f  {  p ' | p  ==> p ' }

o u t  (p ) = d e f  { x  G U  | p  —> } U { S  | p  - >  }

3. o u t ( P ) = d e f  U  {  o u t( p )  | p  €  P  }

4. S tra c e s  (p ) = d e f  { a  e  L * | p  }

T h e  fo l lo w in g  d ef in es  th e  im p le m e n ta t io n  re la t io n  i o c o ,  m o d u lo  a  fu n c t io n  F  th at g e n ­

erates a  se t  o f  tes t-tra ces  fr o m  a  sp ec ifica t io n . In  th is  d e f in itio n  2X  d en o te s  th e  p o w e rset  

o f  X , fo r  a n  arbitrary set  X .

D e f in it io n  5 . G iven a fu n c tio n  F  : L T S  ( I ,  U  ) >  2 L , we de fine  the  im p lem en ta tio n  

re la tio n  i o c o ^  Ç  I O T S  ( I ,  U  ) x  L T S  ( I ,  U  ) a s  fo llo w s:

i  i o c o F  s  V a  e  F ( s )  : o u t ( i  a f t e r  a )  Ç  o u t ( s  a f t e r  a )

S o  i  i o c o Siraces s  m e a n s  V a  e  S tr a c e s ( s )  : o u t ( i  a f t e r  a )  Ç  o u t ( s  a f t e r  a ) .  W e 

u se  i o c o  as a n  a b b rev ia tion  fo r  i o c o Siraces. F o r  m o re d eta iled  in fo rm a tio n  a b o u t i o c o  

w e  r e fe r to  [1 ] .

3  A p p r o a c h

In  th is  s e c t io n  w e  w a n t  to  c la r ify  c o m p o s it io n a l te s t in g  w ith  th e  fo r m a l fra m ew o rk  p re ­

s en te d  in  th e  p rev io u s sec tio n . T h e c o n se q u e n c e s  fo r  te s t in g  in  c o n te x t w i l l  b e  d isc u sse d  

in  th e  fin a l sec tio n .

W e stu d y sy s te m s  that c o n s is t  o f  co m m u n ica t in g  co m p o n en ts . T h e se  co m p o n en ts  

ca n  b e  te s te d  in d iv id u a lly  an d  w h ile  w o r k in g  to g e th er  ( in  th e  c a se  o f  te s t in g  in  c o n te x t  

th e  c o m p o n en ts  are th e  i u t  an d  its  te s t  co n te x t). T h e b eh a v io r  o f  su c h  a  sy s te m  is  d e ­

s cr ib ed  b y  th e  p a ra lle l c o m p o s it io n  o f  th e  in d iv id u a l tra n sition  sy s tem s . O u tp u t a c t io n s  

o f  o n e  c o m p o n e n t  th at are in  th e  inp u t la b e l s et  o f  a n o th er  c o m p o n en t  are synchronized , 

resu ltin g  in  a  s in g le , in tern a l tra n sition  o f  th e  o v era ll sys tem . A c tio n s  o f  a  co m p o n e n t  

that are n o t in  th e  la b e l s e t  o f  a n o th er  c o m p o n en t  are n o t syn ch ro n ized , re su ltin g  in  a  

s in g le  o b serv a b le tra n sition  o f  th e  o v era ll sys tem . T h is  g iv e s  r ise  to  th e  scen a r io  d e ­

p ic ted  in  F igu re  1. T h e figu re  w i l l  b e  e x p la in e d  in  th e  n ex t ex a m p le.



s cof  =  h i d e  { m a k e _ c o ffe e , m a k e _ te a , e r r o r }  i n  s mon || s drk 

i cof  =  h i d e  { m a k e -c o f fe e , m a k e ^ te a , e r r o r }  i n  i mon || idr k

F ig . 1. A rch itectu re  o f  c o f fe e  m a ch in e  in  c o m p o n e n ts

3 .1  E x a m p le

To illu stra te  c o m p o s it io n a l te st in g , w e  u se  tw o  c o m p o n e n ts  o f  a  c o ffe e  m ach in e: a  

“m o n ey  c o m p o n e n t” (m on)  that h a n d les  th e  in serted  c o in s  an d  a  “d rink  co m p o n e n t” 

(drk)  th at ta k es care o f  p rep arin g  an d  p o u r in g  th e  d rinks, s e e  F igu re  1.

T h e  m o n e y  c o m p o n e n t  a cc ep ts  c o in s  o f  € 1  an d  o f  € 0 . 5 0  as inp u t fr o m  th e  e n v i ­

ron m ent. A fte r  in se r t io n  o f  a  € 0 . 5 0  c o in  (re sp ec tiv e ly  €  1 c o in ) , th e  m o n ey  co m p o n e n t  

orders th e  d rink  c o m p o n e n t  to  m a k e  te a  (r e sp ec tiv e ly  c o f fe e ) .

T h e  d r in k  c o m p o n e n t  in ter faces  w ith  th e  m o n ey  c o m p o n e n t  an d  th e  en v iron m en t. 

I f  th e  m o n ey  c o m p o n en t  orders it to  m a k e te a  (r e sp ec tiv e ly  c o ffe e )  it  ou tp u ts te a  (r e sp ec ­

t iv e ly  c o ffe e )  to  th e  en v iro n m en t. I f  a n y th in g  g o e s  w r o n g  in  th e  d rink  m a k in g  p ro ce ss , 

th e  c o m p o n e n t  g iv e s  a n  error s ign a l.

T h e  c o f f e e  m a c h in e  i s  th e  p a ra lle l c o m p o s it io n  o f  th e  m o n e y  co m p o n en t an d  the  

drink  c o m p o n en t, in  w h ic h  th e  “ m a k e c o f f e e ” co m m a n d , th e  “m a k e tea ” co m m a n d  and  

th e  “error” s ig n a l are h id d en . O n e c a n  th ink  o f  th e  p a ra lle l c o m p o s it io n  as e s ta b lish in g  

th e  c o n n e c t io n  b e t w e e n  th e  m o n e y  c o m p o n e n t  an d  th e  drink  co m p o n en t, w h er ea s h id in g  

m ea n s  th at th e  c o m m u n ica t io n  b e t w e e n  th e  c o m p o n e n ts  is  n o t o b serv a b le  an ym ore; 

o n ly  c o m m u n ica t io n  w ith  th e  en v iro n m en t c a n  b e  ob serv ed .

M o d e ls .  in  F igu re  2  w e  sh o w  th e  b eh a v io r a l sp e c if ic a t io n  o f  th e  m o n e y  co m p o n en t  

s mon an d  th e  drink  c o m p o n en t  s drk as L T S ’s. N o te  th at th e  m o n ey  c o m p o n en t  is  u n ­

d ersp ec if ie d  fo r  th e  error  inp u t la b e l an d  th at th e  drink  c o m p o n en t  ca n n o t reco v er  

fro m  a n  error state , an d  w h ile  in  th e  error sta te  it ca n n o t p ro d u ce  te a  o r  c o f fe e . F ig ­

ure 3 sh o w s  im p le m e n ta t io n  m o d e ls  o f  th e  m o n ey  co m p o n en t, i m on , an d  th e  drink  

c o m p o n en t, i drk. W e h a v e  u se d  tra n sition s la b e le d  w ith  ‘? ’ as a n  a b b rev ia tion  fo r  a ll 

th e  n o n -sp e c if ie d  inp u t a c t io n s  fr o m  th e  a lp h ab et o f  th e  c o m p o n en t. T h e m o n e y  c o m ­

p o n e n t  h as inp u t la b e l set, I mon =  { 0 . 5 0 , 1 .0 0 , e r r o r } ,  o u tp u t la b e l s e t  U mon =  

{ m a k e _ c o ffe e , m a k e _ te a , 0 .5 0 , 1 .0 0 }; sp e c if ic a t io n  s mon e  L T S ( I mon, U mon), and  

im p lem en ta tio n  i mon e  I O T S ( I mon, U mon). Id rk =  { m a k e ^ c o ffe e , m a k e - te a }  and  

Udrk =  { c o f fe e , te a , e r r o r }  are th e  inp u t an d  ou tp u t la b e l se t  r e sp e ct iv e ley  an d  s drk e

L T S  ( I drk, Udrk), i drk e  I O T S  ( I drk , Udrk ) .

In  th e  im p lem en ta tio n s o f  th e  c o m p o n e n ts  w e  c h o o s e  to  im p ro v e  u p o n  th e  sp e c if ic a ­

tion , b y  a d d in g  fu n ction a lity . T h is  is  p o s s ib le  s in c e  i o c o  a llo w s  p artia l sp ec ifica tio n s .
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F ig . 2 . S p e c if ica t io n  o f  m o n ey  an d  d rink  c o m p o n e n ts  as L T S ’s

Im p lem en ters  are fr ee  to  m ak e u se  o f  th e  u n d ersp ec ifica tion . T h e ex tra  fu n ct io n a lity  

o f  i mon co m p a red  to  its  sp e c if ic a t io n  s mon is  th at it  ca n  h a n d le  error sign a ls: it reacts  

b y  retu rn in g  € 1 . 0 0 .  i drk is  a lso  c h a n g ed  w ith  r esp e ct  to  its  sp e c if ic a t io n  s drk : m a k in g  

tea  n ev er  p ro d u c es  a n  error s ign a l. S in ce  im p lem en ta tio n s  are inp u t en a b led , w e  h ave  

c h o s e n  th at a ll  n o n  sp e c if ie d  in p u ts  are ig n o red , i .e ., th e  sy s te m  rem a ins in  th e  sa m e  

state.

W e h ave  i mon i o c o  s mon an d  i drk i o c o  s drk. T h e  q u e st io n  n o w  is  w h eth e r  the  

in tegrated  im p lem en ta t io n , as g iv e n  b y  i cof  in  F igu re  1, is  a lso  i o c o  correct w ith  re ­

sp ec t  to  th e  in teg ra ted  sp e c if ic a t io n  s cof . W e d isc u ss  th is  in  se c t io n  4 , to  illu stra te  the  

c o m p o s itio n a lity  p ro p erties  d isc u ss e d  there.

m oney com ponent im plem entation
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? m a k ^ ? m a k e
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F ig . 3 . Im p lem e n ta tio n  o f  th e  m o n e y  an d  drink  c o m p o n en ts  as IO T S ’s



3 .2  C o m p o s it io n a l  t e s t in g

W e n o w  p arap hrase th e  q u e st io n  o f  c o m p o s it io n a l te st in g , d isc u sse d  in  th e  in trod u ction , 

as fo llo w s :  “ G iv en  th at th e  c o m p o n e n ts  p  an d  q h ave b e e n  te s te d  to  b e  io c o -c o r r e c t  (a c ­

co r d in g  to  th e ir  re sp e ctiv e  sp e c ifica t io n s) , m ay  w e  c o n c lu d e  that th e ir  in teg ra t io n  is  

a lso  io c o -c o r r e c t  (a c co rd in g  to  th e  in teg ra ted  sp ec if ic a t io n )? ” I f  th e  co m p o n e n t  sp e c i ­

f ica t io n s  are L T S ’s, th e  c o m p o n en t  im p lem en ta tio n s  are m o d e le d  b y  IO T S ’s, an d  th e ir  

in teg ra t io n  b y  p ara lle l c o m p o s it io n  fo l lo w e d  b y  h id in g , th is  b o il s  d o w n  to  th e  fo l lo w in g  

q u e st io n s  in  ou r fo r m a l fra m ew o rk  (w h er e  i k G I O T S ( I k, U k) an d  s k G L T S ( I k, U k) 

fo r  k  =  1, 2 , w ith  I 1 n  I 2 =  U 1 n  U 2 =  0):

Q 1 : G iv en  i k i o c o  s k fo r  k  =  1 , 2 ,  is  it th e  c a se  th at i 1 || i 2 i o c o  s 1 || s 2 ?

Q 2 : G iv en  i 1 i o c o  s 1, is  it th e  c a se  that ( h i d e  V  i n  i 1) i o c o  ( h i d e  V  i n  s 1) fo r  

arbitrary V  Ç  U 1 ?

I f  th e  a n sw e r  to  b o th  q u e s tio n s  is  “y e s ” , th en  w e  m a y  c o n c lu d e  that i o c o  is  su itab le  fo r  

c o m p o s it io n a l te s t in g  a s  sta ted  in  th e  fo l lo w in g  corollary .

C onjec tu re 1. I f  i k G I O T S ( I k, U k) an d  s k G L T S ( I k , U k ) fo r  k  =  1, 2  w ith  I 1 n  

I 2 =  U 1 n  U 2 =  0 an d  V  =  ( I 1 n  U 2 ) U ( U 1 n  I 2 ) , th en

i 1 i o c o  s 1 A i 2 i o c o  s 2 ^  ( h i d e  V  i n  i 1 || i 2 ) i o c o  ( h i d e  V  i n  s 1 || s 2 ) .

W e stu d y  th e  a b o v e  p re -co n g ru en ce  q u e s tio n s  in  th e  n e x t  s ec tio n . W e w i l l  sh o w  that 

th e  a n sw e r  to  Q 1 an d  Q 2  in  g en er a l is  no. In stead , w e  c a n  sh o w  that th e  a n sw er  to  Q 1  

an d  Q 2  is  y e s  i f  s 1 an d  s 2 are c o m p le te ly  sp ec ified .

4  C o m p o s i t io n a l i t y  fo r  s y n c h r o n iz a t io n  a n d  h id in g

In  th is  s e c t io n  w e  a d d ress  th e  q u e s tio n s  Q 1 an d  Q 2  fo rm u la ted  a b o v e  (S e c t io n  3 .2 ) , 

u s in g  th e  c o ffe e  m a c h in e  e x a m p le  to  illu stra te  ou r resu lts.

4 .1  S y n c h r o n iz a t io n

T h e  prop erty  th at w e  in v e stiga te  fo r  p a ra lle l c o m p o s it io n  is: i f  w e  h ave tw o  correct  

c o m p o n e n t  im p lem en ta t io n s  a c c o r d in g  to  i o c o ,  then  th e  im p le m e n ta t io n  rem a ins co r ­

rect a fter  sy n c h r o n iz in g  th e  co m p o n en ts . It turns o u t  th at in  g en era l th is prop erty  d o es  

n o t h o ld , as w e  sh o w  in  th e  fo l lo w in g  e xa m p le.

E xa m p le  1. R eg a rd  th e  L T S ’s in  figu re  4. O n  th e  le ft  h an d  s id e  w e  sh o w  th e  sp e c if ic a ­

t io n s  a n d  o n  th e  righ t h an d  s id e  th e  co rresp o n d in g  im p lem en ta t io n s . T h e  m o d els  h ave  

th e  fo l lo w in g  la b e l sets: s 1 G L T S  ( { x } ,  0 ) , i 1 g  I O T S  ( { x } ,  0 ) , s 2  G L T S  (0,  { x } )  

an d  i 2 G I O T S (0 , { x } ) .  T h e  su sp e n s io n  traces o f  s 1 are g iv e n  b y  S* U S *?xS *  and  

th e  su sp e n s io n  tra ces o f  s 2 are g iv e n  b y  {e , !x }U !x !x S * . W e h ave i 1 i o c o  s 1 and  

i 2 i o c o  s 2 .

A fte r  w e  tak e th e  p a ra lle l c o m p o s it io n  o f  th e  tw o  sp e c if ic a t io n s w e  g e t s 1 | s 2 , 

se e  figu re  4  (th e co r resp o n d in g  im p le m e n ta t io n  is  i 1 | i 2 ). W e n o w  se e  th e  fo llo w in g :  

o u t  ( i 1 H i 2 a f t e r  !x ) =  { ! x }  Ç  o u t  ( s 1 || s 2 a f t e r  !x ) =  { S } ;  th is  m e a n s  th at th e  p a ra lle l 

c o m p o s it io n  o f  th e  im p lem en ta t io n s  is  n o t  io c o -c o r r e c t:  i 1 1| i 2 io / : o  s 1 || s 2 .



F ig . 4 . C ou n ter  e x a m p le  to  c o m p o s it io n a lity  fo r  p a ra lle l c o m p o s it io n ; se e  E x a m p le  1

A n a ly s is  sh o w s  th at i 1 i o c o  s 1, b e c a u se  i o c o  a llo w s  u n d er sp e c if ic a t io n  o f  in p u t 

a ct io n s. H o w ev er , th e  sem a n tic s  o f  th e  p a ra lle l c o m p o s it io n  op erator  d o e s  n o t  tak e  u n ­

d e rsp e c if ic a tio n  o f  inp u t a c t io n s  in to  a cco u n t. A lth o u g h  s 2 c a n  ou tp u t a  se c o n d  x ,  it  

ca n n o t d o so  in  s 1 | s 2 , b e c a u se  s 1 ca n n o t inp u t th e  se c o n d  x .

It turns o u t th at i f  w e  fo rb id  im p lic it  u n d er sp e c ifica tion , i .e . ,  i f  th e  sp e c ifica t io n  

e x p lic it ly  p rescr ib es  fo r  an y  p o ss ib le  inp u t w h a t th e  a llo w e d  re sp o n se s  are, th en  w e  d o  

n o t h ave th is  p ro b lem . In  fa c t  in  th at c a se  w e  h a v e  th e  d es ired  c o m p o s itio n a lity  property. 

T h is prop erty  is  ex p re sse d  in  th e  fo l lo w in g  th eo rem . F o r  a  p r o o f  se e  [1 2 ] .

T h e o r e m  1. L e t  s 1, i 1 G I O T S ( I 1, U 1), s 2 , i 2 G I O T S ( I 2 , U 2 ), w ith  I 1 n  I 2 =  

U 1 n  U 2 =  0 .

i 1 i o c o  s 1 A i 2 i o c o  s 2 ^  i 1 H i 2 i o c o  s 1 H s 2

O u r ru n n in g  e x a m p le  (S e c t io n  3 .1 )  sh o w s  th e  sam e p ro b lem  illu stra ted  in  e x a m ­

p le  1. A lth o u g h  th e  im p lem en ta t io n s  o f  th e  m o n e y  c o m p o n en t  an d  th e  drink  co m p o n e n t  

are i o c o  correct w ith  resp ect to  th e ir  sp e c ifica t io n s , it  turns o u t that th e  p a ra lle l c o m ­

p o s it io n  o f  i mon a n d  i drk is  not:

o u t ( i mon H id rk a f t e r  ? 1 .00■!m a k e -c o ffe e ) =  { !c o ffe e , !e r ro r }  

o u t ( s mon H sd rk a f t e r  ? 1 . 0 0 ■!m a ke .c o ffee ) =  { !c o ffe e }

N o te  th at th e  in tern al s ig n a ls  are s t ill v i s ib le  as o u tp u t a c t io n s . To turn  th em  in to  

in tern al a c t io n s is  th e  ta sk  o f  th e  h id in g  operator, d isc u sse d  b e low .

4 .2  H id in g

T h e  prop erty  th at w e  in v es tig a te  fo r  h id in g  is  th e  fo llo w in g :  i f  w e  h ave a  co rrect im ­

p le m e n ta t io n  a cc o rd in g  to  i o c o ,  then  th e  im p le m e n ta t io n  rem a ins correct a fter  h id in g  

(so m e  o f  th e ) ou tp u t a c t io n s . It turns o u t that, a s  fo r  sy n ch ro n iza tion , in  g en er a l th is  

p roperty  d o es  n o t h o ld .

E xa m p le  2. C o n s id e r  th e  im p le m e n ta t io n  i  an d  sp e c if ic a t io n  s  in  F igu re  5, b o th  w ith  

in p u t set  { a }  an d  o u tp u t se t  { x ,  y } .  T h e  su sp e n s io n  tra ces  o f  s  are { e }U ? a S * U !x S * . W e  

se e  that i  i o c o  s.

W e g e t  th e  sp e c if ic a t io n  h i d e  { x }  i n  s , an d  im p le m e n ta t io n  h i d e  { x }  i n  i  a fter  

h id in g  th e  ou tp u t a c t io n  x . A fte r  th e  in p u t a  w e  get: o u t  ( h i d e  { x }  i n  i  a f t e r  a )  =  

{S , y }  Ç  o u t  ( h i d e  { x }  i n  s  a f t e r  a )  =  { S } ;  in  o th er  w o rd s  th e  i o c o  re la t io n  d o e s  n o t  

hold: h i d e  { x }  i n  i  i o / ; o  h i d e  { x }  i n  s .
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F ig . 5 . C o u n ter-ex a m p le to  c o m p o s it io n a lity  fo r  h id in g; se e  E x a m p le  2

s

a

a

A n  a n a ly sis  o f  th e  a b o v e  e x a m p le  sh o w s  th at s  w a s  u n d er sp e c ified , in  th e  se n se  that 

it fa ils  to  p rescr ibe  h o w  a n  im p le m e n ta t io n  sh o u ld  b e h a v e  a fter th e  trace  !x ? a . T h e  

p ro p o sed  im p le m e n ta t io n  i  u se s  th e  im p le m e n ta t io n  fr ee d o m  b y  h a v in g  a n  u n sp e c ­

if ied  y -o u tp u t a fter  !x ? a . H o w ev e r , i f  x  b e c o m e s  u n o b ser va b le  d u e to  h id in g , th en  

th e  tra ces !x ? a  an d  ? a  c o lla p se  an d  b e c o m e  in d istin g u ish a b le: in  h i d e  { x }  i n  s  and  

h i d e  { x }  i n  i  th ey  b o th  m asq u erad e as th e  trace ? a . N o w  h i d e  { x }  i n  s  a p p ea rs  to  

s p e c ify  th at a fter  ? a , o n ly  q u ie sc e n c e  (J ) is  a llo w ed ; h o w ev er , h i d e  { x }  i n  i  s t il l has  

th is u n sp e c if ie d  y -o u tp u t. In  o th er  w o r d s , h id in g  crea te s  c o n fu s io n  a b ou t w h a t  part o f  

th e  sy s te m  is  u n d ersp ec ified .

It fo l lo w s  that i f  w e  ru le o u t u n d er sp e c ifica tion , i .e . ,  w e  lim it  o u r se lv es  to  sp e c if i ­

ca tio n s th at are IO T S ’s th en  th is p ro b le m  d isap p ears. In  fact, in  th at c a se  w e  d o  h ave  

th e  d es ired  co n g r u e n c e  property. T h is  is  sta ted  in  th e  fo l lo w in g  th eo rem . F o r  a  p r o o f  

se e  [1 2 ] .

T h e o r e m  2 . I f  i ,  s  G I O T S  ( I ,  U  ) w ith  V  Ç  U , then :

i  i o c o  s  ^  ( h i d e  V  i n  i )  i o c o  ( h i d e  V  i n  s )

5  D e m o n ic  c o m p le t io n

W e h ave sh o w n  in  th e  p rev io u s se c t io n  th at i o c o  is  a  p re -co n g ru en ce  fo r  p a ra lle l c o m ­

p o s it io n  an d  h id in g  w h e n  restr icted  to  I O T S  x  I O T S . H o w ev e r , in  th e  o r ig in a l th e ­

ory  [1] i o c o  Ç  I O T S  x  L T S  ; th e  sp e c ifica t io n s  are L T S ’s. T h e  in tu itio n  b e h in d  th is  

is  th at i o c o  a llo w s  u n d er sp e c ifica t io n  o f  inp u t a c t io n s . In  th is  s e c t io n  w e  p resen t a  

fu n c tio n  th at tran sform s L T S ’s in to  IO T S ’s in  a  w a y  th at c o m p lie s  w ith  th is n o t io n  o f  

u n d ersp ec ifica tion . W e w i l l  sh o w  th at th is  lea d s  to  a  n ew  im p le m e n ta t io n  r e la t io n  that 

is  s lig h t ly  w e a k e r  th a n  i o c o .

U n d e rsp ec if ic a tio n  c o m e s  in  tw o  flavors: u n d er sp e c if ic a t io n  o f  inp u t a c t io n s and  

u n d er sp e c ifica t io n  o f  o u tp u t a c t io n s . U n d er sp e c if ic a t io n  o f  ou tp u t a c t io n s is  a lw a y s  e x ­

p lic it; in  a n  L T S it is  rep resen ted  b y  a  c h o ic e  b e tw e e n  sev era l o u tp u t a c t io n s . T h e in tu ­

it io n  b e h in d  th is  is  th at w e  d o  n o t  k n o w  o r  care w h ic h  o f  th e  o u tp u t a c t io n s is  im p le ­

m en ted , a s  lo n g  as a t le a s t o n e  is. U n d er sp e c if ic a t io n  o f  inp u t a c t io n s is  a lw a y s  im p lic it;  

it is  rep resen ted  b y  a b sen ce  o f  th e  re sp e ctiv e  inp u t a c t io n  in  th e  L T S. T h e  in tu itio n  b e ­

h in d  u n d er sp e c if ic a t io n  o f  inp u t a c t io n s is  th at a fter  a n  u n sp e c if ie d  inp u t a c t io n  w e  d o



n o t k n o w  o r  care w h a t  th e  b e h a v io r  o f  th e  sp e c if ie d  sy s te m  is. T h is m e a n s  that in  a n  

u n d er sp e c ified  sta te  —  i .e. ,  a  state  rea ch ed  after  a n  u n sp ec if ie d  in p u t a c t io n  —  ev ery  

a c t io n  fr o m  th e  la b e l s e t  is  correct, in c lu d in g  q u ie sc e n c e . F o llo w in g  [13]  w e  c a ll  th is  

k in d  o f  b e h a v io r  chaotic.

In  tra n slatin g  L T S ’s to  IO T S ’s, w e  p ro p o se  to  m o d e l u n d er sp e c ifica t io n  o f  in p u t a c ­

t io n s  ex p lic itly . F irstly , w e  m o d e l ch a o tic  b e h a v io r  th ro u g h  a  state qx  w ith  th e  property: 

VA G U  : qx  = >  qx  an d  VA G I  : qx  > qx  (w h ere  x  stan d s fo r  ch a o s) . S eco n d ly , 

w e  ad d  fo r  ev ery  stab le  sta te  q ( o f  a  g iv e n  L T S ) that is  u n d er sp e c ified  fo r  a n  in p u t a , a  

tra n sition  (q, a , qx ). T h is  turns th e  L T S in to  a n  IO T S . A fter  [10] w e  c a ll  th is  p roced u re  

d em o n ic  c o m p le t io n  —  a s  o p p o se d  to  a n g e lic  co m p le t io n , w h er e  u n sp e c if ie d  inp u ts  

are d isca rd ed  (m o d e le d  b y  a d d in g  s e l f - lo o p  tran sition s). N o te  th at d e m o n ic  c o m p le t io n  

resu lts  in  a n  IO T S  that is  n o t  s tro n g ly  co n v erg en t. H o w e v e r  th e  co n stra in t o f  stron g  

c o n v er g en ce  o n ly  h o ld s  fo r  L T S ’s.

D e fin it io n  6 .

S ' : L T S  ( I , U  ) ^  I O T S  ( I ,  U  ) is  d e fin ed  b y  ( Q , I , U , T , q 0) ^  ( Q ' , I ,  U, T  ' , q 0 ),

T ' =  T a  q x ) 1 q G Q  a  G I , q — 7 ^  , q — 7^  }

t  q n ^  (q ^  t  q A ) }  u  { ( q n , A, qx ) 1 A G L }  u  { ( q A , A, qx ) 1 A G I }

w here

Q '  =  Q  U { q x , q n , q A } ,  w h e r e  qx , q n , qA  G Q

sp ec ifica tio n  (LTS) d e m o n ic a lly  c o m p le te d  sp ec ifica tio n  (IOTS)

F ig . 6 . D e m o n ic  c o m p le t io n  o f  a n  L T S sp e c ifica t io n

E xa m p le  3. To illu stra te  th e  d e m o n ic  c o m p le t io n  o f  im p lic it  u n d er sp e c ifica tion , w e  u se  

th e  m o n ey  c o m p o n en t  o f  s e c t io n  3.1.  T h e L T S sp e c if ic a t io n  o f  th e  m o n ey  co m p o n e n t  

is  g iv e n  in  th e  to p  le ft  co rn er  o f  F igu re  6 . T h e IO T S  th at m o d e ls  o u r  c h a o s  p roperty



is  g iv e n  in  th e  b o tto m  le f t  corner. F o r  every  stab le  sta te  o f  th e  sp e c if ic a t io n  th at is  

u n d er sp e c ified  fo r  a n  in p u t a ct io n , th e  fu n c t io n  S  a d d s a  tra n sition  w ith  that inp u t a c t io n  

to  sta te  qx . F o r  e x a m p le , ev ery  state  is  u n d er sp e c ified  fo r  in p u t a c t io n  e r r o r , so  w e  add  

a  tra n sition  fro m  ev ery  state to  qx  fo r  e r r o r . T h e sta tes q i an d  q2 are u n d er sp e c ified  fo r  

0 .5 0  an d  1 .0 0 , so  w e  ad d  tra n sition s fo r  th e se  inp u ts fr o m  q1 an d  q2 to  qx . T h e  resu ltin g  

d e m o n ica lly  c o m p le te d  sp e c if ic a t io n  is  g iv e n  o n  th e  righ t h an d  s id e  o f  F igu re  6.

A n  im p ortan t prop erty  o f  d e m o n ic  c o m p le t io n  is  th at it o n ly  a d d s tra n sition s fro m  

s ta b le  s ta tes w ith  u n d er sp e c ified  in p u ts in  th e  o r ig in a l L T S to  qx . M o reo v er , it d o e s  n o t  

d e le te  sta tes o r  tran sition s. F u rth erm ore, th e  ch a o tic  IO T S  a cts a s  a  k in d  o f  sink: o n ce  

o n e o f  th e  a d d ed  sta tes (qx , qn  o r  qA ) h as b e e n  reach ed , th ey  w i l l  n ev er  b e  le ft  an ym ore.

P r o p o s it io n  2 . L e t  s  G L T S  ( I ,  U  ). V a  G L | ,  q' G Q s : s  = >  q' S  ( s )  = >  q'

W e u se  th e  n o ta tio n  “ i o c o  o S ” to  d en o te  that b e fo r e  a p p ly in g  i o c o ,  th e  L T S sp e c ­

if ica tio n  is  tra n sfo rm ed  to  a n  IO T S  b y  S ; i .e . ,  ¿ ( i o c o  o S ) s  ^  i  i o c o  S ( s ) .  T h is re la ­

t io n  is  s lig h t ly  w e a k e r  th a n  i o c o .  T h is m e a n s  that p re v io u sly  co n fo rm a n t im p le m e n ta ­

t io n s  are s t ill co n fo rm a n t, b u t it  m ig h t b e  that p r ev io u s ly  n o n -a llo w e d  im p lem en ta t io n s  

are a llo w e d  w ith  th is n ew  n o tio n  o f  co n fo rm a n ce .

T h e o r e m  3 . i o c o  Ç  i o c o  o S

N o te  that th e  o p p o s ite  is  n o t true i .e . ,  i  ( i o c o  o S ) s  >  i  i o c o  s  (a s th e  co u n ter ­

e x a m p les  o f  s e c t io n  4  sh o w ). F u rth erm ore th is  prop erty  is  a  c o n se q u e n ce  o f  o u r  c h o ic e  

o f  th e  d em o n ic  c o m p le t io n  fu n ction . O th er  fo r m s  o f  c o m p le t io n , su c h  as a n g e lic  c o m ­

p le t io n , resu lt in v a r ia n ts  o f  i o c o  w h ic h  are in co m p a ra b le to  th e  o r ig in a l re lation .

T e s tin g . T h e  te s t in g  scen a r io  is  n o w  su c h  th at a n  in tegrated  sy s te m  c a n  b e  te s te d  b y  

c om p a r in g  th e  in d iv id u a l c o m p o n en ts  to  th e ir  d e m o n ic a lly  c o m p le te d  sp ec ifica t io n s . I f  

th e  co m p o n e n ts  co n fo rm , th en  th e  c o m p o s it io n  o f  im p lem en ta t io n s  a lso  co n fo r m s  to  

th e  c o m p o s it io n  o f  th e  d em o n ic a lly  c o m p le te d  sp ec ifica tio n s .

C o r o lla r y  1. L e t  s 1, s 2 G L T S  ( I ,  U  ) a n d  i 1 , i 2 G I O T S  ( I ,  U  )

¿1 i o c o  S ( s i )  A i 2 i o c o  S ( s 2 ) >  i i  II i 2 i o c o  S ( s i )  II S ( s 2 )

T est r e s tr ic t io n . A  d isa d v a n ta g e  o f  d em o n ic  c o m p le t io n  is  th at it d es tr oy s  in fo rm a ­

t io n  a b o u t u n d er sp e c if ie d  b eh a v io r . O n  th e  b a s is  o f  th e  u n d er sp e c ified  L T S , o n e  ca n  

c o n c lu d e  that tra ces in c lu d in g  a n  u n sp e c if ie d  in p u t n e e d  n o t  b e  te s te d  b e c a u se  ev ery  

im p lem en ta tio n  w i l l  a lw a y s p a ss; a fter  c o m p le t io n , h o w ev er , th is  is  n o  lo n g e r  v is ib le ,  

an d  so  a u to m a tic te s t  g en er a t io n  w i l l  y ie ld  m an y  sp u r io u s tests .

In  o rd er to  a v o id  th is, w e  ch a ra cter ize  i o c o  o S  d irect ly  o v er  L T S ’s. In  o th er  w o rd s, 

w e  ex ten d  th e  re la tio n  fr o m  I O T S  x  I O T S  to  I O T S  x  L T S , in  su c h  a  w a y  as to  

o b ta in  th e  sam e te s t in g  p o w er  b u t to  a v o id  th e se  sp u r iou s te s ts . F o r  th is  p u rp o se , w e  

restrict th e  n u m b er o f  tra ces a fter  w h ic h  w e  test.

D e f in it io n  7 . L e t  s  G L T S  ( I ,  U  ).

a a a
U tra ce s ( s )  = d ef { a  G L |  | s  = >  A ( ^ q ' ,  0 1 • a • 0 2  =  a  : a  G I A  s  = > >  q' A q' = >  ) }



In tu itive ly , th e  U traces  are th e  S tra c e s  w ith o u t  th e  u n d er sp e c ified  traces. A  trace a  

is  u n d er sp e c if ie d  i f  th ere e x is ts  a  p ref ix  a 1 • a  o f  a ,  w ith  a  G I , fo r  w h ic h  s  = >  q' 

an d  q' = >  . W e u se  i o c o  u  a s  a  sh orth an d  fo r  i o c o  utraces. In  th e  fo l lo w in g  p r o p o s i ­

t io n  w e  state  th at i o c o u  is  eq u iv a le n t  to  i o c o  o S . T h is  e q u iv a le n c e  is  q u ite  in tu itive . 

i o c o  o S  u se s  ex tra  sta tes to  h a n d le  u n d er sp e c ified  b eh a v io r , w h ic h  are co n s tru c ted  so  

as to  d isp la y  ch a o tic  b eh av ior . I f  S ( s )  rea ch es su c h  a  sta te , th en  a ll b e h a v io r  is  c o n s id ­

ered  correct. i o c o u , o n  th e  o th er  h and , c irc u m v en ts  u n d er sp e c ified  b eh a v io r , b e c a u se  

it u se s  U tra ce s .

T h e o r e m  4 . i o c o ^  =  i o c o  o S

6  C o n c lu s io n s

T h e resu lts  o f  th is  p ap er  im p ly  th at i o c o  c a n  b e  u se d  fo r  c o m p o s it io n a l te s t in g  i f  the  

sp ec if ic a t io n s  are m o d e le d  a s  IO T S ’s; s e e  th eo r em s  1 a n d  2.

W e p ro p o sed  th e  fu n c t io n  S  to  c o m p le te  a n  L T S sp ec ifica t io n ; i .e . ,  tran sform  a n  

L TS to  a n  IO T S  in  a  w a y  th at cap tu res o u r n o t io n  o f  u n d er sp e c ifica tion . T h is  m e a n s  that 

th e  a b o v e resu lts  b e c o m e  a p p lica b le  an d  th e  i o c o  th eo ry  w ith  c o m p le te d  sp ec ifica tio n s  

ca n  b e  u se d  fo r  c o m p o s it io n a l te stin g . T h e resu ltin g  re la t io n  is  s lig h t ly  w e a k e r  th an  

th e  o r ig in a l i o c o  re lation ; p re v io u sly  c on fo rm a n t im p lem en ta t io n s  are s t ill con form an t, 

b u t it m ig h t b e  th at p re v io u sly  n o n -co n fo rm a n t im p lem en ta t io n s  are a llo w e d  u n d er  the  

m o d ified  n o t io n  o f  co n fo rm a n ce .

T es tin g  a fter  c o m p le t io n  is  in  p r in c ip le  (m u ch ) m o re e x p e n s iv e  s in c e , d u e to  the  

nature o f  IO T S ’s, e v e n  th e  c o m p le t io n  o f  a  f in ite  sp e c if ic a t io n  a lread y  d isp la y s  in fin ite  

te sta b le  b eh av ior . A s  a  fin a l re su lt o f  th is  paper, w e  h ave p resen ted  th e  im p lem en ta t io n  

re la t io n  i o c o u . T h is  re la t io n  en a b le s  u s  to  u se  th e  o r ig in a l c o m p o n en t  sp ec ifica t io n s , 

before  c o m p le t io n , fo r  c o m p o s it io n a l te s t in g  (se e  th eo r em  4 ) .

T h e in s ig h ts  g a in e d  fro m  th e se  re su lts  c a n  b e  reca s t in  term s o f  un derspecifica tion. 

i o c o  r e c o g n iz e s  tw o  k in d s  o f  u n d ersp ec ifica tion : o m itt in g  in p u t a c t io n s  fr o m  a  state  

(w h ic h  im p lie s  a  d o n ’t  care  i f  a n  inp u t d o e s  o cc u r ) an d  in c lu d in g  m u ltip le  o u tp u t a ct io n s  

fro m  a  sta te  (w h ic h  a llo w s  th e  im p le m e n ta t io n  to  c h o o s e  b e t w e e n  th em ). It turns o u t that 

th e  first o f  th ese  tw o  is  n o t c o m p a tib le  w ith  p a ra lle l c o m p o s it io n  a n d  h id in g .

T e s t in g  in  c o n te x t .  W e h a v e d isc u ss e d  th e  p re -co n g ru en ce  p ro p erties  m a in ly  in  the  

c o n te x t o f  c o m p o s it io n a l te st in g , b u t th e  resu lts  c a n  e a s ily  b e  tra n sp o sed  to  te s t in g  in  

co n tex t. S u p p o se  a n  im p le m e n ta t io n  u n d er  te s t  i  is  te s te d  v ia  a  c o n te x t c. T h e  te ster  

in teracts w ith  c, an d  c  interacts w ith  i; th e  te s ter  ca n n o t d irect ly  in teract w ith  i. T h e n  

w e  h ave  I  Ç  U c an d  U  Ç  I c , an d  L¿ is  n o t o b serv a b le  fo r  th e  tester, i .e . ,  h id d en . 

T h e te s te r  o b ser v e s  th e  sy s te m  as a n  im p le m e n ta t io n  in  a  c o n te x t in  th e  f o l lo w in g  w ay: 

C[i] =  h i d e  (Ij  n  U c ) U ( I c n  U j) i n  c  || i.  N o w  th e o r em  1 an d  2  d irec t ly  lea d  to  the  

fo l lo w in g  c oro llary  fo r  te s t in g  in  co n tex t.

C o r o lla r y  2 . L e t  s ,  i  G I O T S  o cc u r  in  te s t co n tex t  C[_]. C[i] io / ; o  C [s] >  i  i o / : o  s

H e n c e , a n  error d ete c te d  w h ile  te s t in g  th e  im p le m e n ta t io n  in  its  c o n te x t is  a  real 

error o f  th e  im p lem en ta t io n , b u t n o t th e  o th er  w a y  around: a n  error in  th e  im p le m e n ­

ta t io n  m a y  n o t  b e  d e te cta b le  w h e n  te s te d  in  a  co n tex t. T h is  h o ld s  o f  c o u rse  u n d er  the  

a ssu m p tio n  th at th e  te s t  c o n te x t  is  error free.



R e le v a n c e .  W e h a v e  sh o w n  a  w a y  to  h a n d le u n d er sp e c if ic a t io n  o f  inp u t a ct io n s  w h e n  

te s tin g  co m m u n ica t in g  c o m p o n en ts  w ith  th e  i o c o  theory. T h is  id e a  is  n ew  fo r  L T S te s t ­

ing . It is  in sp ired  b y  [10 ] an d  w o r k  d o n e  o n  partia l sp e c ifica t io n s  in  F S M  te s t in g  [ 1 1 ] .

F u rth erm ore w e  h a v e  e sta b lish e d  a  p re -co n g ru en ce  resu lt fo r  i o c o  fo r  p a ra lle l c o m ­

p o s it io n  a n d  h id in g . T h is  is  im p ortan t b e c a u se  it sh o w s  that i o c o  is  u sa b le  fo r  c o m ­

p o s it io n a l te s t in g  an d  te s t in g  in  co n tex t. It e s ta b lish e s  a  for m a l re la t io n  b e t w e e n  the  

co m p o n e n ts  an d  th e  in teg ra ted  sys tem . A s  far  a s  w e  k n o w  th is  re su lt is  n ew  fo r  b o th  

L TS te s t in g  an d  F S M  te stin g . In  F S M  te s t in g  th ere are so  c a lle d  C o m m u n ica tin g  F S M ’s 

to  m o d e l th e  in teg ra t io n  o f  c o m p o n en ts . H o w e v e r  w e  h a v e  n o t fo u n d  any re lev a n t re ­

sea rch  o n  th e  r e la t io n  b e tw e e n  co n fo r m a n ce  w ith  re sp e ct  to  th e  C F S M  an d  c on fo r m a n ce  

w ith  r esp e ct to  its  c o m p o n en t  F S M ’s.

T rad ition a lly  c o n fo r m a n ce  te s t in g  is  s e e n  as th e  a ct iv ity  o f  c h e c k in g  th e  c o n fo r ­

m a n ce  o f  a s in g le  b la c k  b o x  im p le m e n ta t io n  a g a in s t its  sp ec ifica tio n . T h e  te s t in g  o f  

co m m u n ica t in g  c o m p o n e n ts  is  o fte n  co n s id er ed  to  b e  o u ts id e  th e  sc o p e  o f  c on fo r m a n ce  

testin g . T h e p re -co n g ru en ce  resu lt sh o w s  th at th e  i o c o  th eo ry  c a n  h a n d le b o th  p ro b lem s  

in  th e  sam e w ay.

F u tu r e  w o r k . T h e current state  o f  affa irs is  n o t  y e t  c o m p le te ly  sa tisfactory , b e c a u se  the  

n o tio n  o f  c o m p o s it io n  that w e  require is  n o t d e fin ed  o n  g en era l la b e le d  tra n sition  s y s ­

te m s  b u t ju s t  o n  IO T S ’s. T es tin g  a g a in s t IO T S ’s is  in ferior , in  that th e se  m o d els  d o  n o t  

a llo w  th e  “in p u t u n d er sp e c ifica tio n ” d isc u sse d  ab ove: fo r  th at rea so n , te s t in g  a g a in s t 

a n  IO T S  ca n n o t tak e a d v a n ta g e  o f  in fo rm a tio n  a b o u t “ d o n ’t  care” inp u ts (e sse n tia lly , 

n o  te s t in g  is  req u ired  a fter  a  “ d o n ’t  care” inp u t, s in c e  b y  d e f in it io n  ev ery  b eh a v io r  is  

a llo w e d ) . W e in ten d  to  so lv e  th is  is s u e  b y  e x te n d in g  IO T S ’s w ith  a  p red ica te  th at id e n ­

t if ie s  o u r  a d d ed  ch a o tic  sta tes. T es tin g  ca n  sto p  w h e n  th e  sp e c if ic a t io n  h as rea ch ed  a  

ch a o tic  state.

A c k n o w le d g m e n ts .  W e w a n t to  th an k  D . L e e  an d  A . P etren k o  fo r  sh a rin g  th e ir  k n o w l ­

e d g e  o f  F S M  te s t in g  an d  fo r  th e ir  in s ig h tfu l d isc u ss io n s.
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