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A B S T R A C T  
A s p e c t o r ie n te d  p r o g r a m m in g  ( A O P ) , w h e n  u s e d  w e ll, h a s  m a n y  
a d v a n ta g e s . A s p e c ts  a r e  h o w e v e r , p r o g r a m m in g - tim e  c o n s tr u c ts , 
i.e ., th e y  r e la te  to  s o u r c e  c o d e . P r e v io u s ly , w e  d e v e lo p e d  a  to o l 
c a lle d  V E S T  th a t e x te n d e d  a s p e c ts  to  d e s ig n  tim e  fo r  e m b e d d e d  
s y s te m s .  T w o  ty p e s  o f d e s ig n  tim e  a s p e c ts  w e r e  id e n tifie d  w h ic h  
w e  la b e le d  a s p e c t c h e c k s  a n d  p r e s c r ip tiv e  a s p e c ts . I n  th e  o r ig in a l 
V E S T  to o l s e v e r a l k e y s  a s p e c t c h e c k s  a n d  a  s im p le  fo r m  o f 
p r e s c r ip tiv e  a s p e c ts  w e r e  im p le m e n te d . P r e s c r ip tiv e  a s p e c ts  a r e  
e x tr e m e ly  p o w e r fu l a n d  r e s u lt in  m a n y  d e s ig n  tim e  a d v a n ta g e s  
a n d  u s e s . T h is  p a p e r  e n h a n c e s  a n d  e x p lo its  th e  c o n c e p t o f 
p r e s c r ip tiv e  a s p e c ts  w e ll b e y o n d  its  o r ig in a l p u r p o s e  a n d  r e s u lts . 
A  n e w  p r e s c r ip tiv e  la n g u a g e  is  d e v e lo p e d  a n d  im p le m e n te d  in  
th e  V E S T  to o l. W e  a ls o  u s e  p r e s c r ip tiv e  a s p e c ts  in  a  c a s e  s tu d y  
fo r  a n  a v io n ic s  a p p lic a tio n  a n d  e v a lu a te  its  b e n e fits . T h e  r e s u lt is  
a  to o l w ith  s ig n ific a n t a n d  n e w  fe a tu r e s  fo r  b u ild in g  d is tr ib u te d  
r e a l- tim e  e m b e d d e d  s y s te m s . I t is  s h o w n  in  th e  c a s e  s tu d y  th a t 
d e s ig n  tim e  is  s h o r te n e d  b y  6 9 % . 
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D .3 .3  [ P r o g r a m m in g  L a n g u a g e s ] : L a n g u a g e  C o n s tr u c ts  a n d  
F e a tu r e s   
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1 . I N T R O D U C T I O N  
A s p e c ts  [ 1 2 ]  a r e  d e fin e d  a s  th o s e  is s u e s  th a t c a n n o t b e  c le a n ly  
e n c a p s u la te d  in  a  g e n e r a liz e d  p r o c e d u r e . F o r  e x a m p le , in  a  r e a l-
tim e  e m b e d d e d  s y s te m , c h a n g in g  th e  c o d e  in  o n e  c o m p o n e n t m a y  
a ffe c t th e  o v e r a ll e n d - to - e n d  r e s p o n s e  tim e  o f a n  a p p lic a tio n  ta s k . 
A s p e c ts , a s  d e fin e d  in  th e  lite r a tu r e , a r e  a t th e  p r o g r a m m in g  
la n g u a g e  le v e l. F o r  e x a m p le , A s p e c tJ  [ 1 2 ]  p r o v id e s  s y n ta x  th a t 
p e r m its  th e  s p e c ific a tio n  o f a s p e c ts  a n d  a  w e a v e r  th a t w e a v e s  th e  
c o d e  s p e c ifie d  in  th e  a s p e c t in to  th e  b a s e  J a v a  c o d e . I n  o u r  w o r k , 
a s  e m b o d ie d  in  th e  V E S T  to o l, w e  a p p ly  th e  c o n c e p t o f a s p e c ts  a s  
s u p p o r t fo r  c r o s s c u ttin g  d e p e n d e n c ie s  a t d e s ig n  tim e . T h is  r e s u lts  
in  la n g u a g e  in d e p e n d e n t a s p e c ts  w ith  m a n y  b e n e fits . W e  h a v e  
d is c o v e r e d  th a t th e r e  a r e , a t le a s t, tw o  ty p e s  o f la n g u a g e  
in d e p e n d e n t a s p e c ts . T h e  fir s t ty p e  w e  c a ll a s p e c t c h e c k s . A s p e c t 
c h e c k s  a d d r e s s  s p e c ific  c r o s s c u ttin g  d e p e n d e n c ie s , w h ic h  a r e  
s o m e tim e s  h id d e n  fr o m  d e s ig n e r s  o r  a r e  d iffic u lt to  a s s e s s . F o r  
e x a m p le , e n d - to - e n d  r e a l- tim e  s c h e d u lin g  is  o n e  ty p e  o f a s p e c t 
c h e c k .  T h e  s e c o n d  ty p e  o f a s p e c t w e  c a ll p r e s c r ip tiv e  a s p e c ts . I n  
p r e s c r ip tiv e  a s p e c ts , a  g e n e r a l s e t o f a d v ic e  is  w r itte n  a n d  a p p lie d  
to  th e  e n tir e  d e s ig n . N o te  th a t th is  a d v ic e  is  a p p lie d  to  th e  d e s ig n , 
n o t th e  s o u r c e  c o d e . T h e  a p p lic a tio n  o f th is  a d v ic e  c h a n g e s  th e  
r e fle c tiv e  in fo r m a tio n  a s s o c ia te d  w ith  th e  a ffe c te d  c o m p o n e n ts  
a n d  th e ir  in te r a c tio n s . P r e s c r ip tiv e  a s p e c ts , if d e e m e d  g e n e r a l 
e n o u g h , c a n  b e  r e ta in e d  in  a  p r e s c r ip tiv e  a s p e c t lib r a r y  fo r  u s e  in  
o th e r  s im ila r  p r o je c ts . C o m p a r e d  w ith  a s p e c t o r ie n te d  la n g u a g e s , 
la n g u a g e  in d e p e n d e n t a s p e c ts  r e d u c e  e r r o r s  in  th e  e a r ly  s ta g e s  o f 
s o ftw a r e  d e s ig n . 

T h is  p a p e r  b r ie fly  p r e s e n ts  a n  o v e r v ie w  o f V E S T  [ 2 6 ]  to  s e t th e  
c o n te x t o f th is  w o r k  ( S e c tio n  2 ) . S e c tio n  3  p r e s e n ts  th e  s ig n ific a n t 
b e n e fits  o f p r e s c r ip tiv e  a s p e c ts  in  tw o  m a jo r  a r e a s : fo r  s y s te m  
d e s ig n  m o d ific a tio n s  a n d  w h e n  u s e d  fo r  e x p e r t a d v ic e . S e c tio n  4  
d e s c r ib e s  th e  n e w  p r e s c r ip tiv e  a s p e c t la n g u a g e  ( V P A L )  th a t w a s  
im p le m e n te d  in  th e  V E S T  to o l. E v a lu a tio n s  o f th e  k e y  b e n e fits  o f 
p r e s c r ip tiv e  a s p e c ts  a r e  p e r fo r m e d  o n  a n  a v io n ic s  c a s e  s tu d y  
( S e c tio n  5 ) . T h e  r e s u lts  s h o w  th e  v a lu e  o f p r e s c r ip tiv e  a s p e c ts  
b o th  q u a lita tiv e ly  a n d  q u a n tita tiv e ly . S e c tio n  6  p r e s e n ts  th e  s ta te  
o f a r t in c lu d in g  c o m p a r is o n s  to  c o m p o n e n t- b a s e d  c o m p o s itio n  
to o ls , a s p e c t- b a s e d  to o ls  a n d  A s p e c tJ . S e c tio n  7  s u m m a r iz e s  th e  
m a in  r e s u lts . 

P e rm is s io n  to  m a k e  d ig ita l o r h a rd  c o p ie s  o f a ll o r  p a r t o f th is  w o rk  f o r  
p e r s o n a l o r c la s s ro o m  u s e  is  g r a n te d  w ith o u t fe e  p ro v id e d  th a t c o p ie s  a re  
n o t m a d e  o r  d is trib u te d  fo r p ro fit o r  c o m m e rc ia l a d v a n ta g e  a n d  th a t 
c o p ie s  b e a r  th is  n o tic e  a n d  th e  fu ll c ita tio n  o n  th e  fir s t p a g e . T o  c o p y  
o th e rw is e , o r  re p u b lis h , to  p o s t o n  s e r v e r s  o r  to  re d is tr ib u te  to  lis ts , 
re q u ir e s  p rio r s p e c if ic  p e r m is s io n  a n d /o r a  f e e . 
E M S O F T ’ 0 4 , S e p te m b e r 2 7 – 2 9 , 2 0 0 4 , P is a , Ita ly . 
C o p y rig h t 2 0 0 4  A C M  1 -5 8 1 1 3 -8 6 0 -1 /0 4 /0 0 0 9 ...$ 5 .0 0 . 



2 . O V E R V I E W  O F  V E S T  
B u ild in g  d is tr ib u te d  e m b e d d e d  s y s te m  s o ftw a r e  is  tim e -
c o n s u m in g  a n d  c o s tly . T h e  u s e  o f s o ftw a r e  c o m p o n e n ts  fo r  
c o n s tr u c tin g  a n d  ta ilo r in g  th e s e  s y s te m s  h a s  p r o m is e . W h a t a r e  
n e e d e d  a r e  to o ls  to  s u p p o r t p r o g r a m  c o m p o s itio n  a n d  a n a ly s is  o f 
c o m p o n e n t- b a s e d  e m b e d d e d  s y s te m s . I n  th e s e  s y s te m s  d e s ig n s  a r e  
in s ta n tia te d  la r g e ly  b y  c h o o s in g  p r e - w r itte n  c o m p o n e n ts  fr o m  
lib r a r ie s  r a th e r  th a n  b y  im p le m e n tin g  th e  d e s ig n  fr o m  s c r a tc h . O n e  
m a jo r  d iffic u lty  o f e m b e d d e d  s y s te m  c o m p o s itio n  is  th e  
c r o s s c u ttin g  d e p e n d e n c ie s  a m o n g  c o m p o n e n ts  th a t a r e  o fte n  
h id d e n  fr o m  th e  c o m p o s e r s . C o m p o s itio n  to o ls  s h o u ld  s u p p o r t 
d e p e n d e n c y  c h e c k s  a c r o s s  c o m p o n e n ts  b o u n d a r ie s  a n d  e x p o s e  
p o te n tia l c o m p o s itio n  e r r o r s  d u e  to  th e  c r o s s c u ttin g  d e p e n d e n c ie s .  

V E S T  p r o v id e s  a n  e n v ir o n m e n t fo r  c o n s tr u c tin g  a n d  a n a ly z in g  
c o m p o n e n t- b a s e d  d is tr ib u te d  r e a l- tim e  e m b e d d e d  s y s te m s . V E S T  
h e lp s  d e s ig n e r s  s e le c t o r  c r e a te  p a s s iv e  s o ftw a r e  c o m p o n e n ts , 
c o m p o s e  th e m  in to  a  p r o d u c t, m a p  th e  p a s s iv e  c o m p o n e n ts  o n to  
a c tiv e  s tr u c tu r e s  s u c h  a s  th r e a d s , m a p  th r e a d s  o n to  s p e c ific  
h a r d w a r e , a n d  p e r fo r m  d e p e n d e n c y  c h e c k s  a n d  n o n - fu n c tio n a l 
a n a ly s e s  to  o ffe r  a s  m a n y  g u a r a n te e s  a s  p o s s ib le  a lo n g  m a n y  
d im e n s io n s  in c lu d in g  r e a l- tim e  p e r fo r m a n c e . D is tr ib u te d  
e m b e d d e d  s y s te m s  is s u e s  a r e  e x p lic itly  a d d r e s s e d  v ia  th e  m a p p in g  
o f c o m p o n e n ts  to  a c tiv e  th r e a d s  a n d  to  h a r d w a r e , th e  a b ility  to  
in c lu d e  m id d le w a r e  a s  c o m p o n e n ts , a n d  th e  s p e c ific a tio n  o f a  
n e tw o r k  a n d  d is tr ib u te d  n o d e s .  

T h e  V E S T  e n v ir o n m e n t is  c o m p o s e d  o f v a r io u s  d o m a in  s p e c ific  
c o m p o n e n t lib r a r ie s , a  p r e s c r ip tiv e  a s p e c t la n g u a g e  a n d  lib r a r y , a n  
e x te n s ib le  s e t o f a s p e c t c h e c k s , a n d  a  G U I - b a s e d  e n v ir o n m e n t 
( s h o w n  in  F ig u r e  1 )  fo r  c o m p o s in g  a n d  a n a ly z in g  e m b e d d e d  
p r o d u c ts . V E S T  h a s  b e e n  fu lly  im p le m e n te d  a n d  d e liv e r e d  to  th e  
B o e in g  c o r p o r a tio n  fo r  fu r th e r  te s t a n d  e v a lu a tio n . 

 

F ig u r e  1  

2 .1 .1  C o m p o n e n t L ib r a r ie s   
B e c a u s e  V E S T  s u p p o r ts  r e a l- tim e  d is tr ib u te d  e m b e d d e d  s y s te m s , 
th e  V E S T  c o m p o n e n t lib r a r ie s  c o n ta in  b o th  s o ftw a r e  a n d  
d e s c r ip tio n s  o f h a r d w a r e  c o m p o n e n ts  a n d  n e tw o r k s . S e ts  o f 
r e fle c tiv e  in fo r m a tio n  e x is t fo r  e a c h  o f th e s e  c o m p o n e n t ty p e s . 
T h e  r e fle c tiv e  in fo r m a tio n  o f a  c o m p o n e n t in c lu d e s  its  in te r fa c e , 
r e q u ir e m e n ts  s u c h  a s  s e c u r ity , lin k in g  in fo r m a tio n , lo c a tio n  o f 
s o u r c e  c o d e , w o r s t- c a s e  e x e c u tio n  tim e , m e m o r y  fo o tp r in t, a n d  

o th e r  r e fle c tiv e  in fo r m a tio n  n e e d e d  to  a n a ly z e  c r o s s c u ttin g  
d e p e n d e n c ie s . T h e  e x te n t o f th e  r e fle c tiv e  in fo r m a tio n  is  o n e  o f 
th e  k e y  fe a tu r e s  th a t d is tin g u is h  V E S T  fr o m  o th e r  to o ls . T o  
s u p p o r t th e  w h o le  d e s ig n  p r o c e s s  o f e m b e d d e d  s y s te m s , V E S T  
im p le m e n ts  fo u r  d o m a in  s p e c ific  c o m p o n e n t lib r a r ie s : th e  
a p p lic a tio n  lib r a r y , m id d le w a r e  lib r a r y , O S  lib r a r y  a n d  a  h a r d w a r e  
lib r a r y .   

2 .1 .2  P r e s c r ip tiv e  A s p e c ts  L a n g u a g e  a n d  L ib r a r y  
P r e s c r ip tiv e  a s p e c ts  ( w r itte n  in  V P A L )  a r e  r e u s a b le  p r o g r a m m in g  
la n g u a g e  in d e p e n d e n t a d v ic e  th a t m a y  b e  a p p lie d  to  a  d e s ig n . F o r  
e x a m p le , a  d e s ig n e r  c a n  in v o k e  a  s e t o f p r e s c r ip tiv e  a s p e c ts  in  th e  
lib r a r y  to  a d d  a  c e r ta in  s e c u r ity  m e c h a n is m  e n  m a s s e  to  a n  
a v io n ic s  p r o d u c t.  

2 .1 .3  A s p e c t C h e c k s  
V E S T  im p le m e n ts  b o th  a  s e t o f s im p le  in tr a -  a n d  in te r - c o m p o n e n t 
a s p e c t c h e c k s  th a t c r o s s c u t c o m p o n e n t b o u n d a r ie s . A  d e s ig n e r  c a n  
a p p ly  th e s e  c h e c k s  to  a  s y s te m  d e s ig n  to  d is c o v e r  e r r o r s  c a u s e d  b y  
d e p e n d e n c ie s  a m o n g  c o m p o n e n ts . O n e  a s p e c t c h e c k  in  V E S T  is  
th e  r e a l- tim e  s c h e d u la b ility  a n a ly s is  fo r  b o th  s in g le - n o d e  a n d  
d is tr ib u te d  e m b e d d e d  s y s te m s . S e e  [ 2 6 ]  fo r  o th e r  a s p e c t c h e c k s .  

2 .1 .4  G U I  C o m p o s itio n  E n v ir o n m e n t 
 V E S T  p r o v id e s  a  G U I - b a s e d  e n v ir o n m e n t th a t le ts  d e s ig n e r s  
c o m p o s e  d is tr ib u te d  e m b e d d e d  s y s te m s  fr o m  c o m p o n e n ts , 
p e r fo r m  d e p e n d e n c y  c h e c k s , a n d  in v o k e  p r e s c r ip tiv e  a s p e c ts  o n  a  
d e s ig n . F o r  m o r e  d e ta ils  o n  V E S T  a n d  its  G U I  w h ic h  is  b a s e d  o n  
G M E  [ 1 4 ] , s e e  [ 2 6 ] . 

3 . P R E S C R I P T I V E  A S P E C T S  
T h e  in itia l id e a  fo r  p r e s c r ip tiv e  a s p e c ts  w a s  p r e s e n te d  in  [ 2 6 ] . 
H o w e v e r , o n ly  a  b r ie f d e s c r ip tio n  w a s  g iv e n  a n d  lim ite d  
e v a lu a tio n  o f th e  c o n c e p t w a s  p r e s e n te d . T h is  p a p e r  e x p a n d s  th e  
p r e s c r ip tiv e  a s p e c t c o n c e p t, d is c u s s e s  im p o r ta n t im p lic a tio n s  o f 
p r e s c r ip tiv e  a s p e c ts , p r e s e n ts  a  n e w  V P A L  la n g u a g e , a n d  
e v a lu a te s  p r e s c r ip tiv e  a s p e c ts  o n  a n  a v io n ic s  c a s e  s tu d y . 

P r e s c r ip tiv e  a s p e c ts  h a v e  tw o  m a jo r  r o le s : a s  a  s y s te m  d e s ig n  
m o d ific a tio n  to o l, a n d  a s  a n  a p p lic a tio n  o f e x p e r t a d v ic e  o b ta in e d  
o n  p r e v io u s  d o m a in  s p e c ific  im p le m e n ta tio n s . I n  th is  s e c tio n  w e  
c o n s id e r  e a c h  o f th e s e  in  tu r n . W e  th e n  d is c u s s  th e  c o n c e p t o f 
h ie r a r c h ie s  o f p r e s c r ip tiv e  a s p e c ts  w h ic h  a r e  u s e fu l fo r  b o th  ty p e s  
o f p r e s c r ip tiv e  a s p e c ts . 

3 .1  S y s te m  D e s ig n  M o d if ic a t io n s  
P r e s c r ip tiv e  a s p e c ts  a r e  a d v ic e  th a t m a y  b e  a p p lie d  to  a  b a s ic  
fu n c tio n a l d e s ig n . T h is  e n c o u r a g e s  a  d e s ig n e r  to  d e s ig n  in  a  
fu n c tio n a l m a n n e r  a n d  th e n  c o n s id e r  th e  n o n - fu n c tio n a l a s p e c ts . 
T h is  s e p a r a tio n  o f c o n c e r n s  m a k e s  d e s ig n  e a s ie r . F o r  e x a m p le , a  
d e s ig n e r  m ig h t c r e a te  th e  fu n c tio n a l m o d u le s  fo r  n a v ig a tio n  o f a n  
a ir c r a ft a n d  th e n  a p p ly  a d v ic e  to  s u p p o r t r e a l- tim e  p e r fo r m a n c e  
a n d  s e c u r ity . O v e r a ll, p r e s c r ip tiv e  a s p e c ts  s u p p o r t a  w id e s p r e a d  
g lo b a l c h a n g e  in  th e  d e s ig n  in  a  c o m p le te  a n d  c o n s is te n t m a n n e r  
b y  s im p ly  d e fin in g  n e w  a d v ic e  o r  u s in g  p r e - d e c la r e d  a d v ic e  a n d  
a p p ly in g  it to  y o u r  d e s ig n . T h is  p r e v e n ts  b u g s  w h e r e  ( w ith o u t th is  
s u p p o r t)  th e  c h a n g e s  r e q u ir e d  a r e  o n ly  m a d e  in  s o m e  o f th e  
r e q u is ite  p la c e s . A ls o  im p lie d  b y  th is  a d v a n ta g e  is  th a t r e - a p p ly in g  
d iffe r e n t a d v ic e  c a n  b e  d o n e  s im p ly  a n d  a s p e c t c h e c k s  a n d  



s c h e d u la b ility  a n a ly s is  c a n  b e  r e - r u n  a u to m a tic a lly . T h is  fa c ilita te s  
lo o k in g  a t m u ltip le  c o m p e tin g  d e s ig n  o p tio n s , th e r e b y  r e s u ltin g  in  
m o r e  e ffe c tiv e  fin a l d e s ig n s . 

T o  c h a n g e  th e  s y s te m  d e s ig n , p r e s c r ip tiv e  a s p e c ts  c a n  a d ju s t 
p r o p e r tie s  in  th e  r e fle c tiv e  in fo r m a tio n  ( e .g ., c h a n g e  th e  p r io r itie s  
o f a  ta s k  o r  th e  r e p lic a tio n  le v e ls  o f a  s o ftw a r e  c o m p o n e n t) . I t c a n  
a ls o  a d d /d e le te  c o m p o n e n ts  o r  in te r a c tio n s  b e tw e e n  c o m p o n e n ts . 
W h e n  th e  p r o p e r tie s  o f a  c o m p o n e n t a r e  c h a n g e d , th e  a s s o c ia te d  
c o d e  o f th is  c o m p o n e n t is  m a r k e d  a s  in c o n s is te n t u n til it is  
c h a n g e d  to  m a tc h  th e  d e s ig n . 

T o  b e tte r  u n d e r s ta n d  th e  q u a lita tiv e  b e n e fits  o f p r e s c r ip tiv e  
a s p e c ts  c o n s id e r  th e  fo llo w in g  e x a m p le s  w h ic h  a r e  e a s y  to  
im p le m e n t w ith  p r e s c r ip tiv e  a s p e c ts .  A fte r  d e s ig n in g  th e  b a s ic  
s y s te m , o n e  s te p  to w a r d s  a c h ie v in g  fa u lt to le r a n c e  c a n  b e  
a d d r e s s e d  b y  a  p r e s c r ip tiv e  a s p e c t th a t m a k e s  2  c o p ie s  o f a ll d a ta  
o f ty p e  w a y p o in t_ d a ta  a n d  a s s ig n s  th o s e  c o p ie s  to  d iffe r e n t 
p r o c e s s o r s . A  d e s ig n e r  m ig h t a ls o  w a n t a ll d a ta  o f ty p e  
p ilo t_ a c tio n s  to  b e  lo g g e d . I n  a d d itio n , it is  e a s y  to  s p e c ify  th a t a ll 
d a ta  o f ty p e  Y  (n o  m a tte r  w h e r e  it is  in  th e  s y s te m )  s h o u ld  b e  
e n c r y p te d  w ith  a  p a r tic u la r  e n c r y p tio n  s c h e m e . M a n y  o th e r  
e x a m p le s  c a n  b e  g iv e n  fo r  n o n - fu n c tio n a l c a te g o r ie s  o f 
m o d ific a tio n s  r e la tin g  to  s e c u r ity , p e r s is te n c e , lo c k in g , r e a l- tim e  
a n d  r e lia b ility . 

N o r m a lly , p r e s c r ip tiv e  a s p e c ts  a r e  u s e d  to  m o d ify  th e  b a s ic  
d e s ig n . H o w e v e r , s in c e  th e  p r e s c r ip tiv e  a s p e c t la n g u a g e  h a s  a  
c r e a te  s ta te m e n t, p r e s c r ip tiv e  a s p e c ts  c a n , b y  th e m s e lv e s , 
im p le m e n t th e  e n tir e  b a s ic  d e s ig n  p lu s  c h a n g e s  to  it. W h ile  w e  
h a v e  n o t y e t in v e s tig a te d  th is  fe a tu r e  in  d e ta il, b u ild in g  a  s y s te m  
th is  w a y  w o u ld  b e  v e r y  fle x ib le  s in c e  e v e n  th e  b a s ic  d e s ig n  w o u ld  
b e  e a s ily  r e - d o n e .  W ith  th is  fe a tu r e  it is  a ls o  p o s s ib le  to  c o n s tr u c t 
a  s u b s y s te m  o r  in fr a s tr u c tu r e  w ith  th e  p r e s c r ip tiv e  a s p e c t la n g u a g e  
a n d  th e n  im p o r t th a t s u b s y s te m  o r  in fr a s tr u c tu r e .  F o r  e x a m p le , 
th e  d e s ig n  o f a n  O S  fo r  a  s e t to p  b o x  c a n  b e  d e s ig n e d  u s in g  
p r e s c r ip tiv e  a s p e c ts , th e n  th a t O S  in fr a s tr u c tu r e  c o u ld  b e  a d d e d  to  
a  p r o d u c t s im p ly  b y  e x e c u tin g  th e  p r e s c r ip tiv e  a s p e c t.  

3 .2  E x p e r t  A d v ic e  
W h e n  a d v ic e  is  d e e m e d  im p o r ta n t a n d  p o te n tia lly  u s a b le  o n  m o r e  
th a n  o n e  p r o je c t, th e n  th a t a d v ic e  c a n  b e  g e n e r a liz e d  a n d  p la c e d  in  
a  g lo b a l ( fo r  a  g iv e n  a p p lic a tio n  d o m a in , e .g ., a v io n ic s )  
p r e s c r ip tiv e  a s p e c t lib r a r y . V E S T  s u p p o r ts  r e u s in g  s u c h  
p r e s c r ip tiv e  a s p e c ts  b y  o r g a n iz in g  th e m  in to  a  p r e s c r ip tiv e  a s p e c t 
lib r a r y . P r e s c r ip tiv e  a s p e c ts  a r e  n o t p e r m itte d  in to  th e  p r e s c r ip tiv e  
a s p e c t lib r a r y  u n le s s  th e y  m e e t w ith  th e  a p p r o v a l o f th e  lib r a r y  
a d m in is tr a to r . T h e  r e q u ir e m e n ts  in c lu d e  th a t th e y  a r e  s u ffic ie n tly  
g e n e r a l, c a n  b e  p a r a m e te r iz e d , in c lu d e  a  c o m p le te  E n g lis h  
d e s c r ip tio n , m e a n in g fu l c o n s tr a in ts  s p e c ifie d , a n d  th e y  r e la te  to  
n o n - fu n c tio n a l p r o p e r tie s . 

O n e  w a y  to  u s e  th e  e x p e r t a d v ic e  is  a s  a  c o lle c tio n  o f id e a s  fr o m  
p r e v io u s  p r o je c ts  th a t m ig h t b e  a p p lic a b le . F o r  e x a m p le , a  
d e s ig n e r  c a n  w a lk  th r o u g h  a ll th e  lib r a r y  a d v ic e  a n d  d e te r m in e  if 
th e y  a r e  a p p r o p r ia te . A fte r  d e s ig n in g  a  fu n c tio n a l a v io n ic s  p r o d u c t 
a  d e s ig n e r  m a y  b r o w s e  th r o u g h  th e s e  e x p e r t p r e s c r ip tiv e  a s p e c ts  
fo r  s e c u r ity , r e a l- tim e  p e r fo r m a n c e , fa u lt to le r a n c e , a n d  
p e r s is te n c e .  F o r  e a c h  c a te g o r y  th e y  c a n  d e te r m in e  if a n y  o f th e  
a d v ic e  s h o u ld  b e  a p p lie d  d ir e c tly  o r  th a t th e y  n e e d  to  c r e a te  
s im ila r  a d v ic e  fo r  th e ir  p a r tic u la r  p r o je c t. T h is  b r o w s in g  c a n  a id  in  

p r o d u c in g  a  m o r e  c o m p le te  a n d  ta ilo r e d  d e s ig n  a n d  w h e n  s p e c ific  
a d v ic e  is  a lr e a d y  in  th e  lib r a r y  it is  e a s y  to  a p p ly .  

A ls o , a d v ic e  c a n  b e  g r o u p e d  in  s u c h  a  w a y  to  s u p p o r t 
im p le m e n tin g  a  w id e  r e a c h in g  c o n c e p t, s u c h  a s  im p r o v e d  
c o m p u te r  s e c u r ity . F o r  e x a m p le , fo r  g e n e r a l s e c u r ity  a d v ic e  th e r e  
m ig h t e x is t a  g r o u p  o f p r e s c r ip tiv e  a s p e c ts  th a t r e la te  to  d e n ia l o f 
s e r v ic e , e n c r y p tio n , a n d  a u th e n tic a tio n . A p p ly in g  th e  h ig h  le v e l 
a d v ic e , a p p lie s  th e  e n tir e  g r o u p . 

3 .3  H ie r a r c h ie s  o f  A d v ic e  
R e g a r d le s s  o f h o w  p r e s c r ip tiv e  a s p e c ts  a r e  a d d e d  to  a  d e s ig n  th e r e  
c a n  b e  a  n e e d  fo r  h ie r a r c h ie s  o f a d v ic e . I n  s o m e  c a s e s  it m a y  b e  
n e c e s s a r y  to  a p p ly  to  a  d e s ig n  a  s e t o f s e e m in g ly  “ u n r e la te d ”  
a s p e c ts  in  s o m e  o r d e r . T o  s u p p o r t th is  fe a tu r e , th e  d e s ig n e r  h a s  
th e  c a p a b ility  to  d e s c r ib e  p r e c e d e n c e  c o n s tr a in ts  a m o n g  th e  
a s p e c ts . M o r e  im p o r ta n tly , th e  s a m e  m e c h a n is m s  c a n  b e  a p p lie d  
to  c r e a te  a  “ r e la te d ”  s e t o f c h a n g e s  to  e ffe c t a  g lo b a l c h a n g e  to  th e  
s y s te m  ( a s  d e s c r ib e d  a b o v e  fo r  th e  s e c u r ity  e x a m p le ) . I n  o r d e r  to  
m a k e  h ig h  le v e l c h a n g e s  to  a  d e s ig n  ( e .g ., in  r e g a r d  to  s e c u r ity , 
fa u lt to le r a n c e , r e lia b ility , a n d  p e r fo r m a n c e )  it is  u s u a lly  n e c e s s a r y  
to  m a k e  a  s e t o f “ r e la te d ”  a n d  m o r e  s p e c ific  c h a n g e s . F o r  
e x a m p le , th e r e  c a n  b e  a  g r o u p  o f a d v ic e  in  th e  p r e s c r ip tiv e  lib r a r y  
th a t s u p p o r ts  a  s e c u r e  a v io n ic s  s y s te m . T h is  a d v ic e  m a y  
e n c o m p a s s  a  c o lle c tio n  o f c h a n g e s  th a t in c lu d e s  e n c r y p tin g  c e r ta in  
ty p e s  o f c o m m u n ic a tio n , a d d in g  in tr u s io n  d e te c tio n  c h a n g e s , 
a d d in g  m o d ific a tio n s  th a t p r e v e n t o r  m in im iz e  d e n ia l o f s e r v ic e . 
T h e  m e c h a n is m s  in  V E S T  s u p p o r t th is  ty p e  o f d e s ig n  w h e r e  th e  
r o o t o f th e  h ie r a r c h y  c a n  im p ly  c h a n g e s  n e e d e d  fo r  s e c u r ity , a n d  
th e  r e s t o f th e  tr e e  c o n ta in s  th e  s p e c ific  m o d ific a tio n s  r e q u ir e d .  

4 . V E S T  P R E S C R I P T I V E  A S P E C T  
L A N G U A G E  

4 .1  D e s ig n  P h ilo s o p h y  
V P A L  e n a b le s  u s e r s  o f V E S T  to  s p e c ify  th e ir  p r e s c r ip tiv e  a s p e c ts . 
T h e  s y n ta x  o f V P A L  is  s p e c ific  to  th e  V E S T  e n titie s  th a t s p e c ify  
c o m p o n e n ts , th e ir  a ttr ib u te s , a n d  in te r a c tio n s  b e tw e e n  
c o m p o n e n ts . E a s e - o f- u s e  a n d  m o d ific a tio n  p o w e r  a r e  th e  d r iv in g  
fo r c e s  b e h in d  V P A L ’ s  d e s ig n . V P A L  a llo w s  th e  s p e c ific a tio n  o f 
m o d ific a tio n s  u s in g  a  s im p le  y e t p o w e r fu l s y n ta x . C o n s e q u e n tly , 
V P A L  is  a  la n g u a g e  w ith  n o  d a ta  ty p e  d e c la r a tio n s , p r o c e d u r e s , 
c o n tr o l flo w , lo o p s  a n d  c la s s e s . V P A L ’ s  s y n ta x  c o n s is ts  o f ju s t 
fo u r  k e y  s ta te m e n ts . I t w o u ld  ta k e  a  fe w  m in u te s  fo r  a  n o v ic e  
p r o g r a m m e r  to  u n d e r s ta n d  V P A L  a n d  b e  a b le  to  w r ite  p r e s c r ip tiv e  
a s p e c ts . T h e  p o w e r  o f V P A L ’ s  s y n ta x  c a n  o n ly  b e  fu lly  r e a liz e d  
th r o u g h  its  u s e . T h e  e v a lu a tio n  s e c tio n  p r e s e n ts  c o n c r e te  e x a m p le s  
o f th e  tim e  s a v e d  b y  d e s ig n e r s  u s in g  p r e s c r ip tiv e  a s p e c ts  w r itte n  
in  V P A L . 

V P A L  is  s im ila r  to  S Q L  e x c e p t th a t th e  d a ta  s e t b e in g  o p e r a te d  o n  
is  s e ts  o f c o m p o n e n ts  r a th e r  th a n  s e ts  o f r o w s  fr o m  a  ta b le . I t is  
n o t a  p r o c e d u r a l, fu n c tio n a l, o b je c t- o r ie n te d  o r  e v e n  a s p e c t-
o r ie n te d  p r o g r a m m in g  la n g u a g e . I t is  in te n d e d  to  b e  s p e c ific a lly  
u s e d  in  th e  V E S T  to o l fo r  e a s ily  c r e a tin g  p r e s c r ip tiv e  a s p e c ts .  

4 .2  S e p a r a tio n  o f  C o n c e r n s  
A s  m e n tio n e d  e a r lie r , p r e s c r ip tiv e  a s p e c ts  c h a n g e  a  d e s ig n  b y  
a d ju s tin g  p r o p e r tie s  in  th e  r e fle c tiv e  in fo r m a tio n  o f c o m p o n e n ts  
a n d /o r  b y  a d d in g /r e m o v in g  c o m p o n e n ts  fr o m  th e  d e s ig n . V P A L  



e x p lic itly  s e p a r a te s  th e  c o n c e r n s  o f c o lle c tio n , o p e r a tio n , a d d itio n  
a n d  r e m o v a l o f c o m p o n e n ts . F o u r  k e y  s ta te m e n ts  in  th e  la n g u a g e , 
G e t, S e t, C r e a te  a n d  D e le te  e n a b le  th is  s e p a r a tio n  o f c o n c e r n s . 
E a c h  o f th e s e  c o n c e r n s  p la y s  a n  im p o r ta n t r o le  in  fu lfillin g  th e  
o b je c tiv e  o f p r e s c r ip tiv e  a s p e c ts  a n d  th e y  a r e  d e s c r ib e d  in  d e ta il 
b e lo w . T h e  fu ll B N F  s p e c ific a tio n  o f th e  V P A L  s y n ta x  is  
a v a ila b le  in  [ 2 7 ] . 

4 .1 .1  C o lle c tio n  
A  C o lle c tio n  is  d e fin e d  a s  a  s e t o f c o m p o n e n ts  fr o m  a  s y s te m  
d e s ig n . A  c o lle c tio n  e n a b le s  a  d e s ig n e r  to  r e p r e s e n t a  c r o s s  s e c tio n  
o f th e  d e s ig n  b a s e d  o n  th e  p r o p e r tie s  o f c o m p o n e n ts  o r  th e  
r e la tio n s h ip s  b e tw e e n  th e m . T h is  is  e s s e n tia lly  th e  v a lu e  o f 
c o lle c tio n  a s  it e n a b le s  a  d e s ig n e r  to  q u ic k ly  a n d  e a s ily  id e n tify  
c o m p o n e n ts  to  b e  m o d ifie d  w h ic h  w o u ld  h a v e  o th e r w is e  ta k e n  
m u c h  m a n u a l s e a r c h  tim e . T h e  G e t s ta te m e n t in  V P A L  
im p le m e n ts  th is  fe a tu r e . I t a s s ig n s  th e  c o lle c tio n  to  a  v a r ia b le  fo r  
la te r  u s e . F o r  e x a m p le , th e  G E T  s ta te m e n t 

GET SWComps = (CT == SoftwareComponent); 

fin d s  a ll c o m p o n e n ts  w h o s e  c o m p o n e n t ty p e  ( C T )  is  
“ S o ftw a r e C o m p o n e n t”  in  th e  d e s ig n  a n d  a s s ig n s  th is  s e t to  a  
v a r ia b le  c a lle d  “ S W C o m p s ” . T h e  r ig h t s id e  o f th e  s ta te m e n t 
s p e c ifie s  th e  s e a r c h  c r ite r ia . I n  th is  c a s e , w e  u s e d  th e  c o m p o n e n t 
p r o p e r ty  o f ty p e  a s  o u r  s e a r c h  c r ite r ia , b u t in  g e n e r a l, it c a n  b e  a n y  
c o m p o n e n t p r o p e r ty  s u c h  a s  ty p e , n a m e  o r  a n y  o f th e  e x te n s iv e  
lis t o f a ttr ib u te  v a lu e s  fo u n d  in  th e  r e fle c tiv e  in fo r m a tio n  o f a  
c o m p o n e n t. S e a r c h  c r ite r ia  c a n  a ls o  b e  c o m b in e d  in to  c o m p o u n d  
s ta te m e n ts  w ith  b o o le a n  o p e r a tio n s  A N D , O R  a n d  N O T .  

4 .1 .2  O p e r a tio n  
A n  O p e r a tio n  in v o lv e s  c h a n g in g  a  d e s ig n  o n  p r e v io u s ly  g a th e r e d  
c o lle c tio n s . A n  o p e r a tio n  e n a b le s  th e  w e a v in g  o f u s e r - d e fin e d  
c h a n g e s  in to  a  d e s ig n . O p e r a tio n s  o n  c o lle c tio n s  a r e  p e r fo r m e d  
w ith  th e  S e t  s ta te m e n t th a t a d ju s ts  th e  p r o p e r tie s  in  th e  r e fle c tiv e  
in fo r m a tio n  o f th e  c o lle c tio n . F o r  e x a m p le , th e  S E T  s ta te m e n t 

SET SWComps.(PN = MemoryNeeded, PV = 0); 

in itia liz e s  th e  p r o p e r ty  ( a ttr ib u te )  n a m e  ( P N )  “ M e m o r y N e e d e d ”  o f 
a ll c o m p o n e n ts  in  th e  “ S W C o m p s ”  c o lle c tio n  to  a  p r o p e r ty  v a lu e  
( P V )  o f z e r o . 

4 .1 .3  A d d itio n  a n d  D e le tio n  
A d d itio n  a n d  r e m o v a l o f c o m p o n e n ts  a r e  s e lf- e x p la n a to r y . T h e s e  
c o m m a n d s  e n a b le  u s e r s  to  w e a v e  c h a n g e s  in to  a  d e s ig n . A d d itio n  
o f c o m p o n e n ts  c o u ld  a ls o  p o te n tia lly  b e  u s e d  to  c r e a te  la r g e  
d e s ig n s  fr o m  s c r a tc h . T h e  C r e a te  s ta te m e n t in  V P A L  a d d s  a  s e t o f 
c o m p o n e n ts  to  th e  d e s ig n  a n d  a s s ig n s  th is  s e t to  a  v a r ia b le  fo r  
la te r  u s e . F o r  e x a m p le , th e  C R E A T E  s ta te m e n t 

CREATE DispComp = ($SW, Software,  
 CT = SoftwareComponent,  
 CN = MyDisplayComponent); 

c r e a te s  a  s o ftw a r e  c o m p o n e n t in  th e  p a r e n t m o d e l c a lle d  
“ S o ftw a r e ”  in  th e  s o ftw a r e  fo ld e r  ( $ S W )  w ith  a  c o m p o n e n t n a m e  
( C N )  o f “ M y D is p la y C o m p o n e n t”  a n d  a s s ig n s  it to  v a r ia b le  
“ D is p C o m p ” . 

T h e  D e le te  s ta te m e n t r e m o v e s  p r e v io u s ly  d e fin e d  c o lle c tio n s  fr o m  
th e  d e s ig n . F o r  e x a m p le , th e  D E L E T E  s ta te m e n t 

DELETE DispComp; 

d e le te s  fr o m  th e  d e s ig n  th e  c o m p o n e n ts  d e fin e d  in  th e  
“ D is p C o m p ”  c o lle c tio n . 

4 .3  M u lt i-lin e  S e m a n t ic s  
V P A L  s u p p o r ts  m u lti- lin e  s e m a n tic s . T h is  m e a n s  th a t e a c h  
p r e s c r ip tiv e  a s p e c t c a n  c o n ta in  m u ltip le  lin e s  o f in s tr u c tio n s . E a c h  
in s tr u c tio n  is  o n e  o f th e  fo u r  s ta te m e n ts  th a t w e r e  d e s c r ib e d  
a b o v e . T h e  m u lti- lin e  s e m a n tic s  o f V P A L  a llo w s  a  u s e r  to  d e fin e  
a n d  o p e r a te  o n  m u ltip le  c o lle c tio n s  w ith in  th e  s a m e  p r e s c r ip tiv e  
a s p e c t.  

F o r  e x a m p le , s u p p o s e  w e  w a n te d  to  a p p ly  th e  fo llo w in g  
p r e s c r ip tiv e  a s p e c t to  a  d is tr ib u te d  a v io n ic s  s y s te m  b e in g  d e s ig n e d  
in  V E S T : 

D o u b le  th e  m e m o r y  n e e d e d  fo r  a ll d e v ic e  s o ftw a r e  c o m p o n e n ts  
-  a n d  -  

c h a n g e  a ll d is p la y  s o ftw a r e  c o m p o n e n ts  to  u s e  d o u b le  b u ffe r in g  

U s in g  th e  m u lti- lin e  s e m a n tic s  o f V P A L , w e  c o u ld  s p e c ify  th is  
p r e s c r ip tiv e  a s p e c t a s  

[1]  GET SwComp = (CT == SoftwareComponent); 
[2]  GET DevComp = SWComp.( 
  PN == componentType,  

PV == BM__DEVICE_COMPONENT);  
[3]  GET DispComp = SWComp.( 
  PN == componentType,  

PV == BM__DISPLAY_COMPONENT); 
[4]  SET DevComp.(PN == MemoryNeeded,  
  PV = PV * 2); 
[5]  SET DispComp.(PN == DoubleBuffered,  
  PV = 1); 

T h is  p r e s c r ip tiv e  a s p e c t c o n ta in s  tw o  d iffe r e n t c r o s s - s e c tio n s  o f 
th e  d e s ig n  o f in te r e s t to  th e  d e s ig n e r . O n e  c o n ta in s  a ll d e v ic e  
c o m p o n e n ts  ( lin e  2 )  a n d  th e  o th e r  c o n ta in s  a ll d is p la y  c o m p o n e n ts  
( lin e  3 ) . T h e  d e s ig n e r  th e n  m o d ifie s  e a c h  s e t a c c o r d in g  to  th e  
c h a n g e  d e s ir e d  ( lin e s  4  a n d  5 ) . 

W h ile  V P A L  is  s im p le , th e  d o w n s id e  o f s im p lic ity  is  th a t th e  
e x p r e s s iv e  p o w e r  o f th e  la n g u a g e  is  lim ite d  s o m e tim e s  r e s u ltin g  in  
r e d u n d a n t c o d e . F o r  e x a m p le , c o n s id e r  a  d e s ig n  w ith  a  la r g e  
n u m b e r  o f s o ftw a r e  c o m p o n e n ts  th a t a r e  s u b - c la s s ifie d  in to  m a n y  
s o ftw a r e  c o m p o n e n t ty p e s . S u p p o s e  w e  w a n te d  to  w r ite  a  
p r e s c r ip tiv e  a s p e c t to  in itia liz e  s e v e r a l o f th e  a ttr ib u te s  o f th e s e  
s o ftw a r e  c o m p o n e n ts  to  d iffe r e n t v a lu e s  b y  ty p e . T h e  c o d e  w o u ld  
c o n ta in  r e d u n d a n c y  fo r  a  d e s ig n  w ith  a  la r g e  n u m b e r  o f s o ftw a r e  
c o m p o n e n t ty p e s . T h is  r e d u n d a n c y  c o u ld  b e  e lim in a te d  w ith  lo o p s  
in  V P A L . V P A L  c a n  b e  e x te n d e d  to  a llo w  lo o p s  a n d  o th e r  
p r o g r a m m in g  la n g u a g e  c o n c e p ts  s u c h  a s  c o n tr o l flo w , p r o c e d u r e s , 
in h e r ita n c e , o v e r r id in g , a n d  s o  o n  b u t w e  h a v e  n o t fo u n d  it 
n e c e s s a r y  fo r  e m b e d d e d  s y s te m s  o f s m a ll o r  m o d e r a te  s iz e .  

5 . C A S E  S T U D Y  
I n  th is  s e c tio n , w e  d e m o n s tr a te  th e  b e n e fits  o f p r e s c r ip tiv e  a s p e c ts  
th r o u g h  a  c a s e  s tu d y . W e  a p p ly  p r e s c r ip tiv e  a s p e c ts  to  th e  d e s ig n  
o f a n  a v io n ic s  s y s te m , w h ic h  is  b a s e d  o n  th e  B o e in g  B o ld  S tr o k e  
p la tfo r m . W e  s h o w  h o w  p r e s c r ip tiv e  a s p e c ts  s u p p o r t s y s te m  
m o d ific a tio n , p r o v id e  e x p e r t a d v ic e , a n d  s a v e  6 9 %  o f d e s ig n  tim e .  



T h e  b a s e lin e  to o ls e t fo r  c o m p a r is o n  in c lu d e s  R a tio n a l R o s e  [ 1 9 ]  
a n d  Q u a n tify  w h ic h  a r e  b o th  c u r r e n tly  u s e d  in  B o e in g ’ s  p r o d u c t 
d e v e lo p m e n t. T h e  U M L  m o d e ls  o f a ll B o ld  S tr o k e  c o m p o n e n ts  
w e r e  a v a ila b le  in  R a tio n a l R o s e  b e fo r e  e x p e r im e n ta tio n  s ta r te d . 
T h e  w o r s t- c a s e  e x e c u tio n  tim e s  ( W C E T )  o f a ll c o m p o n e n ts  u s e d  
w e r e  a ls o  a v a ila b le  b e fo r e  e x p e r im e n ta tio n  b e g a n . 

5 .1  D e s ig n  o f  a n  A v io n ic s  S y s t e m  
A p p e n d ix  A  s h o w s  th e  U M L  d ia g r a m  o f th e  s o ftw a r e  a r c h ite c tu r e  
o f a  ty p ic a l a v io n ic s  s y s te m  o n  th e  B o ld  S tr o k e  p la tfo r m . T h is  
s y s te m  c o r r e s p o n d s  to  a  n a v ig a tio n  ty p e  fu n c tio n  o n  a n  a ir c r a ft. 
T h e  a ir c r a ft m a in ta in s  a  lis t o f w a y p o in ts  ( p o in ts  to  fly  th e  a ir c r a ft 
to ) . W a y p o in ts  a r e  s e le c te d  in  g r o u p s  to  fo r m  r o u te s  ( a  s e r ie s  o f 
p o in ts  to  fly  th e  a ir c r a ft to , o n e  a fte r  th e  o th e r ) . T h e  p ilo t c a n  
m o d ify  th e  w a y p o in ts  to  c h a n g e  th e  c u r r e n t r o u te  o f th e  a ir c r a ft. 
I n  a d d itio n , G P S  s e n d s  lo c a tio n  in fo r m a tio n  to  th e  s y s te m  
p e r io d ic a lly . T h e  c u r r e n t w a y p o in t a n d  c u r r e n t a ir c r a ft p o s itio n  
a r e  d is p la y e d  p e r io d ic a lly .  

T h is  n a v ig a tio n  s y s te m  is  a  ty p ic a l e x a m p le  o f a  d is tr ib u te d  r e a l-
tim e  e m b e d d e d  s y s te m  w ith  m a n y  c r o s s c u ttin g  c o n c e r n s . S u c h  
c o n c e r n s  in c lu d e  r e a l- tim e  s c h e d u la b ility  a s  w e ll a s  e v e n t c h a n n e l, 
m e m o r y  a n d  b u ffe r  r e q u ir e m e n ts . T h e s e  a n d  m a n y  o th e r  c o n c e r n s  
a r e  c r itic a l to  th e  o v e r a ll s y s te m . W e  u s e  a s p e c t c h e c k s  to  id e n tify  
th e m  a n d  p r e s c r ip tiv e  a s p e c ts  to  m o d ify  th e m  if th e y  d o  n o t m e e t 
th e  s y s te m  r e q u ir e m e n ts . 

5 .1 .1  A s p e c t C h e c k s   
A s p e c t c h e c k s  v e r ify  c e r ta in  p r o p e r tie s  o f a  r e a l- tim e  e m b e d d e d  
s y s te m  d e s ig n . A s p e c t c h e c k s  a r e  e x p lic it c h e c k s  a c r o s s  
c o m p o n e n ts  in  a  s y s te m . U s u a lly  a n  a s p e c t c h e c k  lo o k s  fo r  h id d e n  
d e p e n d e n c ie s  a m o n g  c o m p o n e n ts  th a t a r e  h a r d  to  d ir e c tly  id e n tify  
b y  a  d e s ig n e r . T h e r e  a r e  v a r io u s  k in d s  o f “ g lo b a l”  h id d e n  
d e p e n d e n c ie s  in  a  s y s te m  d e s ig n . W e  fo c u s  o n  th e  m o s t 
in te r e s tin g  c h e c k s  to  d e s ig n e r s  in  th is  a v io n ic s  a p p lic a tio n . I n  th e  
d o m a in  o f a v io n ic s  s y s te m s , o u r  a s p e c t c h e c k s  in c lu d e  a  m e m o r y  
fo o tp r in t c h e c k , a n  e v e n t c h a n n e l c h e c k , a  b u ffe r  s iz e  c h e c k , a n d  
s c h e d u la b ility  a n a ly s is .  

 

F ig u r e  2  

A s p e c t c h e c k s  a n d  p r e s c r ip tiv e  a s p e c ts  w o r k  in  a  c o m p le m e n ta r y  
w a y . A s p e c t c h e c k s  e x a m in e  th e  s y s te m  fo r  h id d e n  c r o s s c u ttin g  

d e p e n d e n c ie s  w h ile  p r e s c r ip tiv e  a s p e c ts  a r e  a p p lie d  to  m o d ify  th e  
s y s te m  a s  d ir e c te d  b y  th e  d e s ig n e r , e .g ., if th e  a s p e c t c h e c k  
d e te r m in e s  a  d e fic ie n c y . T h e ir  r e la tio n s h ip  is  d e s c r ib e d  in  F ig u r e  
2 . B o th  a s p e c t c h e c k s  a n d  p r e s c r ip tiv e  a s p e c ts  a r e  im p le m e n te d  a s  
in te r p r e te r s  in  V E S T . 

5 .1 .1 .1  M e m o r y  F o o tp r in t C h e c k  
T h e  m e m o r y  fo o tp r in t c h e c k  is  u s e d  to  v e r ify  w h e th e r  th e r e  is  
e n o u g h  p h y s ic a l m e m o r y  to  s u p p o r t th e  s y s te m  s o ftw a r e . 
I n s u ffic ie n t m e m o r y  c a n  c a u s e  s e r io u s  p r o b le m s  w h e n  th e  s y s te m  
is  d e p lo y e d . T h e r e  a r e  tw o  p a r ts  to  th e  c h e c k . T h e  fir s t p a r t o f th e  
c h e c k  is  c o n c e r n e d  w ith  m a in  m e m o r y . H e r e , a  s u m  is  d o n e  o f th e  
m e m o r y  n e e d e d  b y  a ll th e  s o ftw a r e  c o m p o n e n ts , a n d  th e  a v a ila b le  
p h y s ic a l m e m o r y  ( R A M )  p r o v id e d  b y  th e  h a r d w a r e . T h e  c h e c k  
v e r ifie s  w h e th e r  th e r e  is  e n o u g h  p h y s ic a l m e m o r y  in  th e  s y s te m  
fo r  th e  s o ftw a r e  c o m p o n e n ts  d e fin e d . T h e  s e c o n d  p a r t o f th e  
m e m o r y  fo o tp r in t c h e c k  in v o lv e s  n o n - v o la tile  m e m o r y  ( N V M ) . 
S im ila r  to  th e  fir s t c h e c k , th is  c h e c k  v e r ifie s  th a t th e r e  is  e n o u g h  
N V M  a v a ila b le  in  h a r d w a r e  a s  n e e d e d  b y  th e  s o ftw a r e  
c o m p o n e n ts  o f th e  s y s te m . 

5 .1 .1 .2  E v e n t C h e c k  
I n  th is  p a r tic u la r  a v io n ic s  s y s te m , c o m p o n e n ts  c o m m u n ic a te  w ith  
e a c h  o th e r  b y  s e n d in g  e v e n ts  th r o u g h  e v e n t c h a n n e ls  o r  p a th s . T h e  
e v e n t c h e c k  ite r a te s  th r o u g h  a ll c o m p o n e n ts  a n d  m a k e s  s u r e  th a t 
e v e r y  e v e n t s u p p lie r  h a s  a n  e v e n t c o n s u m e r  c o r r e s p o n d in g  to  it 
a n d  e v e r y  e v e n t c o n s u m e r  h a s  a n  e v e n t s u p p lie r  c o r r e s p o n d in g  to  
it. M is m a tc h e s  in  th e  e v e n t c h a n n e l a r e  a u to m a tic a lly  id e n tifie d . 
A ls o , c ir c u la r  e v e n t d e p e n d e n c ie s  c a n  b e  c h e c k e d  b y  g o in g  
th r o u g h  th e  e v e n t c h a n n e l. 

5 .1 .1 .3  B u ffe r  s iz e  c h e c k  
T h e  b u ffe r  s iz e  c h e c k  is  u s e d  to  m a k e  s u r e  th a t th e r e  a r e  n o  b u ffe r  
o v e r flo w s  d u r in g  c o m m u n ic a tio n  b e tw e e n  s o ftw a r e  c o m p o n e n ts . 
I n  o u r  d e s ig n , e v e r y  c o m p o n e n t h a s  a  b u ffe r  to  te m p o r a r ily  h o ld  
e v e n t m e s s a g e s  r e c e iv e d  fr o m  o th e r  c o m p o n e n ts  b e fo r e  th e y  a r e  
p r o c e s s e d .  T h e  s iz e  o f a  b u ffe r  n e e d e d  b y  a  c o m p o n e n t to  a v o id  
o v e r flo w  is  b a s e d  o n  fo u r  p a r a m e te r s  –  th e  n u m b e r  o f e v e n t 
s u p p lie r s , e v e n t s u p p lie r ’ s  s u p p ly  r a te , e v e n t c o n s u m e r ’ s  c o n s u m e  
r a te  a n d  th e  s iz e  o f th e  e v e n t m e s s a g e . T h e  e v e n t s u p p ly  a n d  
c o n s u m e  r a te  v a r y  a m o n g  d iffe r e n t c o m p o n e n ts  in  th e  s y s te m . 
A ls o , d iffe r e n t e v e n ts  h a v e  d iffe r e n t m e s s a g e  s iz e s . W e  c a n  
c a lc u la te  th e  s iz e  o f th e  b u ffe r  n e e d e d  b y  a  p a r tic u la r  c o m p o n e n t 
b y  s u m m in g  o f th e  s iz e s  o f th e  b u ffe r s  n e e d e d  fo r  th e  e v e n t 
m e s s a g e s  it r e c e iv e s  fr o m  e a c h  o f its  e v e n t s u p p lie r s . E a c h  e v e n t 
b u ffe r  s iz e  is  c a lc u la te d  a s  fo llo w s   

g e S iz eE v e n tM e s s a
R a tee n tC o n s u m eC o n s u m e r E v

a tee n tS u p p ly RS u p p lie r E v ×
��

����  

5 .1 .1 .4  S c h e d u la b ility  
A n  a v io n ic s  s y s te m  is  a  ty p ic a l d is tr ib u te d  r e a l- tim e  s y s te m . I n  
s u c h  a  s y s te m , e v e r y  ta s k  is  e x e c u te d  p e r io d ic a lly , a n d  it m u s t 
c o m p le te  its  e x e c u tio n  b e fo r e  its  d e a d lin e . A  s y s te m  is  
s c h e d u la b le  if a ll o f its  ta s k s  c a n  m e e t th e ir  d e a d lin e s . 
S c h e d u la b ility  is  a n  a s p e c t c h e c k  th a t c r o s s c u ts  th e  s y s te m . A  
d e ta ile d  e x p la n a tio n  o f s c h e d u la b ility  c h e c k s  in  V E S T  c a n  b e  
fo u n d  in  a  p r e v io u s  V E S T  p a p e r  [ 2 6 ] . I n  b r ie f, V E S T  s u p p o r ts  th e  
s ta n d a r d  r a te  m o n o to n ic  a n d  E D F  s c h e d u lin g  p o lic ie s . M o r e  
im p o r ta n tly  it a ls o  s u p p o r ts  d is tr ib u te d  r e a l- tim e  s c h e d u lin g  o f 



v a r io u s  ty p e s  a n d  d is tr ib u te d  r o b u s t s c h e d u lin g . I n  r o b u s t 
s c h e d u lin g  d e s ig n e r s  a r e  in fo r m e d  n o t o n ly  o f s c h e d u la b ility , b u t 
a ls o  h o w  c lo s e  th e  s y s te m  is  to  m is s in g  d e a d lin e s . 

5 .1 .1 .5  C o r r e c tn e s s  
V E S T  d o e s  n o t s u p p o r t fo r m a l p r o o f o f c o r r e c tn e s s . F o r m a l 
v e r ific a tio n  to o ls , w h ile  v a lu a b le , a r e  n o t a lw a y s  u s e d  fo r  v a r io u s  
r e a s o n s . R a th e r , V E S T  a im s  to  p r o v id e  a n  e x te n s ib le  c o lle c tio n  o f 
k e y  e m b e d d e d  a n d  r e a l- tim e  s y s te m s  c h e c k s  to  a v o id  m a n y  ty p ic a l 
a n d  d iffic u lt to  fin d  e r r o r s .  T h e  r e s u lt is  a  p r a c tic a l to o l th a t 
im p r o v e s  s y s te m  d e s ig n  a n d  a n a ly s is  a s  d e m o n s tr a te d  b y  v a r io u s  
c a s e  s tu d ie s  in  [ 2 6 ]  a n d  in  S e c tio n  5 .2 . F o r  a  d is c u s s io n  o f th e  
u n d e r ly in g  s e m a n tic s  o f V E S T  s e e  [ 2 6 ] .  

5 .2  E x p e r im e n t  
T h r o u g h o u t o u r  e x p e r im e n t, p r e s c r ip tiv e  a s p e c ts  a r e  u s e d  fo r  tw o  
p r im a r y  p u r p o s e s : s y s te m  m o d ific a tio n  a n d  e x p e r t a d v ic e .   

5 .2 .1 .1  S y s te m  M o d ific a tio n   
F ir s t in  th is  e x p e r im e n t, th e  d e s ig n e r  s ta r te d  to  d e s ig n  a n  a v io n ic s  
s y s te m  in  V E S T  b a s e d  o n  p r o d u c t s c e n a r io  3 .3  p r o v id e d  b y  
B o e in g . H e  c o m p o s e d  th e  s y s te m  u s in g  th e  c o m p o n e n ts  fr o m  th e  
V E S T  c o m p o n e n t lib r a r y . A fte r w a r d , h e  a s s ig n e d  d iffe r e n t v a lu e s  
to  a ttr ib u te s  s u c h  a s  m e m o r y  s iz e , b u ffe r  s iz e , W C E T , a n d  p e r io d  
to  th e  c o m p o n e n ts  a c c o r d in g ly . 

A fte r  r u n n in g  th e  m e m o r y  fo o tp r in t a s p e c t c h e c k  h o w e v e r , th e  
d e s ig n e r  fo u n d  o u t th a t th e  a m o u n t o f m e m o r y  a llo c a te d  in  
h a r d w a r e  w a s  s m a lle r  th a n  r e q u ir e d  b y  th e  s o ftw a r e  c o m p o n e n ts . 
I n s te a d  o f m o d ify in g  th e  a ttr ib u te  v a lu e s  ( n a m e d  M e m o r y N e e d e d )  
o f th e  c o m p o n e n ts  m a n u a lly , th e  d e s ig n e r  d e c id e d  to  u s e  a  
p r e s c r ip tiv e  a s p e c t. H e  e x e c u te d  th e  fo llo w in g  p r e s c r ip tiv e  a s p e c t, 
w h ic h  r e d u c e s  b y  h a lf th e  m e m o r y  a llo c a te d  to  s o ftw a r e  
c o m p o n e n ts  o f ty p e  B M _ _ D I S P L A Y _ C O M P O N E N T . 

 

T h e n  h e  r e - r a n  th e  m e m o r y  fo o tp r in t c h e c k  a n d  it p a s s e d . T h is  
s a v e s  tim e  o v e r  m o d ify in g  th e  s y s te m  p a r a m e te r s  m a n u a lly  a n d  is  
m o r e  a c c u r a te . 

A fte r  c h e c k in g  th e  m e m o r y  a llo c a tio n , th e  d e s ig n e r  c h e c k e d  th e  
s c h e d u la b ility  o f th e  s y s te m  d e s ig n  b y  r u n n in g  th e  s c h e d u la b ility  
a s p e c t c h e c k . T h e  c h e c k  fa ile d  b e c a u s e  in  th is  c a s e , e v e n t 
s u p p lie r s  in  th e  s y s te m  w e r e  s p e c ifie d  to  h a v e  to o  h ig h  a  W C E T  
v a lu e  th a t c a u s e d  ta s k s  in  th e  s y s te m  to  m is s  th e ir  d e a d lin e s . I n  
g e n e r a l, th e r e  c a n  b e  s e v e r a l fa c to r s  th a t c a u s e  a  s c h e d u la b ility  
te s t to  fa il s u c h  a s  in s u ffic ie n t ta s k  p e r io d  o r  h ig h  W C E T  v a lu e . 
A g a in , in s te a d  o f m o d ify in g  a ll th e s e  p a r a m e te r s  m a n u a lly , th e  
d e s ig n e r  m o d ifie d  th e  s y s te m  d e s ig n  a u to m a tic a lly  b y  e x e c u tin g  
th e  fo llo w in g  p r e s c r ip tiv e  a s p e c t. 

T h is  p r e s c r ip tiv e  a s p e c t c o lle c te d  th e  e v e n t s u p p lie r  c o m p o n e n ts  
th a t a r e  c o n ta in e d  in  s o ftw a r e  c o m p o n e n ts  a n d  a r e  c o n n e c te d  to  
e v e n t c o n s u m e r  c o m p o n e n ts , a n d  s e t th e ir  W C E T s  to  1 0 m s . A fte r  
m a k in g  th is  m o d ific a tio n , th e  s c h e d u la b ility  te s t p a s s e d . O f 
c o u r s e , th e s e  m o d ifie d  c o m p o n e n ts  m u s t b e  r e p r o g r a m m e d  to  
m e e t th is  n e w  W C E T . I f th is  is  n o t p o s s ib le , th e n  fa s te r  o r  m o r e  
c p u s  m u s t b e  a d d e d  to  th e  s y s te m  a n d  r e - a n a ly z e d . 

5 .2 .1 .2  E x p e r t A d v ic e  
P r e s c r ip tiv e  a s p e c t c a n  b e  u s e d  to  p r o v id e  e x p e r t a d v ic e  o n  th e  
d e s ig n  o f a  s y s te m . E x p e r t a d v ic e  in  th is  c o n te x t is  g e n e r ic  a d v ic e  
th a t a p p lie s  to  v a r io u s  s c e n a r io s  s h a r in g  th e  s a m e  m e ta - m o d e l. 
U s u a lly  e x p e r t a d v ic e  is  s to r e d  in  a  lib r a r y . D e s ig n e r s  c a n  r e tr ie v e  
th e  e x p e r t a d v ic e  fr o m  th e  lib r a r y  a n d  r e u s e  th e  a d v ic e  b y  
a p p ly in g  th e m  to  e v e r y  r e le v a n t s c e n a r io  c o n fo r m in g  to  th e  s a m e  
m e ta - m o d e l. 

I n  th is  c a s e  s tu d y , w e  u s e d  a s s ig n in g  lo c k in g  s tr a te g ie s  to  
c o m p o n e n ts  a s  a n  e x a m p le  o f e x p e r t a d v ic e . T h e r e  a r e  th r e e  k in d s  
o f lo c k in g  s tr a te g ie s  u s e d  b y  c o m p o n e n ts  in  th e  B o ld  S tr o k e  
p la tfo r m : in te r n a l, e x te r n a l a n d  s y n c h r o n o u s  p r o x y . T h e  in te r n a l 
lo c k in g  s tr a te g y  r e q u ir e s  a  c o m p o n e n t to  lo c k  its e lf w h e n  d a ta  is  
m o d ifie d . A n  e x te r n a l lo c k in g  s tr a te g y  r e q u ir e s  th e  u s e r  to  
e x p lic itly  a c q u ir e  a  c o m p o n e n t’ s  lo c k  b e fo r e  a c c e s s in g  its  d a ta  
a n d  r e le a s e  th e  lo c k  w h e n  fin is h e d . T h e  s y n c h r o n o u s  p r o x y  
s tr a te g y  r e q u ir e s  th e  u s e  o f c a c h e d  s ta te s . K n o w le d g e  o f s u c h  
lo c k in g  s tr a te g ie s  is  g e n e r ic  a n d  a p p lie s  to  a ll B o e in g  O E P  
p r o d u c t s c e n a r io s . T h e r e fo r e , w e  p u t th is  p a r tic u la r  p r e s c r ip tiv e  
a s p e c t in to  th e  g e n e r a l e x p e r t a d v ic e  lib r a r y . W h e n  a  d e s ig n e r  
w a n ts  to  a p p ly  th is  s e t o f lo c k in g  s tr a te g ie s  to  h is  d e s ig n , h e  c a n  
c h o o s e  th e  p r e s c r ip tiv e  a s p e c t fr o m  th e  lib r a r y  a n d  e x e c u te  it.  

T h e  in te r n a l lo c k in g  s tr a te g y : 

 

T h e  e x te r n a l lo c k in g  s tr a te g y : 

 

 

GET SW = (CT == SoftwareComponent); 

SET SW.(PN=lockingMode, PV=INTERNAL); 

 

GET PushPull =(CT==SoftwareComponent) 
 AND (PN==componentType, 
 PV==BM__PUSH_PULL_COMPONENT); 

GET EC = (CT == EventConsumable); 

GET PushPullMappedEC = $PushPull
 [$ONEMANY,$DR=$CONT] EC; 

SET PushPullMappedEC. 
 (PN=lockingMode,PV=EXTERNAL); 

 

GET A = (CT == SoftwareComponent) AND   
 (PN == componentType, 
 PV == BM__DISPLAY_COMPONENT); 

SET A.(PN=MemoryNeeded, PV=PV/2); 

GET SW = (CT == SoftwareComponent); 

GET ES = (CT == EventSupplied); 

GET EC = (CT == EventConsumable); 

GET ContES = SW[$ONEONE,$DR=$CONT]$ES; 

GET ContEC = SW[$ONEONE,$DR=$CONT]$EC; 

GET MappedES = $ES[$MANYONE,$DR=$CONN] EC; 

SET MappedES.(PN=WCET, PV=10); 



T h e  s y n c h r o n o u s - p r o x y  lo c k in g  s tr a te g y : 

 

B y  d e fa u lt, w e  a s s u m e  e v e r y  s o ftw a r e  c o m p o n e n t u s e s  in te r n a l 
lo c k in g . A  “ P u s h P u ll”  s o ftw a r e  c o m p o n e n t is  d e fin e d  a s  o n e  th a t 
u p d a te s  its  v a lu e s  ( b y  p u llin g  o r  g e ttin g  d a ta  fr o m  its  s u p p lie r s )  
w h e n  it r e c e iv e s  a n  in d ic a tio n  ( th r o u g h  a  p u s h  o r  s e t) . A c c o r d in g  
to  o u r  a p p lic a tio n  r u le s , a n y  P u s h P u ll s o ftw a r e  c o m p o n e n t th a t 
h a s  o n e  o r  m o r e  d a ta  s u p p lie r s  m u s t u s e  e x te r n a l lo c k in g .  T h is  is  
w h a t is  c o d e d  in  th e  e x te r n a l lo c k in g  p r e s c r ip tiv e  a s p e c t. F in a lly , 
a n y  c o m p o n e n t th a t r e c e iv e s  d a ta  fr o m  m o r e  th a n  e v e n t c h a n n e l, 
e a c h  r u n n in g  o n  d iffe r e n t tim e r s  in  th e  s y s te m  s h o u ld  u s e  
s y n c h r o n o u s - p r o x y  lo c k in g  a s  in d ic a te d  b y  th e  la s t p r e s c r ip tiv e  
a s p e c t.  

B y  a p p ly in g  th is  e x p e r t a d v ic e , w e  a s s ig n  d iffe r e n t lo c k in g  
s tr a te g ie s  to  a ll th e  s o ftw a r e  c o m p o n e n ts  in  th e  s y s te m . T h is  
p r e s c r ip tiv e  a s p e c t is  s to r e d  a s  e x p e r t a d v ic e  in  th e  lib r a r y . U s in g  
p r e s c r ip tiv e  a s p e c ts  fo r  e x p e r t a d v ic e  s a v e s  th e  d e s ig n e r  a  lo t o f 
tim e  b y  a u to m a tin g  d e c is io n - m a k in g . T h is  is  e s p e c ia lly  u s e fu l 
w h e n  u s e d  in  d e s ig n s  w ith  a  la r g e  n u m b e r  o f c o m p o n e n ts  a n d  
w h e r e  th e r e  a r e  m a n y  in te r a c tio n s  a m o n g  th e  c o m p o n e n ts .  

5 .2 .1 .3  H ie r a r c h ic a l  P r e s c r ip tiv e  A s p e c ts  
A  s im p le  p r e s c r ip tiv e  a s p e c t is  a  s e lf- c o n ta in e d  e n tity  o f o n e  o r  
m o r e  V P A L  s ta te m e n ts . T h e  p r e v io u s  s e c tio n s  illu s tr a te d  s o m e  
s im p le  p r e s c r ip tiv e  a s p e c ts . I n  a d d itio n , V E S T  p r o v id e s  s u p p o r t 
fo r  h ie r a r c h ic a l p r e s c r ip tiv e  a s p e c ts . 

H ie r a r c h ic a l p r e s c r ip tiv e  a s p e c ts  a r e  c o m p r is e d  o f o n e  o r  m o r e  
s im p le  p r e s c r ip tiv e  a s p e c ts  w ith  p r e c e d e n c e  c o n s tr a in t r u le s . T h is  
e n a b le s  a  d e s ig n e r  to  d e fin e  s e v e r a l in d e p e n d e n t s im p le  
p r e s c r ip tiv e  a s p e c ts  th a t c a n  la te r  b e  c o m b in e d  in to  a  s in g le  
c o m p o u n d  p r e s c r ip tiv e  a s p e c t. I n  a d d itio n , th e  d e s ig n e r  c a n  
e n s u r e  th a t w h e n  th e  c o m p o u n d  p r e s c r ip tiv e  a s p e c t is  e x e c u te d , 
th e r e  is  a  g u a r a n te e  o v e r  th e  o r d e r  o f e x e c u tio n  o f th e  c o n s titu e n t 
s im p le  p r e s c r ip tiv e  a s p e c ts . 

W e  u s e d  a  h ie r a r c h ic a l p r e s c r ip tiv e  a s p e c t to  p e r fo r m  s y s te m  
in itia tio n  in  o u r  e x p e r im e n t. W e  d e fin e d  in d e p e n d e n t p r e s c r ip tiv e  
a s p e c ts  to  in itia liz e  th e  m e m o r y  r e q u ir e m e n ts  o f th e  s y s te m , th e  
b u ffe r  s iz e  a llo c a tio n , r e a l- tim e  p r o p e r tie s  o f c o m p o n e n ts  s u c h  a s  
W C E T  a n d  th e  lo c k in g  s tr a te g ie s  to  b e  u s e d  b y  d iffe r e n t 
c o m p o n e n ts  o f th e  s y s te m . I n  th e  in te r e s t o f s p a c e , w e  d o  n o t 
s h o w  th e s e  p r e s c r ip tiv e  a s p e c ts  h e r e . B y  c o m b in in g  th e s e  
p r e s c r ip tiv e  a s p e c ts  in to  a  s in g le  h ie r a r c h ic a l p r e s c r ip tiv e  a s p e c t, 
w e  w e r e  a b le  to  p r e c is e ly  d e fin e  h o w  o u r  d e s ig n  s h o u ld  b e  
in itia liz e d  b e fo r e  b e in g  d e p lo y e d .  

5 .2 .1 .4  E x p e r im e n ta l r e s u lts  
W e  p e r fo r m e d  a n  e v a lu a tio n  to  m e a s u r e  th e  b e n e fits  o f 
p r e s c r ip tiv e  a s p e c ts  in  c o m p o s in g  d is tr ib u te d  a v io n ic s  s y s te m s . 
T h e  p e r fo r m a n c e  m e tr ic  is  th e  tim e  it ta k e s  to  c o m p o s e  ( in c lu d in g  
d e s ig n , im p le m e n ta tio n  v ia  c o m p o s itio n , a n d  te s tin g  o r  a n a ly s is )  
a n  a v io n ic s  p r o d u c t s c e n a r io  to  a c h ie v e  e n d - to - e n d  d is tr ib u te d  
r e a l- tim e  s c h e d u la b ility , m e m o r y  a llo c a tio n , b u ffe r  s iz e  
a s s ig n m e n t a n d  lo c k in g  s tr a te g y  a s s ig n m e n t. T h is  e x p e r im e n t w a s  
a c c o m p lis h e d  in  a  v e r y  lim ite d  s itu a tio n . A n  e x p e r t fr o m  B o e in g  
p e r fo r m e d  th e  e x p e r im e n t u s in g  th e ir  c u r r e n t a p p r o a c h , a n d  a  
r e s e a r c h e r  fr o m  th e  U n iv e r s ity  o f V ir g in ia  ( U V a )  p e r fo r m e d  th e  
e x p e r im e n t u s in g  p r e s c r ip tiv e  a s p e c ts  in  V E S T . F o r  e a c h  p e r s o n  
w e  tim e d  th e  v a r io u s  s te p s  in v o lv e d  w ith  th e  e x p e r im e n t. S in c e  
th is  is  a  s in g le  e x p e r im e n t w ith  m a n y  p o te n tia l is s u e s , th e  r e s u lts  
a r e  n o t d e fin itiv e . H o w e v e r , w e  b e lie v e  th a t th e  r e s u lts  a r e  
r e p r e s e n ta tiv e  a n d  a r e  c o n s is te n t w ith  o th e r  te s ts  p e r fo r m e d  e a r lie r  
o n  o th e r  p r o d u c t s c e n a r io s  [ 2 6 ] . 

T h e  b a s e lin e  c o m e s  fr o m  th e  tim e  e s tim a te s  fo r  B o e in g  to  b u ild , 
a n a ly z e  a n d  v a lid a te  a n  a v io n ic s  s y s te m  c o n fo r m in g  to  p r o d u c t 
s c e n a r io  3 .3 , w h ile  V E S T  u s e s  p r e s c r ip tiv e  a s p e c ts  to  d o  th e  s a m e  
w o r k . A  c o m p a r is o n  b e tw e e n  U V a  a n d  B o e in g  d a ta  is  s h o w n  in  
T a b le  1 . 

T a b le  1  

V E S T  B a s e lin e  

S te p  
T im e  
( m in )  

S te p  
T im e  
( m in )  

V .1 .1  D e s ig n : 1 2 8  B .1 .1  D e s ig n  2 8 0  

 M e m o r y  c h e c k  1  B .1 .2  M e m o r y  c h e c k  2 0  

 
F ix in g  m e m o r y  
p r o b le m  u s in g  
V P A L  

2 0   
F ix in g  m e m o r y  
p r o b le m  

8 0  

V .1 .2  
S c h e d u lin g  
c h e c k : 

1  B .1 .3  T im in g  T e s t 3 0  

 
F ix in g  s c h e d u lin g  
u s in g  V P A L  

1 5   F ix in g  s c h e d u lin g  1 1 0  

 S c h e d u lin g  c h e c k  1   T im in g  T e s t 2 0  

 
S c h e d u lin g  
a n a ly s is : 
d is tr ib u te d  

1   T e s t: d is tr ib u te d  2 0  

 
A s s ig n  lo c k in g  
s tr a te g ie s  u s in g  
V P A L  

1   
A s s ig n  lo c k in g  
s tr a te g ie s  

3 0  

 I m p le m e n ta tio n :  3 2 0   I m p le m e n ta tio n  9 6 0  

T o ta l C o m p o s itio n  T im e  4 8 8  T o ta l C o m p o s itio n  T im e  1 5 5 0  
 

F r o m  th e  T a b le  a b o v e  a ll s te p s  in  th e  d e s ig n  p r o c e s s  a r e  fa s te r  
w ith  V E S T . I n  p a r tic u la r , th e  tim e  s a v e d  fo r  th e  s te p s  u s in g  V P A L  
s h o w  th e  v a lu e  o f p r e s c r ip tiv e  a s p e c ts . F o r  e x a m p le , u s in g  V P A L  
to  fix  th e  m e m o r y  p r o b le m  r e d u c e d  th e  tim e  fr o m  8 0  to  2 0  
m in u te s . O v e r a ll, th e  V E S T  a p p r o a c h  s a v e d  6 9 %  o f th e  tim e  
n e e d e d  to  d e s ig n  a n d  im p le m e n t a  ( r e p r e s e n ta tiv e )  d is tr ib u te d  
a v io n ic s  s y s te m . S in c e  th e  m e m o r y  a n d  r e a l- tim e  s c h e d u lin g  
a n a ly s is  a r e  a u to m a tic , th e  V E S T  to o l s h o u ld  s a v e  e v e n  m o r e  tim e  
b o th  ( i)  w h e n  u s e d  fo r  la r g e r  s y s te m s , a n d  ( ii)  w h e n  d e s ig n e r s  
w is h  to  a tte m p t m u ltip le  c o m p e tin g  d e s ig n s .  F o r  e x a m p le , 
s u p p o s e  a  p a r tic u la r  d e s ig n  s o lu tio n , s h o w n  to  m e e t th e  

GET SW = (CT==SoftwareComponent); 

GET EC = (CT==EventConsumable); 

GET Timers = (CT==SWTimer); 

GET SWMappedEC = $SW  
 [$ONEMANY,$DR=$CONT] EC; 

GET SWMappedTimer = $SW 
 [$ONEONE,$DR=$CONT] Timers; 

GET SynchProxy = $SWMappedEC 
 [$ONEMANY,$DR=$CONN] SWMappedTimer; 

SET SynchProxy.(PN=lockingMode, 
 PV=SYNCH_PROXY_MASTER); 



r e q u ir e m e n ts , h a d  3  p r o c e s s o r s , 1  M B  o f m e m o r y  a n d  v a r io u s  
a m o u n ts  o f r e p lic a tio n  fo r  d iffe r e n t d a ta  ty p e s .  T h e  d e s ig n e r  
m ig h t c o n s id e r  r e m o v in g  a  p r o c e s s o r  a n d  m o d ify in g  s o m e  o f th e  
r e p lic a tio n  a n d  r e - r u n  th e  a n a ly s is . R e - r u n n in g  th e  a n a ly s is  is  v e r y  
fa s t a n d  e a c h  tr a d e o ff- a n a ly s is  c y c le  im p r o v e s  th e  tim e  g a in s  o f 
u s in g  V E S T . I f th e  n e w  s y s te m  s till m e e ts  th e  r e q u ir e m e n ts , th e n  
th e  d e s ig n e r  h a s  c o m p e tin g  s o lu tio n s  to  c h o o s e  a m o n g . 

6 . S T A T E  O F  T H E  A R T  
T h e  w o r k  d e s c r ib e d  in  th is  p a p e r  b u ild s  u p o n  a n d  in te g r a te s  
r e s e a r c h  fr o m  th r e e  m a in  a r e a s : c o m p o n e n t b a s e d  d e s ig n  to o ls , 
a s p e c t- b a s e d  d e s ig n  to o ls  a n d  a s p e c t o r ie n te d  p r o g r a m m in g . I n  
s e c tio n  6 .1 , w e  b r ie fly  d is c u s s  c o m p o n e n t b a s e d  d e s ig n  a n d  
c o m p a r e  V E S T  to  o th e r  s u c h  d e s ig n  to o ls . I n  s e c tio n s  6 .2  a n d  6 .3 , 
w e  m o r e  fu lly  d is c u s s  th e  r e la tio n s h ip  o f o u r  w o r k  to  o th e r  a s p e c t-
b a s e d  to o ls  a n d  a s p e c t- o r ie n te d  la n g u a g e s  s u c h  a s  A s p e c tJ . 

6 .1  C o m p o n e n t  B a s e d  D e s ig n  T o o ls  
T h e  s o ftw a r e  e n g in e e r in g  fie ld  h a s  w o r k e d  o n  c o m p o n e n t b a s e d  
s o ftw a r e  d e v e lo p m e n t fo r  a  lo n g  tim e . S y s te m s  s u c h  a s  C O R B A  
[ 2 3 ] , C O M  [ 1 5 ] , a n d  D C O M  [ 1 6 ]  e x is t to  fa c ilita te  o b je c t o r  
c o m p o n e n t- b a s e d  s y s te m  d e v e lo p m e n t. T h e s e  s y s te m s  h a v e  m a n y  
a d v a n ta g e s  in c lu d in g  r e u s a b ility  o f s o ftw a r e  a n d  h ig h e r  r e lia b ility  
s in c e  th e  c o m p o n e n ts  a r e  w r itte n  b y  d o m a in  e x p e r ts  [ 2 5 ] . 
H o w e v e r , n o n e  o f th e s e  s y s te m s  h a v e  a d e q u a te  c r o s s c u ttin g  
a n a ly s is  c a p a b ilitie s .  O n e  e x c e p tio n  to  th is  is  K N I T . K N I T  [ 2 0 ]  is  
a n  in te r e s tin g  c o m p o s itio n  to o l fo r  g e n e r a l p u r p o s e  o p e r a tin g  
s y s te m s . T h is  s y s te m  a d d r e s s e s  a  n u m b e r  o f c r o s s c u ttin g  c o n c e r n s  
in  c o m p o s in g  o p e r a tin g  s y s te m s . F o r  e x a m p le , it c o n s id e r s  
lin k in g , in itia liz a tio n , a n d  a  fe w  o th e r  d e p e n d e n c ie s . T o  d a te , it 
h a s  n o t fo c u s e d  o n  r e a l- tim e  a n d  e m b e d d e d  s y s te m  c o n c e r n s . 

A n  e x c e lle n t to o l th a t m a tc h e s  o u r  g o a ls  q u ite  c lo s e ly  is  M e ta H  
[ 3 0 ] .  M e ta H  c o n s is ts  o f a  c o lle c tio n  o f to o ls  fo r  th e  la y o u t o f th e  
a r c h ite c tu r e  o f a n  e m b e d d e d  s y s te m  a n d  fo r  its  r e lia b ility  a n d  r e a l-
tim e  a n a ly s is . M e ta H  b e g in s  w ith  a c tiv e  ta s k s  a s  c o m p o n e n ts , 
a s s u m e s  a n  u n d e r ly in g  r e a l- tim e  O S , a n d  h a s  s o m e  d e p e n d e n c y  
c h e c k in g . T h e ir  w o r k  u s e s  fix e d  p r io r ity  s c h e d u lin g . T h e  M e ta H  
w o r k  w a s  d o n e  p r io r  to  a s p e c t o r ie n te d  la n g u a g e s . I n  c o n tr a s t w e  
e le v a te  a s p e c ts  to  th e  c e n tr a l th e m e  o f V E S T  a n d  fo c u s  o n  
d e p e n d e n c y  c h e c k s . W e  a ls o  p r o v id e  m o r e  g e n e r a l s c h e d u lin g  
a n a ly s is  s u p p o r t: in c lu d in g  a u to m a tic a lly  c o lle c tin g  th e  ta s k  s e t 
c h a r a c te r is tic s  a n d  r e q u ir e m e n ts  fr o m  th e  d e s ig n , m a tc h in g  th e  
r e q u ir e m e n ts  w ith  a s s u m p tio n s  o f v a r io u s  s c h e d u lin g  a n a ly s e s , 
p r o v id in g  m o r e  th a n  fix e d  p r io r ity  s c h e d u lin g , a n d  s u p p o r tin g  
a c c e s s  to  a  c o m m e r c ia l r e a l- tim e  s c h e d u lin g  to o l.   

C a d e n a  [ 9 ]  is  a n  in te g r a te d  e n v ir o n m e n t fo r  b u ild in g  a n d  
m o d e lin g  C C M  s y s te m s . I t s u p p o r ts  m o d e lin g  o f a  s y s te m  u s in g  
s p e c ific a tio n s  a tta c h e d  to  I D L . S im ila r  to  V E S T , C a d e n a  c a n  
g e n e r a te  a  c o n fig u r a tio n  file  fo r  B o e in g  B o ld  S tr o k e  c o n fig u r a to r . 
C o m p a r e d  to  V E S T , C a d e n a  h a s  fe w e r  a n a ly s is  r o u tin e s  a lth o u g h  
it in c lu d e s  s o m e  s im p le  a n a ly s is  c a p a b ilitie s . I n  a d d itio n , C a d e n a  
d o e s  n o t s u p p o r t s y s te m  m o d ific a tio n  u s in g  a s p e c ts . F in a lly , 
C a d e n a  d o e s  n o t s u p p o r t G U I - b a s e d  c o m p o s itio n  –  th e  s y s te m  
d ia g r a m  is  g e n e r a te d  fr o m  th e  s p e c ific a tio n s .  

A u to m a tic  I n te g r a tio n  o f R e u s a b le  E m b e d d e d  S o ftw a r e  ( A I R E S )  
[ 7 ]  is  a  to o l to  m o d e l a n d  a n a ly z e  e m b e d d e d  s y s te m s . I n  A I R E S , 
b o th  th e  r e a l- tim e  b e h a v io r  o f s o ftw a r e  c o n tr o lle r s  a n d  th e  
p h y s ic a l e n v ir o n m e n t a r e  m o d e le d . A I R E S  fo c u s e s  o n  th e  fo r m a l 

s y s te m  a n a ly s is  b a s e d  o n  T im e d  P e tr i- N e t th e o r y . U n lik e  V E S T , 
A I R E S  d o e s  n o t s u p p o r t th e  c o n c e p t o f a s p e c ts , n o r  d o e s  it 
s u p p o r t fin a l c o d e  g e n e r a tio n .  

6 .2  C o m p a r is o n  w it h  A s p e c t -b a s e d  D e s ig n  
T o o ls  

I n  a d d itio n  to  g e n e r a l c o m p o s itio n  to o ls , th e r e  is  m u c h  r e s e a r c h  
w o r k  g o in g  o n  in  th e  fie ld  o f a s p e c t- b a s e d  to o ls . L ik e  th e  a s p e c t 
c h e c k s  a n d  V P A L  in  V E S T , th e s e  a s p e c t- b a s e d  to o ls  fo c u s  o n  th e  
c r o s s c u ttin g  is s u e s  in  a  s y s te m  d e s ig n  a n d  a p p r o a c h e s  to  m o d ify  
th e  s y s te m  u s in g  a s p e c ts . 

T im e  w e a v e r  [ 4 ]  is  a  r e u s a b le  c o m p o n e n t fr a m e w o r k  s u p p o r tin g  
a s p e c ts .  T h e r e  e x is t tw o  d is tin c t d e s ig n  a s p e c ts  in  T im e  W e a v e r : 
fu n c tio n a l d e s ig n  a n d  d e p lo y m e n t d e s ig n . F u n c tio n a l d e s ig n  d e a ls  
w ith  th e  a p p lic a tio n - s p e c ific  lo g ic , w h ile  d e p lo y m e n t d e s ig n  d e a ls  
w ith  h o w  v a r io u s  m o d u le s  c o m p r is in g  th e  a p p lic a tio n - s p e c ific  
lo g ic  c o m m u n ic a te  w ith  e a c h  o th e r . T im e  W e a v e r  a im s  a t 
a u to m a tin g  th e  d e p lo y m e n t a s p e c t, a n d  th u s  im p r o v e s  s o ftw a r e  
p r o d u c tiv ity . I t is  s im ila r  to  V E S T  in  its  w a y  o f m o d ify in g  
s y s te m s . M o r e  s p e c ific a lly , th e  d e p lo y m e n t a s p e c t in  T im e  
W e a v e r  is  v e r y  c o m p a r a b le  to  th e  e x p e r t a d v ic e  in  V E S T , b y  
g iv in g  g u id e lin e s  a n d  a d v ic e  to  a  s p e c ific  n o n - fu n c tio n a l c o n c e r n  
c r o s s c u ttin g  th e  s y s te m . H o w e v e r , T im e  w e a v e r  d o e s  n o t h a v e  th e  
c a p a b ility  to  d o  v a r io u s  a n a ly s e s . A ll a n a ly s e s  a r e  h a n d le d  b y  
e x te r n a l p r o g r a m s .  

C o n s tr a in - S p e c ific a tio n  A s p e c t W e a v e r  ( C - S A W )  [ 6 ]  is  a  
c o m p o s itio n  a n d  a n a ly s is  to o l. A s p e c ts  u s e d  in  it a r e  q u ite  s im ila r  
to  th o s e  in  V E S T . A  w e a v e r  is  s p e c ifie d  u s in g  E C L  ( E m b e d d e d  
C o n s tr a in ts  L a n g u a g e )  fo r m a lly , w h ic h  is  a n  e x te n s io n  to  O C L . 
T h e  s y s te m  d e s ig n  c a n  b e  m o d ifie d  a c c o r d in g  to  th e  s p e c ific a tio n  
o f th e  w e a v e r . H o w e v e r , A s p e c t W e a v e r  d o e s  n o t h a v e  a  
c o r r e s p o n d in g  a n a ly s is  c o u n te r p a r t to  a s p e c t c h e c k s  a s  fo u n d  in  
V E S T . 

6 .3  C o m p a r is o n  w it h  A s p e c t J  
A s p e c tJ  is  a n  a s p e c t- o r ie n te d  e x te n s io n  to  th e  J a v a  p r o g r a m m in g  
la n g u a g e  th a t s u p p o r ts  th e  m o d u la r  im p le m e n ta tio n  o f c r o s s -
c u ttin g  c o n c e r n s . T h e  p r im a r y  d iffe r e n c e  b e tw e e n  V P A L  a n d  
A s p e c tJ  is  th a t V P A L  p r o v id e s  s u p p o r t fo r  d e s ig n - tim e  a s p e c ts  
w h e r e a s  A s p e c tJ  p r o v id e s  s u p p o r t fo r  r u n - tim e  a s p e c ts . T h u s , th e  
c r o s s c u ttin g  a d v ic e  a n d  la n g u a g e - s u p p o r t fe a tu r e s  o f th e  tw o  v a r y  
a c c o r d in g ly . 

B o th  V P A L  a n d  A s p e c tJ  p r o v id e  p r o p e r ty - b a s e d  c r o s s c u ttin g  
w h ic h  is  c r o s s - c u ttin g  b a s e d  o n  th e  p r o p e r tie s  o f a  d e s ig n  o r  
p r o g r a m . H o w e v e r , o n ly  A s p e c tJ  p r o v id e s  la n g u a g e  s u p p o r t fo r  
c o n tr o l- flo w  b a s e d  c r o s s c u ttin g  th a t a llo w s  c r o s s c u ttin g  b a s e d  o n  
th e  c o n tr o l- flo w  r e la tio n s h ip s  o f a  p r o g r a m . V P A L  a p p lie s  a d v ic e  
a t d e s ig n - tim e  b y  w e a v in g  it in to  s y s te m  d e s ig n s . A d v ic e  is  
a p p lie d  b y  c h a n g in g  th e  r e fle c tiv e  in fo r m a tio n  o f c o m p o n e n ts  in  a  
d e s ig n . A s p e c tJ  o n  th e  o th e r  h a n d , a p p lie s  a d v ic e  a t r u n - tim e  b y  
w e a v in g  it in to  th e  s o u r c e  c o d e  o f J a v a  p r o g r a m s . H e r e , a d v ic e  is  
a p p lie d  b y  s p e c ify in g  th a t c e r ta in  c o d e  e x e c u te  b e fo r e , a fte r  o r  
a r o u n d  e a c h  o f th e  jo in  p o in ts  o f a  p r o g r a m . T h e  d e s ig n - tim e  
a p p lic a tio n  o f a d v ic e  m a k e s  V P A L  a  la n g u a g e - in d e p e n d e n t m e a n s  
o f c r e a tin g  a n d  u s in g  a s p e c ts . A s p e c tJ ’ s  o p e r a tio n  a t th e  s o u r c e  
c o d e  le v e l m a k e s  it a  la n g u a g e - d e p e n d a n t fr a m e w o r k  fo r  a s p e c ts .  



S in c e  V P A L  a n d  A s p e c tJ  o p e r a te  a t d iffe r e n t s ta g e s  in  th e  
s o ftw a r e  d e v e lo p m e n t c y c le , th e y  c o n s e q u e n tly  p r o v id e  d iffe r e n t 
le v e ls  o f la n g u a g e  s u p p o r t fo r  v a r io u s  fe a tu r e s  o f a s p e c t- b a s e d  
s y s te m  d e v e lo p m e n t. P r e c e d e n c e  a m o n g  a s p e c ts  is  s u p p o r te d  b o th  
in  V P A L  a n d  A s p e c tJ . P r e c e d e n c e  in  V P A L  is  n o t a  la n g u a g e  
s u p p o r te d  fe a tu r e  b u t th e r e  is  a  w a y  to  s p e c ify  th is  in  a  s e p a r a te  
a s p e c t la y e r  in  a  V E S T  d e s ig n . A s p e c tJ  s u p p o r ts  la n g u a g e - b a s e d  
s p e c ific a tio n  o f p r e c e d e n c e . P a r a m e te r iz e d  a d v ic e  is  s u p p o r te d  in  
A s p e c tJ  b u t n o t in  V P A L . V P A L  w ill p r o v id e  s u p p o r t fo r  th is  in  
fu tu r e  v e r s io n s  o f V E S T . A ls o , A s p e c tJ  p r o v id e s  s u p p o r t fo r  
in h e r ita n c e  a n d  o v e r r id in g  a m o n g  a s p e c ts  w h e r e a s  V P A L  d o e s  
n o t. G r e a te r  la n g u a g e  s u p p o r t o f th e  a fo r e m e n tio n e d  fe a tu r e s  in  
A s p e c tJ  c o m p a r e d  to  V P A L  c a n  b e  a ttr ib u te d  to  th e  c o m p le x ity  o f 
a d v ic e  th a t e a c h  la n g u a g e  h a s  to  s u p p o r t. T h e  c o m p le x ity  o f a  
s y s te m  a n d  its  b e h a v io r  in c r e a s e s  w h e n  it m o v e s  fr o m  d e s ig n  to  
s o u r c e - c o d e  le v e l. S in c e  V P A L  s u p p o r ts  a s p e c ts  fo r  d e s ig n - tim e  
s y s te m s , its  c o m p le x ity  is  le s s  th a n  A s p e c tJ . T h is  is  a n o th e r  r e a s o n  
w h y  d e s ig n - tim e  a s p e c ts  a r e  u s e fu l. I t k e e p s  th e  a s p e c t la n g u a g e  
s im p le  to  u n d e r s ta n d  a n d  im p le m e n t. 

7 . C O N C L U S I O N  
W h e n  b u ild in g  e m b e d d e d  s y s te m s  fr o m  c o m p o n e n ts  
[ 3 ] [ 9 ] [ 2 2 ] [ 2 8 ] , th o s e  c o m p o n e n ts  m u s t in te r o p e r a te , s a tis fy  
v a r io u s  d e p e n d e n c ie s  [ 6 ] , a n d  m e e t n o n - fu n c tio n a l r e q u ir e m e n ts . 
T h e  V E S T  to o lk it c a n  s u b s ta n tia lly  im p r o v e  th e  d e v e lo p m e n t, 
im p le m e n ta tio n  a n d  e v a lu a tio n  o f th e s e  s y s te m s  a s  p r e v io u s ly  
s h o w n  [ 2 6 ] . I n  th is  p a p e r  w e  fo c u s  o n  th e  p r e s c r ip tiv e  a s p e c ts  
c a p a b ility  o f V E S T . W e  h a v e  im p le m e n te d  a  n e w  p r e s c r ip tiv e  
a s p e c t la n g u a g e  a n d  d is c u s s e d  its  a d v a n ta g e s  a n d  im p lic a tio n s  fo r  
e m b e d d e d  s y s te m s . W e  e v a lu a te d  p r e s c r ip tiv e  a s p e c ts  o n  a  c a s e  
s tu d y . T h e  c a s e  s tu d y  ( i)  q u a lita tiv e ly  d e m o n s tr a te s  th e  b e n e fits  o f 
p r e s c r ip tiv e  a s p e c ts  a n d  ( ii)  in c lu d e s  q u a n tita tiv e  d a ta  th a t s h o w  a  
s a v in g s  o f o v e r  6 9 %  in  d e s ig n  a n d  a n a ly s is  tim e . C u r r e n tly , a  
v e r s io n  o f V E S T  h a s  b e e n  d e liv e r e d  to  B o e in g .  
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9 . A P P E N D I X  A  
 

G P S  : 
B M _ _ D e v ic e C o m p o n e n t

A irfra m e  : 
B M _ _ C lo se d E D C o m p o n e n t

R o u te s : B M _ _ P u sh P u llC o m p o n e n t

W a y p o in ts : 
B M _ _ O p e n E D C o m p o n e n t

P 2 _ D isp la y  : 
B M _ _ D isp la y C o m p o n e n t

P 2 _ D isp la y _ D e v ic e  : 
B M _ _ D e v ic e C o m p o n e n t

P ilo t : 
B M _ _ U se rIn p u tC o m p o n e n t

5  H z  T im e o u t

2 0  H z  T im e o u t - th is 
tim e o u t e x ists o n ly  so  
th a t th e  ke y b o a rd  c a n  
b e  p o lle d .

K e yb o a rd  in p u t

W a y p o in tsP ro x y  : 
B M _ _ O p e n E D C o m p o n e n t

R o u te sP ro x y : 
B M _ _ P u s h P u llC o m p o n e n t

F ra m e  C o n tro lle r

P ro c e s s  1

P 1 _ D isp la y  : B M _ _ D isp la y C o m p o n e n t

P 1 _ D isp la y _ D e v ic e  : 
B M _ _ D e v ic e C o m p o n e n t

A irfra m e S y n c h P ro xy _ 5 H Z  : 
B M _ _ C lo se d E D C o m p o n e n t

A irfra m e S y n c h P ro x y _ 2 0 H Z  : 
B M _ _ C lo se d E D C o m p o n e n t

O R B

A F _ M o n ito r : 
B M _ _ D isp la y C o m p o n e n t

7 : G u a rd E x te rn a lR e g io n
2 3 : G u a rd E x te rn a lR e g io n

1 5 : G u a rd E x te rn a lR e g io n

2 8 : G u a rd E x te rn a lR e g io n

F ra m e  c o n tro lle r re c e iv e s a  
4 0 H z  T im e o u t.  It th e n  p u sh e s 
a n  e v e n t to  a ll e v e n t q u e s a t 
th e ir p re sc rib e d  ra te s 
(4 0 ,2 0 ,1 0 ,5 ,1 ).

P ro c e s s  2

M C _ _ 3 _ 3 C o n c u rre n c y M P  S c e n a rio
In te rn a l lo c kin g  
s tra te g y

E x te rn a l lo c kin g  
stra te g y

S y n c h ro n o u sP ro xy  
lo c kin g  stra te g y

2 : P u sh

3 : G e t

4 : P u sh

5 : R e trie v e S ta te

2 2 : P u sh

2 4 : G e t
2 1 : S e t

2 9 : G e t

2 7 : P u sh

1 9 : S e t

2 0 : S e t

1 : P u sh _ 2 0 H Z

1 1 : P u sh _ 5 H Z

1 3 : P u sh _ 5 H Z

1 6 : G e t

1 4 : P u sh

1 7 : P u sh

1 2 : R e trie ve S ta te

6 : P u sh
8 : G e t

9 : R e p lic a te D a ta
2 5 : R e p lic a te D a ta

1 0 : R e p lic a te D a ta
2 6 : R e p lic a te D a ta

1 8 : G e t


