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CHAPTER 1

INTRODUCTION

A ll c o m p u te r  sy s tem s h ave  p e rfo rm an ce  re q u ire m e n ts  th a t  m u s t b e  m e t. H ow ever, 

re a l-tim e  sy s tem s have p e rfo rm a n c e  c o n s tra in ts  th a t  a re  especia lly  s tr in g e n t co m p ared  to  

those  fo r n o n -re a l- tim e  sy s tem s . R ea l-tim e  ap p lic a tio n s  include con tro lling  such c ritica l 

sy s tem s as n uc lea r re a c to rs  a n d  a irc ra f t .  T h e  tim e -c ritic a l n a tu re  o f th e se  ap p lica tio n s  

d em an d s th a t  th e  re a l-tim e  c o m p u te r  sy s tem  p rov ide  a sufficiently  h igh level o f  pe rfo rm an ce . 

T h e  ab ility  o f th e  sy s tem  to  p ro v id e  th is  p e rfo rm an ce  is d e te rm in ed  th ro u g h  eva lu a tio n , 

w hich m ay  ta k e  a  n u m b e r of fo rm s: a n a ly tic , s im u la tio n , o r  e x p e rim e n ta tio n . A n a ly tic  

an d  s im u la tio n  e v a lu a tio n s  a re  im p o r ta n t s tep s  in  th e  in itia l design o f  a  sy s te m , because  

th ey  p ro v id e  va lu ab le  e s t im a te s  o f its  p e rfo rm an ce . A lth o u g h  th e y  can  be used  to  ev a lu a te  

various design issues, th ese  tech n iq u es  have  lim ita tio n s . D ue to  tr a c ta b i l i ty  c o n s tra in ts , th ey  

use a p p ro x im a tio n s  th a t  lim it th e ir  accu racy . T h e  a c tu a l p e rfo rm an ce  can on ly  be  m easu red  

th ro u g h  e x p e rim en ta l ev a lu a tio n  of th e  ta rg e t sy s tem . To ex p e rim en ta lly  e v a lu a te  a  sy s tem , 

it m u s t be m easu red  w hile ex ecu tin g  an  a p p ro p r ia te  w ork load .

A w orkload  is th e  co llection  o f u ser in p u ts  in to  a  sy s tem . I t co n sis ts  o f a  set 

of ta s k s , th e  ta s k s ’ in p u t da ta ., a n d  u se r co m m an d s. A w ork load  p ro d u ces d em an d s  for 

th e  s y s te m ’s resources; these  d e m a n d s  a re  th e  w orkload ch arac teris tics . T h e  p e rfo rm an ce  

of a  sy s tem  is a  fu n c tio n  o f  its  w ork load . T h e  s t ru c tu re  an d  b eh av io r o f th e  w ork load  

d irec tly  affect th e  values o f th e  p e rfo rm an ce  ind ices th a t  a re  m easu red  d u rin g  ex p e rim en ts . 

T h ere fo re , an  u n d e rs ta n d in g  o f  th e  w ork load  is essen tia l if  any  m ean ing  is to  be p laced  on 

th e  ev a lu a tio n  o f th e  sy s tem .

T h e re  a re  tw o  ty p es  o f  ex p e rim en ta l eva lu a tio n . T h e  firs t ty p e  is a im ed  a t  d e te r ­

m in ing  th e  p e rfo rm an ce  u n d e r ex p ec ted  o p e ra tin g  co n d itions . T h e  ta rg e t  sy s tem  is m ea­

su red  w hile ex ecu tin g  a  w ork load  w hich is re p re se n ta tiv e  o f  th e  sy s te m ’s a c tu a l o r p roposed  

ap p lic a tio n  w ork load . For th is  case , th e  a c tu a l ap p lica tio n  m ay  be  used as th e  w ork load , if 

it is availab le . T h e  second ty p e  of ev a lu a tio n  is aim ed a t  c h a rac te riz in g  th e  p e rfo rm an ce  of 

th e  sy s tem  as a  func tion  of se lected  w ork load  c h a ra c te ris tic s . F o r th is  ty p e  o f ev a lu a tio n , th e

1
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2

w o rk lo ad  m u s t exerc ise  c e r ta in  sy s tem  c o m p o n en ts  in  user-specified  w ays. T h e se  w o rk lo ad s  

a re  u su a lly  cu s to m  p ro g ra m s  designed  to  p ro d u ce  specific d e m a n d s  on sy s te m  resou rces.

A sy n th e tic  w orkload  (S W ) is useful fo r b o th  ty p e s  o f  e v a lu a tio n . A n  SW  is an  

e x e c u ta b le  m o d e l o f  an  a c tu a l w o rk lo ad . A n SW  rep ro d u ces  th e  re so u rce  d e m a n d s  o f  th e  

w o rk lo ad  a t  a  user-specified  level o f  a b s tra c t io n . I t  is com posed  o f  a  se t o f  p a ra m e te r iz e d  

sy n th e tic  ta sk s  t h a t  a re  designed  to  use specific sy s tem  resou rces. T h e  sy n th e tic  ta s k s  a re  

c o n s tru c te d  using  o p e ra tio n s  th a t  rep re sen t th e  ty p es  o f  o p e ra tio n s  p e rfo rm ed  by th e  ta sk s  

in  th e  re a l w o rk lo ad , b u t th e y  do  n o t necessarily  rep ro d u ce  th e  e x a c t sequence  o f  o p e ra tio n s , 

n o r  d o  th e y  p ro cess  rea l d a ta .  In s te a d , th ey  p e rfo rm  o p e ra tio n s  on  fixed-valued  o r  ra n d o m ly - 

g e n e ra te d  d a ta .  F o r ex am p le , to  m odel a  f lo a tin g -p o in t in ten siv e , s ig n a l-p ro cess in g  ta s k  in  

a  rea l w o rk lo ad , th e  SW  m ig h t ex ecu te  a  n u m b e r o f floa ting  p o in t a r i th m e tic  o p e ra t io n s  o n  

a  fixed d a t a  se t . T h ese  o p e ra tio n s  will exercise  th e  a p p ro p r ia te  sy s tem  h a rd w a re , say  th e  

f lo a tin g  p o in t co p ro cesso r, to  th e  sam e  degree  as th e  rea l w o rk lo ad . H ow ever, th e  S W  re ­

q u ires  no  sig n a l d a ta  to  p ro cess , a n d  th e  code fo r th e  sy n th e tic  ta s k  m ay  co n s is t o f a  sim p le  

loop  c o n ta in in g  a  sh o r t  sequence  o f flo a tin g  p o in t o p e ra tio n s . To re p ro d u c e  th e  b eh av io r 

o f  th e  s ig n a l-p ro cessin g  ta s k , th e  loop  is ex ecu ted  a  n u m b e r o f  tim es  u n til th e  a p p ro p r i­

a te  n u m b e r o f o p e ra tio n s  is ex ecu ted . T h e  u ser does n o t have  to  p ro d u c e  c o rre c t in p u t 

d a ta  s tre a m s  o r  com plex  a lg o r ith m s  to  p rocess th e  d a ta .  T h e  u ser co n tro ls  th e  w ork load  

c h a ra c te r is tic s  by a d ju s tin g  th e  p a ra m e te rs  o f th e  ta sk . SW s a re  useful fo r e x p e rim e n ta l 

e v a lu a tio n s  becau se  th e y  a re  flexible, th e ir  beh av io r is co n tro llab le  an d  re p ro d u c ib le , an d  

th e y  a re  g en era lly  m o re  c o m p a c t th a n  real w ork loads.

F o r th e  firs t ty p e  o f e v a lu a tio n , th e  SW  can  be  used  w hen  th e  a c tu a l  ap p lic a tio n  

so ftw are  is u n av a ilab le , as is freq u en tly  th e  case w hen th e  ta rg e t  sy s tem  is new  o r  e x p e ri­

m e n ta l. F or a  new  sy s te m , th e  so ftw are  m ay  still be  in th e  design s ta g e  a t  th e  tim e  w hen  

th e  h a rd w a re  a n d  sy s tem  so ftw are  a re  read y  to  be ev a lu a ted . F or e x p e r im e n ta l sy s te m s , a  

specific a p p lic a tio n  m ay  n o t ye t be d e te rm in ed  for th e  sy s tem . In  these  cases , th e  S W  can  be  

c o n s tru c te d  based  on th e  h igh-level req u irem en ts  specification  o f  th e  p ro p o sed  w ork load  o r  

b a sed  on a  c h a ra c te r iz a tio n  o f th e  ty p es  o f w ork loads w hich com pose  th e  a p p lic a tio n  d o m ain  

fo r th e  sy s te m . E ven if th e  ap p lica tio n  w ork load  is availab le , th e  SW  m ay  b e  p re fe rab le  

b ecau se  i ts  b eh av io r is rep ro d u c ib le . T h e  b eh av io r o f th e  real w ork load  m ay  re ly  on  sy s tem  

in p u ts  th a t  m ay  be  im possib le  to  rep ro d u ce  exactly . S ince th e  SW  does n o t req u ire  real 

sy s tem  in p u ts , its  b eh av io r can  be rep ro d u ced . T h e  user can  m ak e  th e  S W  a c c u ra te ly  re ­

p ro d u ce  th e  w ork load  c h a ra c te r is tic s  o f th e  a c tu a l w orkload by using  th e  so u rce  code o f  th e  

w ork load  as a  b lu e p r in t for c o n s tru c tin g  th e  SW . U sing an SW  w hen a n  a c tu a l  ap p lica tio n  

w ork lo ad  is availab le  can h ave  its  d isad v an tag es . F ir s t, since th e  SW  m u s t be c o n s tru c te d ,
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using  i t  req u ire s  an  a d d it io n a l co s t, w hereas th e  a p p lic a tio n  so ftw a re  is a lre ad y  availab le  

a n d  using  it  req u ires  no a d d itio n a l co s t. N ex t, tu n in g  th e  S W  to  a c c u ra te ly  re p re se n t th e  

w ork load  can  b e  d ifficult an d  expensive . To achieve a  high-level o f  accu racy , th e  u se r m u s t 

f irs t co llec t a  la rg e  a m o u n t o f  d a ta  to  c h a ra c te riz e  th e  w ork load  an d  th e n  u se  th is  d a ta  to  

tu n e  th e  S W . F inally , th e  S W  m u s t be ru n  on a  d ed ica ted  ta rg e t  sy s te m . T h e re fo re , an  

o th e rw ise  o p e ra tio n a l sy s tem  m u s t b e  ta k e n  off-line to  be  e v a lu a te d  using  an  S W . If th e  

a c tu a l ap p lic a tio n  so ftw are  is used a s  th e  w ork load , th e  sy s tem  m ay  be e v a lu a te d  w hile it 

is in o p e ra t io n  [27].

F or th e  second  ty p e  o f e v a lu a tio n , th e  SW  is an  ideal to o l to  use. B ecause  th e  

S W  is p a ra m e te r iz e d , th e  u se r d irec tly  co n tro ls  th e  w ork load  c h a ra c te r is tic s  w hose effects 

on sy s tem  p e rfo rm an ce  a re  b e in g  s tu d ie d . T h u s , various c o m b in a tio n s  o f  w o rk lo ad  c h a r­

a c te r is tic s  m ay  b e  p ro d u ced  by se lec ting  th e  a p p ro p r ia te  p a ra m e te r  va lues. T h e  S W  is 

p a r tic u la r ly  usefu l fo r ex p e rim e n ts  u s in g  full fac to ria l o r  p a r t ia l  fa c to ria l designs becau se  

th e  d ifferen t fa c to rs  in th e  e x p e rim e n t can  be  con tro lled  by specific p a ra m e te r s . T h e  values 

o f  th e  p a ra m e te r s  will th en  re p re se n t th e  various levels o f  th e  fa c to rs . T h e  SW  is su p e rio r 

to  an a c tu a l  w ork load  for th ese  ty p e s  o f ev a lu a tio n s . It is genera lly  d ifficu lt to  c o n tro l sp e ­

cific c h a ra c te r is tic s  o f  rea l w o rk loads . T o  do  so w ould req u ire  th e  u se r to  id en tify  e x ac tly  

w hich code seg m en ts  p ro d u ced  th e  w ork load  c h a ra c te r is tic s  o f in te re s t an d  th e n  change  

th e  seg m en ts  in such a  m a n n e r  as to  p ro d u ce  th e  desired  w ork load  c h a ra c te r is tic s  w ith o u t 

adverse ly  d is tu rb in g  o th e r  w ork load  c h a rac te ris tic s . T hese  p ro b lem s a re  avo ided  by using  

an  SW . T h e  SW  can be s t ru c tu re d  to  localize th e  code w hich p ro d u ces  specific w ork load  

c h a ra c te r is tic s . T h is  code can  be w rit te n  such th a t  it  has no side effects on  o th e r  w ork load  

c h a ra c te r is tic s .

1.1 Research O bjectives

In  th is  d is s e r ta tio n , we s tu d y  th e  design and  im p lem en ta tio n  o f S W s a n d  too ls fo r 

g e n e ra tin g  SW s fo r d is tr ib u te d  rea l-tim e  sy s tem s . S ince, for som e s tu d ie s , th e  SW  is to  be  

re p re se n ta tiv e  o f an a c tu a l a p p lic a tio n , we s t ru c tu re  it like an  a c tu a l a p p lic a tio n . T o do  

th is , w e h av e  developed  a  m odel o f re a l-tim e  w ork loads upon  w hich th e  s t ru c tu re  o f  th e  SW  

is based . T h e  m odel d escrib es  th e  s t ru c tu re  o f th e  so ftw are  w hich com poses th e  w o rk load . 

I t  d escribes th e  in te ra c tio n s  o f  ta sk s , d a ta  s tru c tu re s , and  in te rfaces to  th e  en v iro n m en t. I t 

a lso  d escrib es th e  in te rn a l s t ru c tu re  o f ta sk s  w ith  a  degree o f  precision  su ita b le  to  c a p tu re  

th e  tim in g  b eh av io r o f  each ta sk . S ince th e  SW  is an  ex e c u ta b le  version  o f th e  w ork load  

m odel, th e  a ccu racy  o f  th e  m odel d e te rm in es  th e  rep resen ta tiv en ess  o f  th e  SW .
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For a  d is tr ib u te d  rea l-tim e  sy s te m , an  SW  m u s t b e  w r it te n  fo r each  p ro cesso r. 

W ritin g  an d  d ebugg ing  a  la rge  n u m b e r o f  SW s is a  ted io u s  a n d  e rro r-p ro n e  u n d e rta k in g . 

C learly , th e  re p e tit io u s  an d  a lg o r ith m ic  n a tu re  o f  th e  p ro cess  o f  g e n e ra tin g  S W s m ak e  it  

a  c a n d id a te  for a u to m a tio n . W e have deve loped  a  s y n th e tic  w orkload g en era to r  (S W G ) 

th a t  a u to m a tic a lly  t r a n s la te s  a  te x tu a l  re p re se n ta tio n  o f  th e  w ork load  m odel in to  an  ex ­

e c u ta b le  SW  for a  d is tr ib u te d  re a l- tim e  sy s tem . O u r  sy n th e tic  w orkload  sp ec ifica tion  la n ­

guage  (S W S L ) c o n ta in s  a  n u m b e r o f a d d it io n a l fe a tu re s  in c lu d in g  th e  a b ility  to  specify  th e  

S W  in  th e  c o n te x t o f  an  e x p e rim en t. A sing le  SW SL  spec ific a tio n  can  d esc rib e  a  series o f 

e x p e rim e n ts  w here  th e  p a ra m e te r s  o f th e  SW  a re  d iffe ren t fo r each  ex p e rim e n t.

W e h av e  designed  an d  im p lem en ted  an  S W G  th a t  can  com pile  SW SL  specifica tions 

a n d  p ro d u ce  SW s w ith  th e  specified c h a ra c te r is tic s . W e h ave  deve loped  a  generic  S W  d riv er 

t h a t  co n tro ls  th e  d is tr ib u te d  SW  as it ex ecu tes  on th e  ta rg e t  sy s te m . T h e  d riv e r  is generic  in 

th e  sense th a t  its  s t ru c tu re  does n o t d ep en d  on th e  SW SL  sp ec ifica tion . W e have iden tified  

a n d  im p lem en ted  th e  e ssen tia l serv ices th a t  it  m u s t p rov ide .

W e a lso  describe  a  se t o f  ex p e rim e n ts  w here  we d e m o n s tra te d  th e  ab ility  o f  th e  

S W  to  a c t  a s  b o th  ty p e s  of w o rk load . I t  is c ap ab le  o f  p ro d u c in g  re p re se n ta tiv e  resou rce  

d e m a n d s , an d  it  has been  used to  p ro d u ce  specific , u se r-co n tro lled  re so u rce  d e m a n d s  for 

th e  e x p e rim e n ta l ev a lu a tio n  o f a  d is tr ib u te d  re a l-tim e  sy s te m . T h e se  d e m o n s tra t io n s  w ere 

p e rfo rm ed  on tw o  d ifferen t re a l-tim e  c o m p u tin g  sy s tem s , th u s  show ing  th e  g en e ra lity  o f th e  

SW  design .

In su m m ary , th e  o b jec tiv es  o f  th is  d is se r ta tio n  a re  to  

e D evelop a  m odel o f  d is tr ib u te d  rea l-tim e  w ork loads , 

e D evelop  a  sy n th e tic  w ork load  specifica tion  lan g u ag e ,

® Im p lem en t a  sy n th e tic  w ork load  g e n e ra to r ,

e Im p lem en t a  d riv e r to  su p p o r t d is tr ib u te d  ex ecu tio n  o f  th e  sy n th e tic  w o rk load ,

« D e m o n s tra te  th e  ab ility  o f th e  sy n th e tic  w ork load  to  be  re p re se n ta tiv e  o f  an  a c tu a l 

a p p lic a tio n , and

® D e m o n s tra te  th e  ab ility  o f th e  sy n th e tic  w ork load  to  p ro d u ce  specific , u se r-co n tro lled  

reso u rce  d em an d s fo r use in  e x p e rim e n ta tio n .
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1.2 O utline o f th e  D issertation

T h is  d is se r ta tio n  is o rg an ized  as  follow s. In  C h a p te r  2 , w e d iscu ss th e  im p o r ta n t  

p ro p e r tie s  o f sy n th e tic  w o rk lo ad s an d  p ro v id e  b ack g ro u n d  in fo rm a tio n  on  th e  dev e lo p m en t 

o f  S W s. C h a p te r  3 describes  th e  w ork load  m o d el th a t  is used  by  SW SL . SW SL  is defined  in  

C h a p te r  4. T h e  s t ru c tu r e  o f th e  generic  s y n th e tic  w ork load  d riv e r is d iscussed  in  C h a p te r  5. 

In  C h a p te r  6 we d esc rib e  a  se t o f  ex p e rim en ts  th a t  w ere ru n  to  d e m o n s tra te  th e  a b ility  o f  

th e  sy n th e tic  w ork load  g e n e ra to r  to  p ro d u c e  sy n th e tic  w ork lo ad s t h a t  a c c u ra te ly  re p re se n t 

rea l w o rk lo ad s . C h a p te r  7 p re s e n ts  ex p e rim en ts  designed  to  d e m o n s tra te  th e  a b ility  o f  

th e  sy n th e tic  w ork load  g e n e ra to r  to  be used  to  g e n e ra te  sy n th e tic  w ork loads w ith  specific 

w ork load  c h a ra c te r is tic s  for e x p e r im e n ta l p e rfo rm an ce  e v a lu a tio n  o f  a  d is tr ib u te d  re a l- tim e  

sy s tem . O u r conclusions a re  p re sen ted  in  C h a p te r  8.
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CHAPTER 2

PRELIMINARIES

In th is  c h a p te r  we p ro v id e  th e  c o n te x t in  w hich o u r  re se a rc h  w as p e rfo rm ed . F ir s t,  

we d iscuss th e  im p o r ta n t p ro p e r tie s  t h a t  an  SW  shou ld  possess. O u r g o a l w as to  o p tim ize  

th e se  p ro p e r tie s  in  o u r  SW . N e x t, we p re se n t a  b ack g ro u n d  o f S W s. W e d iscu ss th e  firs t SW s 

fo r d a ta  p rocessing  sy s tem s a n d  t r a c e  su b se q u e n t S W  d ev e lo p m en t w ith  sp ec ia l em p h asis  

on  SW s fo r d is tr ib u te d  a n d  re a l- t im e  sy s tem s . W e conc lude  th e  c h a p te r  w ith  a  su m m a ry  

o f  th e  b a c k g ro u n d  an d  d iscuss o u r  a p p ro a c h  to  th e  d ev e lo p m en t o f  SW s for d is tr ib u te d  

rea l-tim e  sy s tem s .

2.1 P roperties o f syn th etic  workloads

T o be usefu l for p e rfo rm a n c e  e v a lu a tio n , an  SW  m u s t possess a  n u m b e r o f  p ro p ­

e rtie s . T h e  m o s t im p o r ta n t o f  these  h ave  been  iden tif ied  by F e rra ri [24]. T h e y  a re  rep re ­

se n ta tiv e n e ss , flexibility , s im p lic ity  o f  c o n s tru c tio n , c o m p a c tn e ss , low u sa g e  co s ts , sy s tem  

in d ep en d e n ce , rep ro d u c ib ility , a n d  com p a tib ility . T h e  follow ing d e fin itio n s  a re  p a ra p h ra se d  

from  [24].

R e p resen ta tiv en ess  is a n o th e r  te rm  fo r m o deling  accu racy . I t  is th e  m easu re  of 

how well th e  SW  reflects th e  s t ru c tu r e  or b eh av io r o f th e  w o rk lo ad . F lex ib ility  is th e  ab ility  

to  a lte r  th e  SW  easily  an d  inexpensively . S im p lic ity  o f  c o n s tru c tio n  refers to  th e  co s t an d  

co m plex ity  o f  g a th e r in g  th e  n ecessa ry  in fo rm a tio n  in  o rd e r  to  design a n d  c o n s tru c t th e  

SW . It a lso  refers th e  ease  w ith  w hich th e  u se r can  specify  a n d  g e n e ra te  th e  SW . T h e  

co m p a c tn ess  o f th e  SW  is a  m easu re  o f  th e  a m o u n t o f  sy s tem  resou rces req u ired  to  specify 

an d  use it . C o m p ac tn e ss  is g en era lly  p ro p o r tio n a l to  co s t an d  inversely  p ro p o r tio n a l to  

rep re sen ta tiv en ess . A  co m p ac t SW  is usually  less expensive to  use  b u t less rep re se n ta tiv e  

o f  th e  rea l w o rk lo ad . R ep resen ta tiv en ess  req u ires  th a t  th e  SW  co n ta in  m ore in fo rm a tio n  

a b o u t th e  w ork load  th a t  i t  is m o d elin g . S y s te m  independence  is n ecessa ry  if th e  SW  is to  be 

used to  co m p are  d ifferen t sy s tem s or d ifferen t versions o f  th e  sam e sy s te m . An SW  should

6
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b e  re p re se n ta tiv e  o f  th e  w ork load  reg a rd less  o f  th e  sy s tem  on w hich i t  is ex ecu tin g . As an  

a id  to  th e  p e rfo rm in g  o f  e x p e rim e n ts , reproducib ility  is im p o r ta n t.  T h e  deg ree  to  w hich  th e  

b eh av io r o f  th e  SW  can  b e  re p ro d u c e d  from  e x p e rim e n t to  e x p e rim e n t is a  good  in d ica tio n  

o f  th e  degree  o f  c o n tro l th a t  th e  e x p e rim e n te r  h a s  over th e  SW . F ina lly , for th e  SW  to  be 

u sab le , it m u s t ex h ib it co m p a tib ility  b e tw een  th e  SW  an d  th e  sy s tem . T h is  m e a n s  th a t  th e  

S W  m u s t b e  m a d e  up  o f  p ro g ra m s  th a t  can  ex ecu te  on th e  ta rg e t  sy s te m  an d  effectively 

exerc ise  th e  s y s te m ’s resou rces.

2.2 Background

A desire  to  im p lem en t th e s e  p ro p e r tie s  in to  a  p ra c tic a l ex e c u ta b le  w ork load  m odel 

h a s  m o tiv a ted  th e  d ev e lo p m en t o f  several sy n th e tic  w ork loads . T h e  firs t SW  w as developed  

by B uchholz  [10] fo r d a ta  p ro cess in g  sy s tem s . B u ch h o lz’s SW  co n sis ted  o f a  single sy n th e tic  

jo b . I t  w as designed  to  m odel a  co m m erc ia l file u p d a te  sy s tem  com m on  to  business  ap p lic a ­

tio n s . I ts  in p u ts  w ere a  d e ta il file an d  a  m a s te r  file. T h e  SW  w ould  read  a  reco rd  from  th e  

d e ta il file an d  find th e  c o rre sp o n d in g  reco rd  in th e  m a s te r  file. T h en , i t  ex ecu ted  a  co m p u te  

loop  to  s im u la te  p rocessing  of th e  reco rds. F inally , it  w ro te  th e  u p d a te d  m a s te r  re co rd . T h e  

sy n th e tic  jo b  w as p a ra m e te r iz e d  to  allow  it  to  m odel any  of a  n u m b e r o f  jo b s  w ith  sim ilar 

s t ru c tu r e  b u t d ifferen t w ork load  c h a ra c te r is tic s . T h e  p a ra m e te rs  inc luded  th e  n u m b er of 

reco rd s  in th e  d e ta il an d  m a s te r  files an d  th e  n u m b er o f re p e titio n s  o f th e  co m p u te  loop. 

T h e  jo b  cou ld  be  m ad e  to  e x e c u te  a  n u m b er o f  tim es in succession w ith  v a ry in g  values for 

th e  p a ra m e te rs .

B u ch h o lz ’s id ea  w as e x p a n d e d  by  W ood an d  F o rm an  [70], w ho  c re a te d  a  sy n th e tic  

jo b  stream  com posed  o f  a  co llec tion  o f  B u ch h o lz ’s sy n th e tic  jo b s  ex ecu tin g  concu rren tly . 

T h is  jo b  s tre a m  w as an  im p ro v em en t over th e  seq u en tia l ex ecu tio n  of jo b s  in th a t  th e  in te r­

ac tio n s  b e tw een  a  n u m b er o f jo b s  w ith  d iffering  w ork load  c h a ra c te r is tic s  cou ld  be  m odeled . 

T h ey  also ad d ed  p a ra m e te rs  to  th e  sy n th e tic  jo b  to  allow  th e  user to  specify  how  m any  

d a ta  files to  b e  w rit te n  w hen th e  co m p u te  loop h ad  com ple ted  an d  to  allow  a  n u m b e r of 

lines to  be p r in te d  for each  reco rd  u p d a te d . S reen ivasan  and  K le inm an  [62] fu r th e r  refined 

th e  sy n th e tic  jo b  by ad d in g  p a ra m e te r s  to  specify th e  block size o f  th e  I /O  buffers an d  th e  

size o f  th e  reco rds. T h ey  th e n  used  m u ltip le  copies o f th e  sam e  jo b , each  w ith  d ifferen t 

p a ra m e te r  values, to  c re a te  th e  d esired  w ork load . T h ey  also described  a  te ch n iq u e  w hereby  

th e  c h a ra c te r is tic s  o f an  a c tu a l w ork load  m ay  b e  used to  d e te rm in e  th e  values o f these  

p a ra m e te rs . T h is  te ch n iq u e  w as la te r  a d a p te d  by H arin g  et al. [32], fo r th e  e v a lu a tio n  o f a  

m a in fra m e  co m p u te r.
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S ch w etm an  a n d  B row n  [57] d u p lic a te d  W ood an d  F o rm a n ’s sy s te m  b u t  a d d e d  a  

sy n th e tic  jo b  g e n e ra to r . T h is  g e n e ra to r  w as a  p ro g ram  th a t  s u b m it te d  s y n th e tic  jo b s  to  

th e  sy s tem  in  a  m a n n e r  designed  to  s im u la te  th e  a rriv a l p a t te rn s  o f jo b s  to  th e  sy s tem  in  a  

rea l w ork load . I t  a lso  allow ed th e  value  of th e  w ork load  p a ra m e te r s  to  be a lte re d  fo r each  

jo b . In o rd e r  to  increase  th e  re p re se n ta tiv e n e ss  o f  th e  w ork loads b e in g  g e n e ra te d , L ucas [45] 

p ro p o sed  th a t  a  lib ra ry  o f sy n th e tic  jo b  m o d u les  b e  com piled . T h is  lib ra ry  w ould  co n ta in  

m od u les to  re p re se n t th e  d iffe ren t ty p e s  o f jo b s  th a t  a re  p re se n t in  th e  w o rk lo ad s  o f genera l- 

p u rp o se  sy s tem s . H e gave ex am p les  o f th e  ty p e s  of m odu les t h a t  w ould be  c o n ta in e d  in th e  

lib ra ry . T h e  m o d u les w ere chosen  to  m easu re  d iffe ren t a sp ec ts  o f sy s tem  o p e ra t io n , in c lu d in g  

com pile r a t t r ib u te s ,  o p e ra tin g  sy s te m  a t t r ib u te s ,  a n d  p ro g ra m  e x ecu tio n  a t t r ib u te s .

T h is  schem e w as gen era lized  in th e  A P E T  sy s tem , w hich p ro v id ed  a  la n g u a g e  for 

defin ing an SW  [4]. A P E T  m odeled  th e  w ork load  as co n s is tin g  o f a  s e t  o f  p h a se s . E ach  

p h a se  w as e ssen tia lly  a  sy n th e tic  ta s k . P h ases  ran  c o n c u rre n tly  a n d  in te ra c te d  w ith  each  

o th e r . A  p h ase  w as com posed  o f  a  n u m b er o f  s tep s . E ach  s te p  w as a  p ro g ra m  fu n c tio n  th a t  

ex ecu ted  a  specific w ork load  o p e ra tio n . E ach  phase  re p e a te d  in  a  cyclic p a t te rn  fo r a  user- 

specified p e riod  o f tim e , a n d  d u rin g  each cycle th e  s te p s  o f a  p h a se  ex ecu ted  seq u en tia lly . 

P a ra m e te r s  o f th e  m odel allow ed th e  u ser to  select w hich phases an d  s te p s  w ere to  execu te . 

T h e  o p e ra tio n s  s u p p o r te d  by  A P E T  w ere re s tr ic te d  to  C P U  usage  an d  file m a n ip u la tio n .

W a lte rs  [64] developed  a  sy s tem  called  S K E T  in w hich re p re se n ta tiv e  b en ch m a rk  

kernels w ere  c o n s tru c te d  b a sed  on p ro g ra m  flow charts. K ernels fo r in d iv id u a l p ro g ra m  

fu n c tio n s  w ere chosen  by th e  u ser a n d  th en  com piled  to  p ro d u ce  p e rfo rm a n c e  fo rm u lae  th a t  

w ere used  to  d eriv e  p e rfo rm an ce  d a ta .  A com piler to  p ro d u ce  an ex e c u ta b le  b en ch m a rk  

w as p ro p o sed  b u t  n o t im p lem en ted .

D ujm ovic  [19] in tro d u c e d  th e  id ea  o f  m onoresource  s y n th e tic  program s. E ach  p ro ­

g ra m  in th e  SW  exercised  a  single resou rce  co n tinuously  for th e  d u ra t io n  o f  its  ex ecu tio n . 

T h ese  p ro g ra m s  w ere com bined  in p ro p o r tio n s  ex p ec ted  to  a cc u ra te ly  m o d e l th e  reso u rce  

u sage  o f  th e  m odeled  w o rk lo ad . T h e  p e rfo rm an ce  o f  th e  sy s tem  w as m odeled  as a  lin ea r 

co m b in a tio n  of th e  w ork load  c h a rac te ris tic s .

A h igh-level lan g u ag e  d e sc rip tio n  o f  an SW  w as developed  by  S ingh  an d  Segall [59, 

60] for th e  P eg asu s p e rfo rm an ce  evalua tion  sy s tem . T h is  lan g u ag e , called  th e  B -lan g u ag e , 

rep re sen ted  th e  w ork load  as  a  U C L A  g ra p h , a  form  of d a ta flo w  g ra p h . T h e  u se r w as ab le  

to  specify  th e  s t ru c tu re  an d  b eh av io r o f th e  w ork load  a t  a  h igh level. T h e  la n g u a g e  defined 

ta sk s  a n d  th e ir  in te ra c tio n s . T h e  in te rn a l s t ru c tu r e  o f each  ta s k  w as specified a s  sequences 

o f o p e ra tio n s  a n d  co n tro l c o n s tru c ts , such as  b ran ch es and  loops. I t  w as in te n d e d  th a t  a  

specifica tion  in th e  B -language be com piled  by a  sy n th e tic  w ork load  g e n e ra to r  (S W G ) to
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c re a te  th e  ex ecu tab le  SW . T h e  S W G  for P eg asu s  w as n ev er im p lem en ted .

A d v an cem en ts  in m o d elin g  in d iv id u a l w ork load  c h a ra c te r is tic s  have  also  o ccu rred . 

For ex am p le , B abaog lu  [3, 2] a n d  F e rra ri [25] developed  te ch n iq u es  to  allow  a n  S W  to  

p ro d u c e  re p re se n ta tiv e  m em ory  re fe renc ing  p a t te rn s  fo r v ir tu a l  m em o ry  sy s tem s . F e rra ri 

h a s  m ad e  a  n u m b er o f  c o n tr ib u tio n s  in  th e  d ev e lo p m en t o f  SW s [23, 24 , 26, 2 7 ,2 8 ] , inc lud ing  

th e  defin ition  o f re p re sen ta tiv en ess  t h a t  we use  in C h a p te r  6 a n d  th e  dev e lo p m en t o f  m odels 

o f  w ork loads o f in te ra c tiv e  sy s tem s .

C a lza ro ssa , I ta lia n i, a n d  Serazzi [11] focused  on  th e  s ta t ic  ( s tru c tu ra l )  a n d  d y n am ic  

(ex ecu tio n ) rep re sen ta tiv en ess  o f  th e  SW . T h e y  ch a ra c te r iz e d  th e  s t ru c tu r e  o f  a  w ork load  

a cco rd in g  to  th e  re sou rce  usage  p a ra m e te rs . T h e n , th e y  used  c lu s te rin g  tech n iq u es to  find 

re p re se n ta tiv e  jo b s  from  th e  w o rk lo ad . T h e y  m odeled  th e se  jo b s  a n d  rep ro d u ced  th e ir  

ex ecu tio n  b eh av io r s to ch astica lly .

A n u m b er o f SW s have been  developed  to  a c t as te rm in a l e m u la to rs  [29, 8 , 47]. 

T h ese  SW s genera lly  em u la ted  b eh av io rs  o f c lien ts in a  c lien t-se rv e r en v iro n m en t. T h ey  

w ere d riven  e ith e r  s to ch astic a lly  o r  by  tra ce s .

A ll o f  th e  above SW s w ere developed  fo r g en e ra l-p u rp o se  c o m p u tin g  sy s tem s . SW s 

fo r rea l-tim e  sy s tem s a re  scarce . O ne ex am p le  w as th e  SW  fo r N A S A ’s F au lt-T o le ran t 

M u ltip ro ce sso r (F T M P )  [21, 22]. F T M P ’s S W  w as designed  to  exerc ise  th e  sy s tem  and  

p e rfo rm  a  lim ited  n u m b er o f tim in g  m easu rem en ts . I t  defined th e  w ork load  as a  n u m b er 

o f  p erio d ic  ta sk s  d iv ided in to  th re e  rate groups. A ra te  g ro u p  w as a  co llection  o f  period ic  

ta sk s  w ith  th e  sam e p eriod  w hich w ere invoked a t  th e  sam e  tim e . T h e  perio d s o f  th e  ra te  

g ro u p s  w ere aligned a t  m a jo r  cycle  b o u n d s . A m a jo r  cycle w as th e  le a s t com m on m u ltip le  

o f  th e  len g th s  o f th e  p e riods. T h u s , a t  th e  b eg inn ing  o f  each  m a jo r  cycle , all ta sk s  w ere 

invoked  sim u ltaneously . T h e  d ead lin e  for each  ta sk  w as eq u a l to  th e  len g th  o f  its  p eriod . 

T h e  usefu lness o f  th is  SW  w as re s tr ic te d  by th e  fixed sy n th e tic  p ro g ra m  s t ru c tu re , fixed 

d ead line  policy, lack o f ape rio d ic  ta s k s , and  few lo ca tio n s  w here  tim in g  d a ta  w as collected . 

T h is  SW  w as p o rte d  to  H A R T S a t  th e  U n ivers ity  o f M ichigan  by W o o d b u ry  [71].

S u p p o rt for SW s a p p e a re d  in S chedu ler 1-2-3, a  sch ed u lab ility  a n a ly z e r developed  

a t  C arn eg ie  M ellon U niversity  [63]. S cheduler 1-2-3 w as cap ab le  o f  p ro d u c in g  w ork load  

tab le s  as a  p a r t  o f  its  sched u lab ility  analysis. T h e  m ain  w ork load  p a ra m e te rs  in th e  tab le  

w ere th e  p e rio d , p rio rity , an d  p h ase  (a lig n m en t o f  p e rio d s) o f  th e  ta sk s . T h ese  ta b le s  could 

be included  in to  th e  SW  th a t  w as used  to  ev a lu a te  th e  A R T  R ea l-T im e  T e stb ed . A  sim ilar 

SW  w as used  by W endorf [67] to  ana ly ze  th e  p e rfo rm an ce  o f rea l-tim e  schedu ling  p rocesso r 

ru n n in g  th e  M ach kernel.

R ecently , tw o b en ch m a rk s  for rea l-tim e  sy s tem s have em erged . B en ch m ark s a re
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S W s w ith  no  a d ju s ta b le  p a ra m e te r s  a n d , th u s , fixed b eh av io r . T h e  firs t is R h e a ls to n e , a  

p ro p o sed  b e n c h m a rk  fo r re a l- tim e  sy s tem s [40]. R h ea ls to n e  m easu res  th e  p e rfo rm an ce  o f  six  

im p o r ta n t fu n c tio n s  o f  a  re a l- t im e  sy s tem : ta sk  sw itch ing  tim e , p re e m p tio n  tim e , in te r ru p t  

la te n c y  tim e , se m a p h o re  shuffling  tim e , dead lock  b reak in g  tim e , an d  d a ta g ra m  th ro u g h p u t 

tim e . I t  w as su g g es ted  in [40] th a t  th e  p e rfo rm an ce  of th e  sy s te m  u n d e r  a re a l w ork load  

m ay  b e  e s t im a te d  by a  lin ea r c o m b in a tio n  of th e  m easu red  values.

T h e  second  re a l- t im e  b e n c h m a rk  is th e  H a r ts to n e  D is tr ib u te d  B en ch m ark  [37]. 

H a r ts to n e  w as c re a te d  specifically  to  b en ch m a rk  th e  co m m u n ica tio n  p e rfo rm a n c e  o f re a l­

tim e  d is tr ib u te d  sy s tem s . I t  p rov ides q u a n ti ta t iv e  m easu res  o f  co m m u n ica tio n  p e rfo rm an ce . 

I ts  execu tion  is co m p o sed  of a  series o f ex p e rim en ts  a im ed  a t  m easu rin g  sy s tem  cap ac ity . 

T h e  ex p e rim e n ts  successively  increase  th e  load  on  th e  sy s tem  u n til i t  fails to  p ro v id e  th e  

req u ired  serv ice .

B o th  of th e se  b en ch m a rk s  a re  useful fo r m easu rin g  c e rta in  a sp ec ts  o f  re a l-tim e  

sy s tem  p e rfo rm an ce . H ow ever, as is th e  case w ith  m ost b en ch m a rk s , th e  se t o f m easu red  

p e rfo rm an ce  ind ices is lim ited . T h e re  is no  flexib ility  to  m easu re  o th e r  indices t h a t  m ay  b e  

im p o r ta n t to  a  g iven s tu d y . A fixed se t o f p e rfo rm an ce  indices is in su ffic ien t fo r d e te rm in in g  

th e  to ta l  p e rfo rm a n c e  of th e  sy s tem  u n d e r  a rea l w ork load .

2.3 Summary

M u ch  w ork in  SW s fo r n o n -rea l-tim e  sy s tem s h as been  focused  on  d a ta  p rocessing  

sy s tem s . M o s t o f th e  SW s w ere  tr iv ia l ex ten s io n s to  B u ch h o lz’s S W  u n til F e rra ri m ad e  

several sign ifican t c o n tr ib u tio n s  to  th e  th e o ry  o f  SW s. He developed  tech n iq u es  for co n ­

s tru c tin g  S W s to  m odel specific w ork loads an d  fo r ev a lu a tin g  th e  rep re sen ta tiv en ess  o f  th e  

S W . T h e  m o s t im p o r ta n t d ev e lo p m en ts  in SW  co n s tru c tio n  tech n iq u es  w ere by L ucas, W al­

te r s , an d  D u jm o v ic . L ucas an d  D ujm ovic refined th e  concep t o f  sy n th e tic  o p e ra tio n s  s to re d  

in lib ra rie s . W a lte rs  m a d e  th e  first advances in ach iev ing  rep re se n ta tiv e n e ss  by using  th e  

p ro g ra m ’s s t ru c tu r e  a s  a  te m p la te  for th e  S W ’s s tru c tu re . S ingh an d  Segall ap p lied  a  n u m ­

b e r  o f these  te ch n iq u es  in c re a tin g  th e  B -language  for a  d is tr ib u te d  sy s te m . U n fo rtu n a te ly , 

th e y  never im p lem en ted  an  S W G  to  com pile  th e  B -language . All re p o r te d  ex am p les  w ere 

h a n d  tr a n s la te d  befo re  ex ecu tio n . T h u s , th e y  w ere n o t ab le  to  show  th a t  th e ir  ap p ro a c h  w as 

feasib le  in p ra c tic e . T h ey  show ed no co rre la tio n  betw een  U C L A  g ra p h s  a n d  a c tu a l so ftw are  

s tru c tu re , a n d  no a t te m p t  w as m ad e  to  d e m o n s tra te  rep resen ta tiv en ess .

L it tle  p ro g ress  h as been  m ad e  by  o th e rs  to  ap p ly  th ese  princip les to  th e  c rea tio n  

o f SW s for d is tr ib u te d  rea l-tim e  sy s tem s . T h e  rea l-tim e  SW s d iscussed  above p rov ide  li t t le

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



11

m o re  th a n  th e  ab ility  to  c re a te  pe rio d ic  sy n th e tic  ta s k s . S ingh  a n d  Segall [59] c la im ed  

t h a t  th e ir  SW  cou ld  m odel re a l-tim e  w o rk loads . T h e y  p re se n te d  an  ex am p le  th a t  w as 

lab e led  as a  re a l-tim e  ap p lic a tio n . I t co n sis ted  of a  feedback  loop  fo r p ro ce ss in g  senso r 

d a ta .  W h ile  th is  ap p lic a tio n  re sem b led  som e c o m p o n e n ts  o f re a l- t im e  w o rk lo ad s , th e re  

w ere  no tim in g  c o n s tra in ts  specified , a n d  n o  tim e -c ritic a l b e h a v io r  w as a n a ly z e d . A t no  

p o in t w as i t  d e m o n s tra te d  t h a t  th e  B -lan g u ag e  co n ta in ed  ex p lic it s u p p o r t  fo r m o deling  

re a l- t im e  a p p lic a tio n s  o r  t h a t  th e  w ork load  w as re p re se n ta tiv e  o f  an y  re a l- t im e  w o rk load .

In th is  d is s e r ta tio n , w e build  u p o n  th is  p a s t  w ork  to  c re a te  a  to o l fo r g e n e ra tin g  

S W s for d is tr ib u te d  rea l-tim e  sy s tem s . T h e  c h a ra c te r is tic s  a n d  re q u ire m e n ts  o f  d is tr ib u te d  

re a l- tim e  sy s tem s req u ire  in n o v a tiv e  ap p lica tio n s  o f know n fe a tu re s  a n d  th e  d ev e lo p m en t 

o f  new  fe a tu re s  in th e  design o f  SW s. For ex am p le , like W a lte rs , we use  th e  s t ru c tu r e  o f  

th e  so ftw are  as a  te m p la te  for o u r S W , a n d , like L ucas an d  D u jm o v ic , w e m ak e  use o f a  

lib ra ry  o f  sy n th e tic  o p e ra tio n s . H ow ever, o u r  S W  m u s t d isp lay  th e  c h a ra c te r is tic s  o f re a l­

tim e  so ftw are , a n d  th e  lib ra ry  m u s t co n ta in  o p e ra tio n s  com m on  to  re a l- t im e  w o rk loads . W e 

com bine  th ese  fe a tu re s  to  p ro d u ce  a  high-level la n g u ag e  th a t  can  b e  u sed  to  specify  SW s 

easily  an d  co m p ac tly . We pay  p a r tic u la r  a tte n tio n  to  re p re se n ta tiv e n e s s  a n d , un like  th e  

deve lopers o f  p rev io u s S W s, th e  req u irem en ts  o f  e x p e rim e n ta l e v a lu a tio n . T h e  lan g u ag e  

an d  th e  SW s g e n e ra te d  a re  designed  to  m ake  e x p e rim e n ta tio n  ea s ie r , a n d  specia l a t te n t io n  

is pa id  to  im p ro v in g  th e  s ta tis tic a l p ro p e r tie s  o f th e  SW .
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C H A P T E R  3

MODELING REAL-TIME WORKLOADS

3.1 Introduction

O u r w ork load  m odel is in ten d ed  to  describe  rea l-tim e  w o rk lo ad s in sufficient d e ta il 

to  be used  as th e  basis for g e n e ra tin g  SW s. To be an  a c c u ra te  re p re se n ta tio n  o f  th e  w ork load , 

th e  m odel m u s t c a p tu re  all s t ru c tu ra l  and  b eh av io ra l de ta ils  o f th e  w o rk lo ad . T h e  s t ru c tu r e  

a n d  b eh av io r o f  th e  w ork load  d irec tly  afTect th e  values o f  th e  p e rfo rm a n c e  indices th a t  a re  

m easu red  d u rin g  e x p e rim e n ts . C h an g es  in th e  w ork load  cause  changes in  th e  values o f th e  

p e rfo rm an ce  ind ices. I t  is by ch a ra c te r iz in g  th ese  changes th a t  one  ev a lu a te s  th e  sy s tem . 

T h e  w ork load  m odel p rov ides a  fo rm alism  th a t  allow s th e  u ser to  ex p ress  th e  con n ec tio n s 

betw een  th e  w o rk lo ad , its  c h a ra c te r is tic s , and  th e  m easu red  p e rfo rm a n c e  indices.

A rea l-tim e  sy s tem  is a  c o m p u tin g  sy s tem  w here  th e  value  of a  c o m p u ta tio n  de­

pends n o t on ly  on th e  logical co rrec tn ess  o f th e  re su lts , b u t also  on th e  tim e  a t  w hich th e  

re su lts  a re  p ro d u ced . T h is  defin ition  describes a  class o f  sy s tem s w ith  c h a ra c te r is tic s  th a t  

se t th em  a n d  th e ir  w ork loads a p a r t  from  g en e ra l-p u rp o se  sy s tem s [37, 50 , 4 2 , 15, 13]. T hey  

a re  usually  em b ed d ed  in a  la rg er sy s tem  th a t  p e rfo rm s a  p a r t ic u la r  fu n c tio n . T h e  rea l-tim e  

co m p u tin g  sy s tem  serves as th e  co n tro llin g  c o m p u te r  for th is  la rg e r sy s tem . T h e  rea l-tim e  

sy s tem  is designed  to  ex ecu te  specific ap p lic a tio n  so ftw are  req u ired  to  co n tro l th e  la rg e r 

sy s tem . A ll ta sk s  a re  p redefined  an d  th e ir  p a ra m e te rs  a re  usually  know n a p r io r i. T h e  

co n tro l a c tiv ity  co n sis ts  o f  a ccep tin g  freq u en t o r co n tinuously  a rr iv in g  in p u ts  from  sensors 

a n d , in  resp o n se , p ro d u c in g  o u tp u t  to  a c tu a to rs  a n d /o r  d isp lay  devices. T h e se  responses 

m ust o ccu r soon  enough  a f te r  th e  in p u t to  m ee t th e  physical c o n s tra in ts  o f th e  sy s te m . T h e  

sy s tem  m u st a lso  accep t in p u ts  a t  ran d o m  tim es  due  to  o p e ra to r  co m m an d s and  excep­

tiona l co n d itions . T h e  h a rd w a re  o f  th e  sy s tem  m ay  be d is tr ib u te d , con sis tin g  o f  a n u m b er 

o f p rocesso rs each  connected  to  a  varie ty  o f  I /O  devices. D is tr ib u te d  sy s tem s ex h ib it g re a t 

p o te n tia l for high p e rfo rm an ce  and  high reliab ility , tw o p ro p e r tie s  th a t  a re  essen tia l for 

rea l-tim e  sy s tem s .

12
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T o p ro v id e  th e  req u ired  serv ices, th e  rea l-tim e  w ork load  co n sis ts  o f  a  n u m b e r  o f 

p eriod ic  ta s k s  w hich h an d le  th e  p e riod ic  I /O  assoc ia ted  w ith  p ro cess  co n tro l. T h e re  a re  

a lso  sporadic  ta sk s  w hich  e x ecu te  in re sp o n se  to  th e  ap e rio d ic  ev en ts . T h e  re q u ire m e n ts  

o f  th e  sy s tem  a re  such th a t  th e  responses to  in p u ts  m u s t o ccu r w ith in  p re d e te rm in e d  tim e  

in te rv a ls , i.e ., responses have  d ead lin es . T h e re  m ay  be a  n u m b e r o f  d is tin c t s ta te s  in w hich 

th e  sy s tem  o p e ra te s . T asks m ay  b eh av e  d ifferen tly  d epend ing  on th e  s ta te .  A lth o u g h  som e 

o f  th e  ta sk s  m ay  ex ecu te  in d ep en d e n tly , th e y  will o ften  b e  req u ired  to  c o m m u n ic a te  w ith  

o n e  a n o th e r  a n d  ex ch an g e  d a ta .

P re v io u s  ap p ro ach es  to  m odeling  w ork loads consis ted  o f  c a p tu r in g  th e  b eh av io r 

o f th e  w ork load  u sin g  q ueue ing  netw orks o r describ ing  th e  w ork load  in te rm s  o f  a  v ec to r 

q u an tify in g  th e  w ork load  c h a ra c te r is tic s  [24], H ow ever, th e  p ro p e r tie s  o f a  re a l- tim e  w o rk ­

lo ad  a re  n o t a c c u ra te ly  m odeled  by a  q u eue ing  netw ork  o r  as a  sim p le  v e c to r  o f w ork load  

c h a ra c te r is tic  values because  th e se  techn iques m odel average  case p e rfo rm an ce . T h e re fo re , 

th e y  c a n n o t c a p tu re  th e  de ta ils  o f th e  tim in g  ch a rac te ris tic s  o f  th e  w o rk lo ad . T o  m odel a  

rea l-tim e  w o rk lo ad , we m u s t a c c u ra te ly  describe  th e  de ta ils  o f th e  w ork load  th a t  specifi­

cally in fluence  th e  tim e -re la te d  a sp e c ts  o f th e  sy s tem . T h e  m odel shou ld  ex p re ss  th e  ta s k s ’ 

tim in g , re so u rce  u sag e , an d  in te ra c tio n  c h a rac te ris tic s . T h e  tim in g  c h a ra c te r is tic s  in c lude  

ta s k  e x ecu tio n  tim es , dead lines , an d  schedu ling  p a ra m e te rs . T h e  reso u rce  u sag e  c h a ra c te r ­

istics shou ld  in c lu d e  access p rio ritie s , p reem p tio n  policies, an d  th e  q u a n ti ty  o f  th e  resou rces 

used  a lo n g  w ith  th e  tim in g  c h a ra c te r is tic s  (e .g ., p a tte rn  an d  d u ra t io n )  o f  t h a t  usage . T ask  

in te ra c tio n s  in c lu d e  b o th  d irec t co m m u n ica tio n  an d  resource  sh a rin g . S ince s ta n d a rd  q u e u e ­

in g  m odels a n d  s im p le  v ec to rs  o f w ork load  p a ra m e te rs  a re  n e ith e r pow erfu l n o r  exp ressive  

en o u g h  to  m odel re a l-tim e  w ork loads , a  d ifferen t, m ore expressive m odel is needed .

T h is  c h a p te r  describes a  w ork load  m odel w ith sufficient exp ressive  pow er to  d e ­

scrib e  rea l-tim e  w ork loads . In Section  3.2, we discuss som e issues th a t  in fluence th e  m odel 

design . W e th e n  desc rib e  th e  d e ta ils  o f o u r m odel in Section  3.3 a n d  conc lude  w ith  S ection  

3 .4 .

3.2 M odel D esign Issues

W e h ave  c o n s tru c te d  o u r  m odel to  a ccu ra te ly  c a p tu re  th e  s t ru c tu r e  an d  b eh av io r 

o f  a  re a l- tim e  w ork load . T h e  w ork load  is described  in te rm s  o f a  da ta flow  g ra p h , a  n o ta t io n  

com m on ly  used  to  specify so ftw are  for d is tr ib u te d  rea l-tim e  sy s tem s . T h e  m odel is a  g e n e r­

a liza tio n  o f th e  rap id  p ro to ty p in g  lan g u ag e  PSD L  developed by L uqi, B erz ins, an d  Yeh [48] 

an d  th re e  s tru c tu re d  ana ly s is  (S A ) n o ta tio n s : ESM L [9], W ard  and  M ello r’s tra n s fo rm a tio n
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sch em a  [65], an d  th e  B o e in g /H a t le y  n o ta t io n  [33]. T h e se  SA n o ta t io n s  a re  co m m o n ly  used 

in C A S E  tools  to  specify a n d  an a ly z e  th e  req u irem en ts  a n d  s t r u c tu r e  o f  re a l - t im e  sof tw are .  

T h e  da ta f lo w  m odel  c a p tu re s  t h e  basic  a sp ec ts  o f  th e  w ork lo ad ,  e .g . ,  p ara l le l ism  o f  ta sk s  

a n d  in te ra c t io n s  be tw een  ta s k s ,  a n d  allows for m odel ing  a t  m u l t ip le  levels o f  a b s t ra c t io n .  

T h ese  fea tu re s  p rov ide  a  gene ra l i ty  which m akes  o u r  m od e l  flexible a n d  th u s  m o r e  widely 

applicab le .  T h u s ,  it  is capab le  o f  m odel ing  th e  fea tu res  o f  a  n u m b e r  o f  SA , r a p id  p r o t o ­

ty p in g ,  a n d  o th e r  n o ta t io n s ,  e .g . ,  [52, 30, 49], an d  can b e  used t o  descr ibe  a  w ide ran g e  o f  

rea l - t im e  w ork loads  w hich have  been specified using these  n o ta t io n s .  O u r  m odel ex ten d s  

these  n o ta t io n s  to  specify th e  t im in g  an d  resource  usage  p ro p e r t ie s  o f  th e  w ork load .

T h e  m odel w as based  on SA an d  ra p id  p ro to ty p in g  n o ta t io n s  for  th e  following

reasons:

o A t  th e  t im e  a  p r o to ty p e  sy s te m  is ready  for e va lua t io n ,  i t  is likely t h a t  th e  sy s tem  

designers  will only  have a  h igh level specification o f  th e  p ro p o sed  ap p l ic a t io n  sof tw are ,  

i .e ., th e  SA m odel .  T h is  m odel will generally  be a  goo d  a p p ro x im a t io n  o f  th e  s t ru c tu r e  

o f  th e  w ork load  [33]. T h u s ,  by using a  sim ilar m odel  for o u r  S W , we can  p ro d u c e  

an  S W  which will closely a p p ro x im a te  th e  s t r u c tu r e  an d  b eh av io r  o f  th e  p ro po sed  

sof tw are .  T h e  ex p e r im e n ta l  eva lua tions  perfo rm ed  using th is  S W  will th e n  p rov ide  

useful an d  m ean ingfu l resu lts .  Similarly, developers  o f  ex p e r im e n ta l  sy s te m s  can  m ak e  

use o f  published  w ork load  specifications, e .g.,  [46, 44, 51, 69], to  p ro d u c e  re p re sen ta t iv e  

S W s to  be  used to  ev a lu a te  th e i r  sys tem s.

# Since th e  w ork load  is m odeled  a t  a  high level o f  a b s t r a c t io n ,  th e  m o de l  is sys tem  

in d ep en d e n t .  T h e  m odel does no t  con ta in  any  in fo rm at io n  t h a t  is p a r t ic u la r  t o  a  given 

h a rd w a re  a rc h i te c tu re  o r  o p e ra t in g  sy s tem . T h erefo re ,  a  w o rk load  specified using ou r  

m odel  is p o r ta b le  an d  m a y  be used to  com p ara t iv e ly  e v a lu a te  d ifferent sys tem s.

» As rea l - t im e  so f tw are  becom es m o re  com plex , th e  use o f  s t ru c tu r e d  m e th o d s  to  de­

sign th e  so f tw are  will b ecom e w idespread .  T h e  design process  will b e  su p p o r te d  by 

c o m p u te r -a id ed  so f tw are  enginee ring  (C A S E )  tools [20, 53]. O u r  a p p ro a c h  allows th e  

S W G  to  b ecom e an  in teg ra l  p a r t  o f  a  C A S E  tool. A n u m b e r  o f  C A S E  too ls  use SA 

a n d  sim ilar n o ta t io n s .  Hence, high-level sof tw are  designs c rea ted  by C A S E  tools  can 

be  t r a n s la te d  to  o u r  m odel and  used by th e  S W G  to  c re a te  SW s. T h e  SW s th u s  

p ro d u c ed  will be  akin  to  a  rap id  p ro to ty p e .  T h e  difference is t h a t ,  while th e  rap id  

p r o to ty p e  is a im ed  a t  d e m o n s t ra t in g  th e  fu nc t iona l i ty  o f  th e  so f tw are  from  th e  u s e r ’s 

v iew poin t ,  th e  S W  is a im ed  a t  d em o n s t ra t in g  the  resource  u ti l iza tion  b eh av io r  o f  th e  

so f tw are  from th e  s y s te m ’s viewpoint.
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TRANSFORMATION 

/  \
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STORES

X D e p l e t a b l e

N o n - d e p l e t a b l e

FLOWS

Data
C o n t i n u o u s l y  A v a i l a b l e  

■ ......................

I n t e r m i t t e n t l y  A v a i l a b l e

Control (Event) 
I n t e r m i t t e n t

F igure  3.1: Model co m p o n en ts

® U sing  a n  c o m m o n  n o ta t io n  allows us to  m a k e  use of ex is t ing  ofT-line analys is  and  

s im u la t io n  too ls .  A n u m b e r  of too ls  have  been developed to  ex ecu te  a n d  an a ly z e  SA 

specif ica tions  d irec tly  [7, 56, 66] o r  indirec t ly  by t r a n s fo rm in g  th e  SA m od e l  in to  a  

P e t r i  n e t  [54, 55]. T h e  specification  o f  th e  w orkload using o u r  m odel can  b e  t r a n s ­

fo rm ed  in to  an  SA specifica tion  or equivalen t P e tr i  ne t  a n d  th e n  b e  used  to  derive 

p e r fo rm a n c e  m e a s u re m e n ts  using  e i th e r  s im ula tion  o r  an a ly t ic  techniques .

3.3 T h e W orkload M odel

A  rea l- t im e  w ork load  is defined as a  5 - tup le ,  ( T ,  S ,  R ,  F ,  D ) ,  w here  T  is a  se t  o f  

t r a n s fo r m a t io n s , S' is a  s e t  o f  s to re s , R  is a  se t  o f  te rm in a to rs ,  F  is a  set of flows, a n d  D  

is d a ta .  T h e s e  w ork load  o b je c t s  will be descr ibed  in detail  in th e  following sections. T h e  

g rap h ica l  r ep re sen ta t io n  o f  all c o m p o n en ts  a re  show n in F igure  3.1. T h ese  sym b o ls  are 

taken  d irec tly  from  th e  g rap h ica l  rep re sen ta t io n  for E SM L.

3.3.1 Transform ations

T h e  set o f  t r a n s fo r m a t io n s  T  rep resen ts  th e  work done  by th e  w ork load .  T ra n s ­

fo rm a t io n s  e n c a p su la te  b o th  th e  processing  o f  d a t a  and  th e  contro l  logic o f  th e  w ork load .  

W e define T  — { t  \ t = ( / ,  0 , p ,  4>, ir\ , . . . ,  ttai)} w here  I  is th e  se t  of in p u ts ,  O  is a  se t  of 

o u tp u t s ,  p  is a  p rocesso r  identif ier ,  </> is a  func t ion ,  and  t t j , . . . ,  7ryv a re  N  system-specif ic  

p a r a m e te r s  w here  N  is an  in teger  whose value depen ds  on th e  ta r g e t  sy s tem .  T h e  t r a n s fo r ­

m a t io n  receives d a t a  o r  con tro l  signals on its in pu ts ,  / ,  an d  p ro du ces  d a t a  a n d / o r  con tro l  

signals on its o u tp u t s ,  0 .

T h e  b eh av io r  of th e  t r a n s fo rm a t io n  is de te rm ined  by th e  funct ion  <f>. T h e  t r a n s fo r ­
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m a t io n  m a y  rep re sen t  a n y  fun c t io n  for d a t a  p rocessing  a n d / o r  an y  c o n t ro l  s t r u c tu r e .  T h e  

co m b in a t io n  o f  d a t a  flow an d  co n tro l  in a  single t r a n s fo r m a t io n  is a  gen e ra l iz a t io n  o f  th e  

SA a n d  rap id  p ro to ty p in g  n o ta t io n s .  T h is  co n tro l  m ech a n ism  is m o re  pow erfu l  t h a n  th e  

m ech a n ism s  defined for E S M L  a n d  Singh a n d  Segall’s B - language .  I t  is c ap ab le  o f  m o d e l ­

ing  con tro l  c o n s t ru c ts  such as s t a t e  m ach ines ,  con tro l  flows, an d  con tro l  t r a n s fo r m a t io n s .  

T h u s ,  various m ech a n ism s  for specifying sy s tem  s t a t e  a n d  s t a te -d e p e n d e n t  o p e ra t io n s  m a y  

be m odeled .

T h e  p  in th e  defin it ion  o f  t r ep resen ts  th e  a ss ig n m en t o f  a  t r a n s fo r m a t io n  to  a  

specific p rocesso r .  All t r a n s fo r m a t io n s  a re  considered un ique.  T h ere fo re ,  rep l ica ted  t r a n s ­

fo rm a t io n s  in fa u l t - to le r a n t  sy s te m s  are  m odeled  individually .

T h e  t im in g  a n d  selection o f  in p u t s  an d  o u tp u t s  a re  d e te rm in e d  by th e  in te rn a l  

s t r u c tu r e  a n d  b eh av io r  o f  th e  t r a n s fo rm a t io n .  T ra n s fo rm a t io n  behav io rs  a re  n o t  re s t r i c te d  

to  th e  m o de l  o f  “ tr igg e r ,  c o m p u te ,  p ro d uce  o u t p u t ” which is co m m o n  t o  d a ta f lo w  specifica­

tions. In s te a d ,  t r a n s fo rm a t io n s  a re  free to  pe rfo rm  in p u ts  a n d  o u tp u t s  a t  an y  t im e  d u r in g  

th e i r  ex ecu t ion .  B ased  on the i r  in te rn a l  logic, th ey  are also ab le  to  select w h e th e r  o r  n o t  to  

read  a  given in p u t  o r  p ro d u c e  a  given o u tp u t .  T h is  flexibility in defining ta s k  in te ra c t io n s  

is necessary  w hen specifying S W s for rea l - t im e  sys tem s .  I f  th e  S W  is to  b e  re p re se n ta t iv e  

o f  real ap p lic a t io n s ,  th e  sy n th e t ic  tasks  m u s t  accu ra te ly  rep ro d u c e  th e  co m plex  t im in g  a n d  

resource  sh a r in g  depen den c ies  be tw een  ta sks .  T h is  accuracy  can n o t  be  o b ta in e d  from  a  

simple da ta f lo w  m odel [68], I t  requires  th e  m o re  detailed  specifica tions allowed by th is  

model.

T h e  func t ion  specified by (j> is defined based on  th e  D -s t ru c tu re s  desc r ib ed  by 

L ed g a rd  a n d  M a r c o t ty  [41]. T h e  se t  of D -s t ru c tu re s  is a  sm all fu nc t io n a l ly -co m p le te  se t  

o f  con tro l  c o n s t ru c ts  for p ro g ra m s .  T h e y  consist of simple o p e ra t io n s ,  c o m p os it ion  o f  D- 

s t ru c tu r e s ,  a  cond it io na l  con tro l  co n s t ru c t ,  an d  a  loop c o n s t ru c t .  A  simple o p e ra t io n  is 

any  c o m p u ta t i o n ,  sy s tem  call , o r  in p u t  o r  o u tp u t  s t a te m e n t ,  e tc. T h e se  a re  th e  sm alles t  

u n i ts  o f  execu tion  in th e  model .  C om po si t io n  is the  simple sequen tia l  exec u t io n  o f  tw o  

D -s t ru c tu re s .  For tw o D -s t ru c tu re s  s i  an d  s2 ,  com pos it ion  is rep resen ted  as s i ;  s2 .  T h e  

co nd it io na l  co n tro l  c o n s t ru c t  is th e  “i f  c o n d i t i o n  t h e n  s i  e l s e  s 2 ” c o n s t ru c t .  T h e  lo o p ­

ing c o n s t ru c t  is th e  “w h i l e  c o n d i t i o n  d o  s ” co ns tru c t .  W i th  th ese  c o n s t ru c ts ,  all o th e r  

co n tro l  c o n s t ru c ts  m ay  be realized [41].

T h e  co m p le te  specification  of a  t r a n s fo rm a t io n  d ep en d s  on th e  sy s te m  up o n  w hich 

it is to  be  im p lem en te d .  Different o p e ra t in g  sy s tem s  require  different in fo rm a t io n  to  c re a te  

an d  schedule  th e  im p le m e n ta t io n  o f  th e  t r an s fo rm a t io n .  T h ere fo re ,  th e  t r a n s fo r m a t io n  

specification  includes a  n u m b e r  o f  system-specific p a ra m e te r s ,  tt,-. T h e se  p a ra m e te r s  m a y
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inc lude  schedu ling  p a ra m e te r s ,  re source  re q u i re m e n ts ,  fun c t io n s  for ex cep t io n  h an d lin g ,  

e tc .  T h e  n u m b e r  o f  7T; p a ra m e te r s ,  a n d  th u s  th e  value o f  N , d ep en d s  o n  th e  t a r g e t  sy s tem . 

T h e  m od e l  defines as  m a n y  7T; p a r a m e te r s  as a re  needed  to  specify th e  im p le m e n ta t io n  o f  

t r a n s fo rm a t io n s  on a  given t a r g e t  sy s tem .

3.3.2 Stores

S tores  m odel all o b je c t s  w hich  can  co n ta in  d a ta .  T h e se  o b je c t s  inc lude  d a t a  

s t ru c tu r e s ,  files, sockets ,  pipes, e tc .  A t r a n s fo r m a t io n  passes d a t a  to  a n o th e r  t r a n s fo r m a t io n  

by p lac ing  th e  d a t a  in a  s tore  f rom  w hich  th e  o th e r  t r a n s fo r m a t io n  reads  th e  d a ta .  Form ally , 

we define S  =  {s | s =  ( / ,  0 , p , 7 T ] , . . . ,  7T/v)} w here  I  is th e  se t  o f  in p u ts ,  O  is a  s e t  o f  o u tp u t s ,  

p  is a  se t  of processors ,  an d  7T],. . . ,  ttw is a  se t  of TV system -specif ic  p a r a m e te r s  w h e re  TV 

d ep en d s  on th e  ta r g e t  sy s tem .  T h e  7, 0 ,  an d  p  values hav e  th e  s a m e  m e a n in g  a s  in th e  

defin it ion  o f  T .  T h e  7T; values define p a ra m e te r s  requ ired  t o  specify th e  im p le m e n ta t io n  o f  

a  d a t a  s t r u c tu r e  m odeled  by th e  s to re .  T h e y  define its  s to r a g e  p ro p e r t ie s :  e .g . ,  e lem ent 

size, s to rag e  policy, an d  access policy. S  m a y  be divided in to  tw o dis jo in t  sub se ts  such 

t h a t  S  — Sd U S n w here  Sd is th e  se t  o f  deplelable  s to re s  a n d  S n is th e  set of nondeple tab le  

s to res .  D e p le ta b le  s to res  rep resen t  o b je c ts  such as s ta ck s  a n d  queues  w h ere  a  d a t a  e lem ent 

is rem oved  from  th e  s to re  w hen it is read .  A  n o n d ep le tab le  s to re  re p re sen ts  a n  o b je c t  like 

sh a re d  m e m o ry  which re ta in s  th e  d a t a  value a f te r  a  read .  T h e  read e r  receives a  copy o f  th e  

d a ta .

3.3 .3  Term inators

T e rm in a to r s  serve as th e  in terfaces  be tw een  th e  w ork lo ad  a n d  th e  en v iro n m en t .  

We define 72 — 72; U R a, w here  72; is th e  set o f  in p u t  te r m in a to r s  an d  R a is th e  se t  o f  o u tp u t  

t e r m in a to r s .  72, =  { r  | r  =  ( 0 ,  p ,  f f j , . . . ,  7ryv)} a n d R 0 =  { r  | r  = ( 7 , p ,  tt j,  . . . ,  71^)} w here  

7 is th e  set o f  in p u t s ,  0  is a  se t  o f  o u tp u t s ,  p  is a  set of p rocesso rs ,  a n d  7 r i , . . . ,7 r jv  is a  

se t  o f  TV system-specific  p a ra m e te r s .  T h e  7, 0 , an d  p  values hav e  th e  sa m e  m ean in g  a s  in 

th e  definit ion o f  T .  T h e  7r,- values define p a ra m e te r s  required  t o  specify th e  charac te r is t ic s  

o f  th e  t e r m in a to r .  T h e y  specify th e  in terface  betw een the  w ork load  a n d  th e  env iro n m e n t .  

T h e y  define the  ty p e  o f  th e  in te rface ,  the  size of th e  d a t a  e lem en ts  t h a t  it  h and les ,  and  

th e  m in im u m  sam plin g  in terval o r  m in im u m  d a t a  accep tan ce  in terval .  T h e  72; an d  720 

te r m in a to r s  a re  referred  to  as  sources  an d  sinks,  respectively. A source  t e r m i n a to r  rep resen ts  

a  po in t  w h ere  d a t a  is received by  th e  w orkload from an e x te rn a l  o b je c t .  T yp ica l  exam ples  

o f  such ob jec ts  are  sensors an d  o p e ra to r  contro ls .  Sink te r m in a to r s  rep resen t  loca t ions  

w here  d a t a  o r  con tro l  signals a re  sen t to  an ex te rn a l  ob jec t  by th e  w ork load .  A c tu a to r s  and
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disp lays a re  e x a m p le s  o f  e x te rn a l  o b je c t s  which m a y  be  rep re sen ted  by sink t e r m in a to r s .  

T e rm in a to r s  m a y  also b e  p a ir e d  to  rep resen t  resources  such as e x te rn a l  files o r  d a ta b a s e s  

which have  b o th  in p u t s  an d  o u tp u t s .

3.3.4 Flows

Flow s a r e  used to  c o n n ec t  o b je c ts .  T h u s ,  we define F  — { ( s , d )  | s , d  £  T U 5 U i ? } ,  

w here  s  is th e  so u rce  o f  th e  flow a n d  d  is th e  flow’s d e s t in a t io n .  F low s a r e  th e  p a th s  used 

t o  t r a n s fe r  d a t a  an d  con tro l  signals f rom  o ne  o b je c t  to  a n o th e r .  W e define th r e e  ty p es  o f  

flows in  S W SL : F  = F c U F, U Fe , w h ere  Fc an d  F, a re  tw o se ts  o f  v a lue-bearing  flows 

a n d  F e is th e  se t  of n o n -v a lue -b ea r in g  flows. T h e  va lue-bearing  flows a re  data f low s.  T h e y  

a re  d is t in g u ish ed  acco rd ing  to  w h e th e r  th e  d a t a  values a re  con tin uo us ly  available  ( F c) o r  

in t e rm i t t e n t ly  available  ( F ; ) ,  i .e .,  available  only  a t  d isc re te  in s tances  o f  t im e.  T h e se  value- 

b ea r in g  flows will b e  referred  t o  a s  c o n t in u o u s  d a t a  flows an d  in te r m i t te n t  (o r  discre te)  

d a t a  flows, respectively . T h e  no n -v a lu e -b ea r in g  flows ( F e) a re  even t  flows, a n d  th e y  ca rry  

in t e rm i t t e n t ly  availab le  signals.

3.3.5 D ata

D ata  is defined as th e  u n i t  of in fo rm a t io n  in th e  sy s te m . W e define D  =  {d  \ d  =  

( u , s ) } .  E ach  u n i t  o f  d a t a  h as  a  value, n, an d  a  size, s.

3.3.6 Interconnection  R ules

C o n s t ru c t io n  o f  a  w ork load  using  ou r  m odel is based  on th e  c o n s t ru c t io n  o f  one 

using E S M L  [9]. T h e  m o d e l  c o n s t ru c t io n  rules are  specified formally  by th e  definit ions of 

th e  flow types:

Fc C ( T  x S n ) U ( S n x  T )  U ( T  x R 0) U ( F ,  x  T ) .

C o n t in u o u s  d a t a  flows m a y  be used in e i th e r  d irection  betw een  t r an s fo rm a t io n s  an d  n o n d e ­

p le tab le  s to res ,  an d  be tw een  t r a n s fo r m a t io n s  an d  te rm in a to rs :

Fi C ( T x S )  U ( S d x T ) u ( T x  R 0) U ( F ;  x  T) .

I n t e r m i t t e n t  d a t a  flows m a y  be used to  connec t t r a n s fo rm a t io n s  to  any  ty p e  o f  s to re ,  a n d  

a re  used to  co n nec t  d ep le tab le  s to re s  to  t r an s fo rm a t io n s .  T h e y  m ay  also be  used to  connect 

t r a n s fo r m a t io n s  an d  te r m in a to r s  in e i th e r  d irection:

F c C ( T  x  T )  U (T  x  R a) U ( R,  x  T) .

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



19

E v e n t  flows m a y  be used to  co n n ec t  t r a n s fo rm a t io n s  w i th  each o th e r  or to  c o n n ec t  t r a n s ­

f o rm a t io n s  w i th  t e r m in a to r s  in e i th e r  d irec tion .  T h e re  is only  o ne  a d d i t io n a l  ru le  which 

c a n n o t  b e  defined using  th e  n o ta t io n  abo ve .  I t  s ta te s  t h a t  a  t r a n s fo r m a t io n  m u s t  have  a t  

leas t  o n e  in p u t  a n d  one  o u tp u t  flow.

T h e  ab ov e  ru les  have  so m e  im plicit  consequences . F i r s t ,  a  flow m u s t  h a v e  a  t r a n s ­

fo rm a t io n  a t  o n e  o r  b o th  ends .  T ra n s fo rm a t io n s  a re  th e  sole a c t iv e  c o m p o n e n ts  o f  th e  

w o rk load .  I t  is th r o u g h  th e  ac t io n s  o f  t r an s fo rm a t io n s  t h a t  d a t a  is m oved  th r o u g h  th e  

w ork load .  S econd ,  d a t a  flows m a y  n o t  b e  used to  con nec t  t r a n s fo r m a t io n s  directly . T o  

pass  d a t a  from  one  t r a n s fo r m a t io n  to  a n o th e r ,  th e  d a t a  m u s t  f irst b e  w r i t te n  t o  a  s to re .  

T h e  receiv ing  t r a n s fo r m a t io n  th e n  re ads  th e  d a t a  v ia  a  d a t a  flow. T h is  d a t a  pass in g  m o de l  

is a c c u ra te  since, in rea l  sy s tem s ,  any  d a t a  passed  be tw een  two ta sk s  m u s t  be  buffered 

som ew here .  T h is  buffer m ay  b e  in local, g lobal,  o r  sy s tem  m em o ry ,  b u t  it a lw ays  exis ts .  

T he re fo re ,  we req u ire  t h a t  it b e  m odeled .  T h i rd ,  signals have  n o  value  assoc ia te d  w ith  

th e m .  T h e re fo re ,  they  m ay  no t  be kep t in s tores .  Hence, ev en t  flows m a y  no t be in p u ts  o r  

o u tp u t s  o f  s to res .

3.4 Sum m ary and Conclusions

In th is  c h a p te r ,  we have  descr ibed  o u r  m odel  of re a l - t im e  w ork loads .  T h e  m o de l  

is gen e ra l  en o u g h  to  descr ibe  a  wide ran g e  of w ork load  s t ru c tu r e s  which m ig h t  b e  used in 

rea l - t im e  sy s te m s  w i th o u t  b e ing  overly res tr ic t ive .  W hile  th e  m o de l  is sufficiently expressive  

t o  be  used for m a n y  ty pes  of p e r fo rm a n c e  eva lua tions ,  i t  is designed p a r t ic u la r ly  fo r  th e  

specifica tion  of rea l - t im e  SW s. For simplicity, ease  o f  use, an d  a d d e d  rep rese n ta t iv e n e s s ,  

th is  m o d e l  is based  on SA n o ta t io n s  cu r ren t ly  being used for rea l - t im e  so f tw are  develop­

m e n t .  B y  using an S A -based  m o de l ,  we simplify th e  m odeling  p rob lem  o f  t r a n s la t in g  high 

level so f tw are  specifications in to  S W SL . T h e  users  do no t  have  to  t r a n s la t e  th e i r  so f tw are  

specifica tions in to  a  com ple te ly  foreign, an d  possibly in com p a tib le ,  m o d e l  to  m ake  use o f  

th e  S W . Som e t r a n s la t io n  is necessary  because  th e  model has been m a d e  m ore  g ene ra l  to  

avoid being  tied to  a  given SA n o ta t io n .  However, th e  gene ra l i ty  o f  th e  m odel im proves  

p o r ta b i l i ty  a n d  m akes  th e  m odel  c o m p a t ib le  w ith  a  wider rang e  o f  high-level sy s te m  spec­

ification m odels .  Since th e  m odel is based  on ac tu a l  so f tw are  specifications, it  ac cu ra te ly  

m odels  th e  s t r u c tu r e  an d  b ehav io r  of th e  ac tu a l  workload.
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CHAPTER 4

SYNTHETIC WORKLOAD SPECIFICATION
LANGUAGE

4.1 Introduction

In  th is  c h a p te r ,  we p re sen t  th e  S y n th e t ic  W ork lo ad  Specif ica t ion  L ang uag e ,  SWSL. 

S W S L  is a  lan g u a g e  designed specifically to  specify S W s. I ts  design w as influenced by four 

req u irem en ts .  F i r s t ,  i t  should  possess  th e  desirab le  p ro p e r t ie s  o f  S W s.  T hese  p roper t ie s ,  

as listed in  Section  2.1, a re  rep resen ta t iv en es s ,  flexibility, simplic ity  of c o n s t ru c t io n ,  com ­

pa c tn e ss ,  low usag e  cost ,  sy s tem  in d e pen de nce ,  reproducib i l i ty ,  a n d  com patib i l i ty .  As we 

descr ibe  th e  various fea tu res  o f  S W S L , we will d iscuss how each im proves  one o r  m ore  of 

these  p rop e r t ie s .

Second, SW s are  to  b e  used for th e  e x p e r im en ta l  eva lu a t io n  o f  d is t r ib u te d  real­

t im e  sy s tem s .  T herefo re ,  S W S L  shou ld  s u p p o r t  th e  p rocess  o f  e x p e r im e n ta l  eva lu a t ion .  It 

should  allow th e  user to  define e x p e r im en ts  an d  should  prov ide  m e ch a n ism s  to  define SW s 

w ith  useful s ta t i s t ic a l  p ro p e r t ie s .

T h i r d ,  th e  SW s will ex ecu te  on  an  e m b ed d e d  rea l - t im e  sy s tem s .  D ue  to  th e  t im ing 

req u irem en ts  o f  t h e  sy s tem ,  th e  S W  m u s t  be able  to  ex ecu te  w i th o u t  in te ra c t iv e  in terfe rence  

from  th e  user .  T herefo re ,  t h e  lan g u ag e  m u s t  specify any  w ork load  ch a ra c te r i s t ic s  t h a t  should 

vary  a t  ru n - t im e .  T hese  c h a ra c te r i s t ic s  a re  compiled  in to  th e  SW .

F o u r th ,  an  S W S L  specification  is compiled  by a  sy n th e t ic  w ork load  g en e ra to r  

(S W G ) .  T h e re fo re ,  as w ith  any  c o m p u te r  lan g uag e ,  th e  sy n ta x  a n d  sem an t ic s  a re  designed 

so th ey  m ay  b e  easily com piled  a n d  e rro rs  in th e  in p u t  files d e tec ted  a n d  lo ca ted .  T h e  SW G  

will b e  discuss in Section 4.4.

T h is  ch a p te r  is o rgan ized  as follows. In th e  n ex t  sec t ion , we discuss th e  im p o r ta n t  

issues in specify ing SW s which a re  addressed  by SW SL . In Section 4.3, we define SWSL. 

Section  4.4 describes how SW SL  is used by o u r  S W G  to  p ro d u c e  S W s.  W e conclude w ith  

Section  4.5.

20
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4.2 Specification o f Syn th etic  W orkloads

Before d iscuss ing  th e  de ta i ls  o f  S W S L , we first p resen t  th e  u nd e r ly in g  concep ts  of 

its  design. T h e se  c o n cep ts  a re  d r iven  by th e  req u i rem e n ts  ou t l ined  in  th e  p rev io us  section.

Abstraction

S W S L  tak es  g re a t  a d v a n ta g e  o f  th e  p r im a ry  p ro p e r ty  of  S W s: a b s t ra c t io n .  SW s 

a re  useful in e x p e r im e n ta l  ev a lu a t io n  because  th ey  a b s t r a c t  o u t  de ta i ls  o f  a  w ork load  and  

p ro d u c e  only th o se  reso u rce  d e m a n d s  which a re  requ ired  for a  given ev a lua t io n .  F or  exam ple ,  

to  ev a lu a te  th e  scheduling  policy o f  a  rea l - t im e  o p e ra t in g  sy s te m , each  ta sk  in th e  S W  might 

a b s t r a c t  o u t  th e  specific c o m p u ta t io n s  p e rfo rm ed  by a  ta sk  in an  a c tu a l  w ork load  an d  simply 

rep ro d u ce  th e  to ta l  a m o u n t  o f  C P U  t im e  required  for c o m p u ta t io n .  S W S L  uses a b s t ra c t io n  

to  achieve c o m p ac tn e ss  a n d  m u ch  o f  th e  simplicity  o f  th e  S W  specification .

I f  a  ta s k  in th e  S W  is n o t  p e r fo rm ing  th e  ac tu a l  c o m p u ta t io n s  o f  th e  w orkload, 

it  can  no t  p ro d u c e  th e  co rre c t  re su l ts  o f  th e  c o m p u ta t io n  for use by  o th e r  ta sk s .  T ho se  

ta sk s  a lso a b s t r a c t  c o m p u ta t io n ,  so th e  value of  th e  d a t a  is irre leven t.  T here fo re ,  th e  SW  

also a b s t r a c t s  d a ta .  In th e  S W , only th e  size o f  th e  d a t a  is im p o r t a n t ,  b ecause  we only 

consider th e  resources  requ ired  t o  s to re  th e  d a ta .  T h e  effect o f  d a t a  011 th e  b eh av io r  o f  the  

w ork load  is m odeled  s tochas tica lly .  An a d v a n ta g e  of  th is  a b s t ra c t io n  is t h a t  th e  S W  can 

o p e ra t e  w i th o u t  requ ir ing  a c tu a l  in p u t  d a t a  a n d  tasks  can  p ro d u ce  th e  resource  d e m an d s  

d u e  t o  c o m p u ta t io n  w i th o u t  e x e c u t in g  th e  ex ac t  a lg o r i th m s  from th e  m odeled  w ork load .  A 

d is a d v an tag e  is t h a t  low-level,  d a ta - d e p e n d e n t  b ehav io rs  o f  th e  w ork load  a re  m ore  difficult 

to  m odel using  th e  S W . W e p rov ide  m echa n ism s  in SW S L  to  allow th e  user to  m odel these 

behav io rs ,  b u t  these  m ech a n ism s  require  g re a te r  p ro g ra m m in g  effort by th e  user  a n d  m ore  

in fo rm at io n  a b o u t  th e  w ork load  be ing  modeled .

Representat iveness

S W s specified by S W S L  are  based  011 th e  w ork load  model descr ibed  in C h a p te r  3. 

By bas ing  th e  S W  on  a  w o rk lo ad  model we im prove  th e  rep resen ta t iv eness  o f  th e  SW . To 

m e asu re  rep re sen ta t iven ess ,  we use  a  perfo rm ance-b ased  m etr ic .  By th is  m e t r ic ,  an  S W  is 

rep re se n ta t iv e  of  a  w ork load  if t h e  p e r fo rm ance  o f  th e  sy s tem  (as m easu red  by a  set of p e r ­

fo rm ance  indices) while e x e c u t in g  th e  S W  is th e  sam e as th e  p e r fo rm an ce  while execu ting  

th e  w ork load  [27]. However,  “ [e]xcept for cer ta in  cases . . . ,  th is  definit ion of [ rep resen ta t ive­

ness] does n o t  d irec tly  sugges t  a  m e th o d  for designing an  artificial w o rk lo ad ” [27]. Given 

th is  o b se rva t io n ,  we use a  s t ru c tu r e -b a s e d  m e th o d  for co n s t ru c t in g  a  rep re sen ta t iv e  SW .
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T h a t  is, th e  S W  is specified a n d  co n s t ru c te d  such t h a t  i t s  s t r u c tu r e  m odels  t h a t  o f  th e  

w o rk lo ad .  O th e r  re searchers  [64, 4] have  successfully p ro d u c e d  suffic iently  a c c u ra t e  a n d  

flexible b e n c h m a rk  p ro g ra m s  for un ip ro cesso r  sy s tem s  by m o de l in g  th e  s t r u c t u r e  o f  th e  

a c tu a l  w ork load .  W e ex p ec t  th e  tech n iq u e  to  be successful fo r  d i s t r i b u te d  sy s tem s .  T h e  

s t ru c tu r e -b a s e d  re p re se n ta t io n  is c o m p le m e n te d  by se lecting  th e  a p p r o p r i a t e  7r,- p a ra m e te r s  

fo r  each  o b je c t  a n d  ass ign ing  a p p ro p r ia t e  values t o  th e  p a ra m e te r s .  T h e s e  p a ra m e te r s  de­

te r m in e  th e  cha rac te r i s t ic s  o f  t h e  o b je c t  as it  is p re sen ted  to  th e  sy s tem .  P a r a m e te r s  specify 

th e  re source  r e q u i rem en ts  an d  th e  t im e -d e p e n d e n t  beh av io r  o f  t h e  o b je c t s .  B y  p rov id ing  

th e  S W  w ith  th e  sa m e  s t r u c tu r e  as th e  w ork load  b e ing  m ode led  a n d  by  tu n in g  th e  p a r a m ­

e te r s  which d e te rm in e  th e  beh av io r ,  we a re  able  to  p ro d u ce  a  r e p r e s e n ta t iv e  S W . T h e  level 

o f  rep re se n ta t iv en es s  m a y  be m e a s u re d  by th e  p e r fo rm an ce -b ased  m e tr ic .  T h e  ab i l i ty  o f  

S W S L  to  p ro d u c e  re p re se n ta t iv e  S W s is d e m o n s t r a t e d  in C h a p te r  6.

Flexibility

Flexibil ity  is a n o th e r  im p o r t a n t  ch a rac te r i s t ic  o f  SW SL. If  S W S L  is to  b e  useful 

fo r  e x p e r im e n ta t io n ,  it  m u s t  b e  flexible. T h e  user m u s t  be able  to  easily  ch an g e  t h e  values 

o f  specific w ork load  ch a rac te r i s t ic s .  T h is  abil ity  requires  t h a t  S W S L  be  ab le  to  p ro d u c e  

S W s w ith  a  wide ran g e  of resource  requ i rem en ts  a n d  behav io rs .  F lexib il ity  w ith in  a  n a rrow  

ra n g e  o f  beh av io r s  is o f  l im ited  benefit .  F lex ib il i ty  is p rov ided  p rim ar i ly  t h r o u g h  th e  p a ­

r a m e te r iz a t io n  o f  th e  o b je c t s  in  th e  w ork load . All significant w o rk load  ch a rac te r i s t ic s  m a y  

b e  con tro lled  by chan g ing  th e  values o f  th e  p ro p e r  p a ra m e te r s .  In  m a n y  cases, th e  user 

c a n  m a k e  s ignificant changes  to  b o th  th e  s t ru c tu r e  a n d  th e  b e h av io r  o f  th e  w ork lo ad  by 

ch ang in g  a  few p a r a m e te r  values. M ore  im p o r ta n t ly ,  th e  user  can  p ro d u c e  sm a ll ,  in c rem en ­

ta l  changes  to  specific w ork load  ch a rac te r is t ic s  w ith  li t t le  effort.  M a n y  ev a lu a t io n s  involve 

m e a s u r in g  t h e  p e r fo rm a n c e  o f  th e  sys tem  for various values of a  given w o rk load  c h a ra c te r ­

is tic. C h a n g in g  th e  value o f  a  w ork load  charac te r is t ic  is genera l ly  as easy  as ch an g in g  th e  

va lue  o f  one  p a ra m e te r .

S W S L  does n o t  re s tr ic t  which behav io rs  and  s t ru c tu re s  can be inc luded  in the  

w o rk load .  S W S L  was developed  w ith  a  specific set of 7rt- p a r a m e te r s  needed  to  specify SW s 

for  th e  t a r g e t  sy s tem s  available  to  us. T h e  u se r  can add  or de le te  7r,- p a r a m e te r s  in the  

specification  o f  w ork load  o b je c t s  if  those  p a ra m e te r s  a re  needed to  specify th e  im p le m e n ta ­

tions  o f  w ork load  o b je c t s  on  th e i r  t a r g e t  sy s te m . In  a d d it ion ,  th e  user  can  specify e x ac t  C 

la n g u a g e  code  w ith in  th e  func t ion  for a  given sy n the t ic  task .  T h is  f e a tu re  would be used 

to  p ro d u ce  behav io rs  a t  a  lower level th a n  can be specified by SW SL.

Flexibil ity  is also im proved  by ta k in g  a d v a n ta g e  of th e  defin it ion  o f  t r a n s fo r m a ­
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t io ns  in th e  w ork load  m od e l .  F o r  each  t r a n s fo r m a t io n ,  t h e  in p u t s ,  o u tp u t s ,  an d  fun c t io n  

a r e  defined sepa ra te ly .  In  S W S L , th e  defin it ions of  fu n c t io n s  a re  decou p led  from  th e  defini­

t ion s  of t r a n s fo rm a t io n s .  T h e re fo re ,  th e  behav io r  o f  a  t r a n s fo r m a t io n  m ay  b e  a l te red  very 

s im ply  by specifying a  different func t io n  for it t o  execu te .  T h e  only re q u i rem e n t  is t h a t  th e  

fun c t ion  o p e ra te  on th e  s a m e  n u m b e r  an d  ty p e s  of i n p u t s  a n d  o u tp u t s  as a re  defined for th e  

t r a n s fo rm a t io n .  F u r th e rm o re ,  t h e  func t ions  ex ecu ted  b y  different t r a n s fo r m a t io n s  need no t  

b e  un ique. A  single fu nc t ion  defin it ion  m ay  suffice for a  la rge  n u m b e r  o f  t r a n s fo rm a t io n s ,  

th u s  resu l t ing  in a  m ore  c o m p a c t  a n d  easily  c o n s t ru c te d  S W  specification .

Object Templates

T h e  w ork load  m o de l  defines each o b je c t  uniquely . S W S L  m ak es  th e  specification 

o f  o b je c ts  m ore  c o m p a c t  by p ro v id ing  a  simple m ech an ism  w hereby  on e  can  p ro d u ce  m an y  

in s ta n c es  of an  o b je c t  from  a  single  object tem plate .  All in s tan ces  o f  th e  o b je c t  will have 

th e  sa m e  values of all th e  7r, p a r a m e te r s .  T h e re  a re  tw o  uses for o b je c t  te m p la te s .  T h e  

first is to  specify an  o b je c t  which  rep re sen ts  a  m e m b e r  o f  a  class o f  o b je c t s  w ith  similar 

p a ra m e te r s .  T h is  te ch n iq u e  is a  co m m o n  one  in w ork load  c h a ra c te r iz a t io n  [58] an d  h as  

been  used o ften  to  specify S W s,  e.g . ,  [1], A set of n  p a r a m e te r s  a re  selected to  define 

th e  im p o r t a n t  ch a ra c te r i s t ic s  o f  th e  w ork load  ta sk s .  For each ta sk ,  these  p a ra m e te r s  are  

m easu red  and  th e  ta sk  is p lo t ted  in th e  n -d im ens io na l  space  defined by th e  p a r a m e te r  vector .  

A c lus te r ing  analys is  is p e r fo rm e d  to  p a r t i t io n  th e  ta s k s  in to  g ro u p s  w ith  sufficiently s im ilar  

ch a rac te r is t ic s .  T h e n ,  a  sm all  n u m b e r  o f  ta sk s  from  each  g rou p  a re  se lec ted  to  r ep resen t  t h a t  

g ro u p .  T h ese  rep re sen ta t iv e  ta s k s  a re  used as te m p la te s .  T h e  n u m b e r  o f  in s tances  o f  th e  

ta s k  t h a t  a re  p roduced  is p ro p o r t io n a l  to  th e  size o f  th e  c lu s te r  b e in g  rep resen ted  relative 

to  th e  size o f  th e  en tire  w o rk lo ad .  T h is  techn iqu e  reduces  th e  n u m b e r  of ta sk  specifications 

t h a t  m u s t  be w r i t te n  an d  thu s  m a k e s  th e  w ork load  specification  m ore  c o m p a c t .  T h e  second 

reason  for using  te m p la te s  is to  r ep re sen t  o b je c ts  which  a re  rep l ica ted  for p u rpo ses  o f  fault- 

to le ran ce .  In  a f a u l t - to le r a n t  rea l - t im e  sy s tem ,  m u ltip le  copies of an  o b je c t  will e xecu te  on 

s e p a r a te  processors.  T h e y  pe r fo rm  th e  sa m e  ca lcu la tions  a n d  th e  re su l ts  a re  com bined via 

vo ting . Using th is  techn ique ,  th e  sy s tem  can  m ask  a  given n u m b e r  o f  faulty  processors.

Support for Experimentation

E x p e r im en ta l  design is su p p o r te d  th ro u g h  several S W S L  design fea tures .  F ir s t ,  

we d if feren t ia te  be tw een th e  S W  a n d  th e  m e a s u re m e n t  m ech a n ism s  used to  collect d a t a  

in th e  eva lua t io n .  T h e  only  func t ion  of  th e  S W  is to  serve as th e  w ork load  for th e  ta rg e t  

sy s tem ; it does no t p rovide any m echan ism s for m e asu r in g  p e rfo rm ance .  In th is  way, the
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S W  is different f rom  a  b e n c h m a rk  p r o g r a m ,  w hich no t only  exercises th e  sy s te m  b u t  also 

m easu re s  th e  p e r fo rm a n c e  o f  t h e  sy s te m  while it is being exercised. T h e  S W  is designed 

t o  work h a rm o n io u s ly  w i th  p e r fo rm a n c e  eva lua t io n  m echan ism s.  T h e re fo re ,  t h e  user  is free 

t o  choose an y  a p p ro p r ia t e  m e a s u re m e n t  m ech a n ism . If  a  so f tw are  m o n i to r  is be ing  used 

w hich  m u s t  b e  ex ecu ted  as a  u se r  ta s k ,  th e  m o n i to r  can  b e  specified as th e  fu n c t io n  for a 

t r a n s fo r m a t io n .  T h e  m o n i to r  will b e  com piled  in to  the  S W  a n d  fu n c t io n  n o rm ally  o n  th e  

t a r g e t  sy s tem .

S econd ,  th e  typ ica l  e x p e r im e n t  using  th e  SW  consis ts  o f  a  n u m b e r  o f  ru n s ,  each 

o f  which is com p o sed  o f  th e  following s tep s :  th e  S W  code is g e n e ra te d  an d  com piled  from  

t h e  specification; th e  e x e c u ta b le  code is do w n lo aded  to  th e  t a r g e t  c o m p u te r ;  th e  S W  is 

execu ted ;  m e a s u re m e n ts  a re  m a d e  and  d a t a  is collected. M ost such e x p e r im e n ts  will b e  

a im ed  a t  m easu r in g  th e  p e r fo rm a n c e  of th e  sys tem  as a  specific w ork load  p a r a m e te r  (o r  se t  

o f  p a r a m e te r s )  is varied. U nder  th e  ab ov e  scenario , each run  of th e  ex p e r im e n t  w ould  involve 

r e p e a t in g  th e  set of s te p s  listed a b o v e  for each new value of th e  p a ra m e te r ( s ) .  T o  red u ce  th e  

t im e  requ ired  to  pe rfo rm  such ex p e r im e n ts ,  S W S L  su p p o r ts  a  m u l t ip le - run  facility. For each 

p a r a m e te r  o f  th e  S W , th e  user m a y  specify a  list o f  values. W h en  th e  S W  is f irst invoked, 

th e  first value prov ided  for each  p a r a m e te r  is used . O nce  th e  ru n  is c om ple ted ,  th e  S W  

p au se s  to  allow t im e  for m e a s u re m e n t  m echan ism s  to  be rese t  a n d  initialized for th e  n ex t  

ru n .  To begin  th e  n ex t  ru n ,  it re in it ia l izes and  executes  aga in .  T h is  t im e ,  it  uses th e  n ex t  

value in th e  list for each p a ra m e te r .  T h e  rein it ia l iza t ion  betw een  ru n s  is n ecessary  to  in su re  

s t a t i s t ic a l  ind ep e n d e n c e  of values m e asu red  in consecutive  runs . T h e  only s t a t e  p reserved  

be tw een  ru n s  is th e  run  count.  T h is  facili ty  reduces th e  t im e-c o n su m in g  com pila t ion  and  

dow n lo ad ing  processes t o  a single com pila t ion  and  dow nload  for a  series o f  runs .

Specifying th e  p a ra m e te r s  for all runs  a t  compile t im e  is p re fe rred  for use in rea l­

t im e  sy s tem s .  C h an g in g  p a ra m e te r s  a t  ru n - t im e  requires th e  presence  o f  an a g en t  which can  

in te rp re t  u ser  c o m m a n d s  and  m a k e  the  a p p ro p r ia t e  changes to  th e  sy s tem  a n d  app lica t io n  

d a t a  s t ru c tu r e s  on  th e  t a r g e t  m ach ine .  T h e  in terfe rence  caused  by th e  ag en t  w ould  adverse ly  

affect th e  t im in g  cha rac te r is t ic s  of th e  ex ecu t in g  S W . In ad d i t io n ,  th e  ag en t  w ould  have  to  

b e  c u s to m  developed  for each different ta rg e t  a rch i te c tu re ,  as it w ould  have  to  m a k e  use 

o f  th e  co m m u n ica t io n  an d  sy s te m  func t ions  which are pecu liar  to  each. T h is  add ed  effort 

reduces  th e  ease  w ith  which th e  S W  can be p o r ted  to  and  used on a  new sy s tem .

S W S L  has ad d i t io n a l  m echan ism s  to  su p p o r t  e x p e r im e n ta t io n  t h a t  have  been a b ­

sen t in p rev ious  SW s: rep ro du c ib le  exp er im en ts ,  ind ependence  o f  even ts  w ith in  a  given 

ex p e r im e n t ,  a n d  s ta t is t ica l ly  in d ep en d e n t  e x p e r im en ts  [24, 34]. As d escr ibed  abo ve ,  th e  

S W  reinit ia l izes th e  ex p e r im en t  betw een runs. In add it io n ,  it s im u la te s  d a ta - d e p e n d e n t  a c ­
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t iv it ies  stochastica lly .  E ach  such ac t iv i ty  m a k e s  use  o f  a  s e p a r a te  r a n d o m  n u m b e r  g e n e ra to r  

s t r e a m .  T h is  te ch n iq u e  allows in d e p e n d e n t  o b jec ts  to  exh ib i t  rep ro d u c ib le ,  in d e p e n d e n t  b e ­

hav ior .  T h is  f e a tu re  is especially im p o r t a n t  w hen  ev a lu a t in g  m u l t ip ro c e ss o r  sy s te m s  w here  

n on d e te rm in is t ic  b e h av io r  is co m m o n .  S h ar ing  a  r a n d o m  n u m b e r  s t r e a m  w ould  cause  cor­

re la tion  be tw een  ac t io n s  t h a t  w ou ld  b e  i r rep rod uc ib le  in a  n o n d e te rm in is t ic  en v iro n m e n t .

4.3 SW  specification files

T h e  S W  specification is divided a m o n g  th r e e  d ifferent i n p u t  files. T h e  th r e e  files 

specify th e  ta s k  g r a p h ,  th e  ex p e r im e n ta l  p a ra m e te r s ,  an d  th e  ta s k  fu n c t io n s ,  respectively. 

A lth o u g h  each  file has its own p a r t i c u l a r  s y n ta x ,  th e r e  a re  so m e  c o n s t ru c ts  t h a t  a re  c o m m o n  

to  all th e  files. T h e  S W S L  files a re  divided in to  sections. T h e  tw o  c o m m o n  sec t ions  a re  th e  

EXTERNS1 and  the  CONSTANTS. T h e  g raph  and  funct ion  files h ave  an  EXTERNS sec t ion ,  and  

all files have a  CONSTANTS sect ion . T h e  EXTERNS section  is used to  dec la re  func t ion s  and  

o b jec ts  t h a t  a re  defined ou ts id e  t h a t  file. T h ese  inc lude ta s k  func t ion s  (dec la red  as ty p e  

FUNC), sy n th e t ic  o p e ra t io n s  (OPER), r a n d o m  n u m b e r  g e n e ra to r s  for specific d is t r ib u t io n s  

(D IS T ), a n d  th e  identif iers for th e  processo rs  on which th e  o b je c t s  a re  to  be loca ted  (PROC). 

Task fu n c t io n s  are  defined in th e  func t ions  file an d  t r a n s fo r m a t io n s  a re  defined in th e  g ra p h  

file. T h e re fo re ,  func t ion s  are  considered e x te rn a l  to  th e  g ra p h  file a n d  a re  requ ired  to  

be decla red  in  th e  g ra p h  file’s EXTERNS sec tion . B o th  th e  sy n th e t i c  o p e ra t io n s  a n d  th e  

d is tr ib u t io n s  com e from  lib rar ies  which a r e  linked w ith  th e  S W  d u r in g  co m p ila t io n .  T h e  

processor identif iers a re  used by th e  S W G  to  d es ign a te  w hich ex e c u ta b le  files a re  to  be 

d ow nloaded  t o  which processors.  T h e  CONSTANTS section  c o n ta in s  defin it ions o f  c o n s ta n ts .  

T h e  use  o f  c o n s ta n ts  is com m o n  in p ro g ra m m in g  languages ,  e .g . ,  C. It  is especially  im p o r t a n t  

when specify ing S W s since it allows th e  user  to  localize changes  to  p a r a m e te r  values.

T h e  p ro g ra m s  t h a t  m a k e  up the  S W  are  syn the t ic .  T h e y  d o  n o t  p e rfo rm  useful 

calcu la tions;  th ey  do no t  process  real d a ta .  Hence, d a t a  is redefined to  have  a  single 

p a ra m e te r ,  size. D a ta  values a r e  ignored. T h e  effects of d a t a  values on th e  b ehav io r  o f  a  real 

w orkload a re  s im u la te d  s tochastically .  SW S L  uses a  lib rary  o f  r a n d o m  n u m b e r  g e n e ra to r s  for 

different d i s t r ib u t io n s .  A call to  a  d is tr ib u t io n  func t ion ,  w ith  a p p ro p r ia t e  p a ra m e te r s ,  m ay  

be used as  th e  value t o  m any  w ork load  p a ra m e te r s .  It m ay  also be  used as th e  loop  coun t  

for th e  looping  co n s t ru c t  in th e  ta s k  func t ion  specifications (See Section  4 .3 .3) .  A t  ru n - t im e ,  

t h e  value will t ak e  on the  value ca lcu la ted  dynam ica lly  by th e  d is t r ib u t io n  func t ion .

In add it ion  t o  these fea tu res ,  SW SL  con ta ins  so m e  basic lan g u ag e  c o n s t ru c ts  t h a t

'I n  th is d isse rta tio n , all SWSL keyw ords will be given in uppercase.
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en h a n ce  i ts  ab il i ty  to  specify co m p lex  w ork loads .  C o m m e n ts  an d  an  “in c lu de” facili ty 

a re  su p p o r te d  to  allow users to  d o c u m e n t  a n d  o rgan ize  files acco rd in g  to  th e i r  ow n style. 

S W S L  s u p p o r ts  simple a r i th m e t i c  express ions  w h ere  o p e ra n d s  a re  sca la rs ,  co n s ta n ts ,  or 

d is tr ib u t io n s .  Express ions  m a y  b e  used an y w h e re  a  n um er ic  va lue  is requ ired ,  e .g.,  as 

values for p a ra m e te r s .

4 . 3 . 1  G r a p h  f i le

T h e  g ra p h  fde describes th e  ta s k  level s t r u c tu r e  of th e  S W  in t e r m s  o f  th e  w ork­

load m odel .  I t  defines th e  t r a n s fo r m a t io n s ,  s to res ,  a n d  te r m in a to r s ,  along w ith  th e ir  p a ­

ra m e te r s .  T h e  g ra p h  file is d iv ided  in to  EXTERNS, CONSTANTS, OBJECTS, an d  DEFINITIONS 

sections. T h e  various w ork load  o b je c t s  a re  decla red  in th e  OBJECTS section  an d  defined in 

th e  DEFINITIONS section. An o b je c t  is defined by l is t ing  its p a r a m e te r s  w ith  th e i r  values 

in th e  following fo rm a t .

< o b je c t  n a m e >  [
<  p a r a m e te r  list >

];

T h e  < p a r a m e te r  l i s t>  is th e  series o f  defin it ions o f  p a r a m e te r  values. T h is  list 

defines th e  jr,-, </>, / ,  0 ,  a n d  p  p a r a m e te r s  for the  o b jec ts .  T hese  p a ra m e te r s  are  discussed 

in th e  following sections.

The 7r,- Parameters

E ach  7r, p a ra m e te r  is specified using  th e  following fo rm a t .

< p a r a m e t e r  k ey w o rd >  =  < v a l u e i > ,  < v a lu e 2 > ,  . . .  , < v a l u e „ >  ;

W h e re  < p a r a m e t e r  keyw ord>  is th e  p a ra m e te r  n a m e ,  an d  < v a l u e i >  is th e  value t h a t  th e  

p a ra m e te r  is to  tak e  on for th e  2- th  run .  I f  fewer values a re  listed th a n  th e  n u m b e r  o f  runs , 

th e n  th e  las t  value in th e  list will b e  used for i t s  co rresp o n d in g  run  a n d  all su b sequ en t  runs. 

O ne  im p o r t a n t  use of th is  f e a tu re  is for com p ac t ly  specifying p a ra m e te r  values t h a t  rem ain  

c o n s ta n t  across  runs .  For ex am p le ,  if  th e  period  of a  ta sk  is a lw ays  10 milliseconds .and 

th e re  a re  seven run s  in th e  e x p e r im e n t ,  th e n  th e  PERIOD p a ra m e te r  of th e  co rrespond ing  

t r a n s fo rm a t io n  m ay  be  defined as

P E R I O D  =  10;

in s tead  of

P E R I O D  =  10, 10, 10, 10, 10, 10, 10;
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Parameter Name Description
S T A R T .T I M E T im e  a t  w hich th e  t r a n s fo rm a t io n  is f irs t invoked.
P E R I O D T h e  p e r io d  of a  period ic  t r a n s fo r m a t io n .
S P O R A D I C T h e  fu n c t io n  t h a t  r e tu rn s  th e  t im e  b e tw een  in v o ca t io n s  for  a

s p o ra d ic  t r a n s fo rm a t io n .
D E A D L IN E T h e  dead line  o f  th e  t r a n s fo r m a t io n ,  e i th e r  a  sc a la r  value or

d is t r ib u t io n  nam e .
P R I O R I T Y T h e  p r io r i ty  o f  th e  t r a n s fo rm a t io n .  R eq u ired  w hen  th e  t a r g e t

sy s te m  uses p r io r i ty -b ase d  ta sk  scheduling.
A C T I V E In d ica te s  w h e th e r  th e  t r a n s fo rm a t io n  execu tes  d u r in g  each

ru n .
N A M E S tr in g  to  b e  used to  identify  th e  t r a n s fo r m a t io n  t o  th e  sy s tem .

T ab le  4.1: T ra n s fo rm a t io n  p a ra m e te r s .

Param eter Name D esc r ip t ion
T Y P E T h e  ty p e  of th e  s to re :  DEPLETABLE or NONDEPLETABLE.
E L E M E N T .S I Z E T h e  size (in b y te s )  o f  each e lem ent in th e  s to re .
C A P A C IT Y T h e  s to ra g e  capac i ty  of th e  s to re  m e a s u re d  in n u m b e r  o f

e lem en ts .
A C C E S S T h e  access  policy for th e  s to re .
P O L I C Y T h e  s to ra g e  policy for a  d ep le tab le  s to re ,  e .g.,  FIFO, LIFO, or

PRIORITY.
N A M E S tr in g  to  be  used t o  identify  th e  t r a n s fo r m a t io n  t o  th e  sy s tem .

T ab le  4.2: S to re  p a ra m e te r s .

All t im e  values in SW SL  are  m easu red  in milliseconds. T h e re fo re ,  no  ind ica t io n  o f  t im e  

u n i t  is necessary  in  th e  specification.

T h e  7r; p a r a m e te r s  for t r a n s fo rm a t io n s ,  s to res ,  a n d  te r m in a to r s  a re  show n  in T a ­

bles 4 .1 ,  4 .2 ,  4.3, respectively. T ra n s fo rm a t io n  p a ra m e te r s  in d ica te  th e  t r a n s f o r m a t io n ’s 

scheduling  req u irem en ts .  T h e  s to re  p a ra m e te r s  specify th e  ty p e  o f  d a t a  in th e  s to r e  an d  th e  

access m e th o d s  to  be used .  S tores  rep resen t  all in fo rm ation  repos ito r ies  a n d  d a t a  channels .  

T h u s ,  th e  p a ra m e te r s  have  been  selected  such t h a t  they  a re  o r th o g o n a l ,  a n d  c o m b in a t io n s  

of values m a y  be used to  r e p re sen t  dif ferent s to rag e  o b jec ts .  Similarly, for t e r m in a to r s ,  we 

have chosen  p a ra m e te r s  to  allow a  range  o f  t e rm in a to r  types .

T h e  selection of 7r; p a r a m e te r s  is n o t  fixed. W e selected  these  p a r a m e te r s  to  sp ec ­

ify the  sy s te m -d e p e n d e n t  charac te r is t ics  o f  rea l- t im e  w ork loads  on H A R T S 2 . H A R T S  is

2 IIA RTS is th e  ta rg e t system  for which th e  SW  was first developed.
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Parameter Name Description
T Y P E
E L E M E N T .S I Z E

S T A R T .T I M E
R A T E

A C C E S S
N A M E

T h e  ty p e  o f  th e  t e r m in a to r :  SOURCE o r  SINK.
T h e  size (in by tes )  o f  each  e lem en t  g e n e ra te d  o r  a c cep ted  by 
th e  t e r m in a to r .  M ay  b e  a  c o n s ta n t  o r  var iab le  value.
T im e  a t  w hich th e  t e r m in a to r  b ecom es  o p e ra t io n a l .
T h e  t im e  be tw een  d a t a  arr iva ls  a t  a  so u rce  t e r m i n a to r  o r  th e  
m in im u m  t im e  be tw een  d a t a  a c c e p ta n c e s  for a  sink te r m in a ­
to r .  E i th e r  a  c o n s ta n t  value o r  a  value ta k e n  from  a  specified 
d is t r ib u t io n .
T h e  access  policy for th e  te r m in a to r .
S tr in g  to  b e  used to  iden tify  th e  t r a n s fo r m a t io n  to  th e  sy s tem .

T able  4.3: T e rm in a to r  p a ra m e te r s .

d iscussed in C h a p te r  7. If requ ired ,  p a ra m e te r s  m a y  be a d d e d  to  th e  la n g u ag e  by u p d a t in g  

th e  list o f  recognized p a ra m e te r s  in th e  S W G  source  code. H ow ever,  th e  selection o f  p a r a m ­

e te rs  will genera l ly  be fixed for a  given in s ta l la t io n  of th e  S W G . New p a ra m e te r s  a re  n o t  

ad ded  dyn am ica l ly  simply  by a d d in g  th e m  to  th e  p a r a m e te r  list in th e  S W S L  specification .

T h e  <f> F u n c t i o n

T h e  4> func t ions  for t r an s fo rm a t io n s  a re  dec la red  using  th e  FUNCTION p a ra m e te r  

keyw ord  followed by th e  list o f  nam es o f  th e  funct ions  to  be ex ecu ted  in each ru n .  T h ese  

func t ion s  a re  defined in th e  func t ions  file.

T h e  I ,  0 ,  a n d  p  P a r a m e t e r s

Specifications of I ,  O ,  and  p  for each o b jec t  use th e  p a ra m e te r s  INPUT, OUTPUT, 

an d  PROCESSOR, respectively. T o  form a  da ta f low  g ra p h ,  th e  o b je c t s  in th e  w ork load  m u s t  

be connected  by flows. A flow is specified im plicit ly  using  th e  OUTPUT p a r a m e te r  o f  th e  

source o b je c t  an d  the  INPUT p a r a m e te r  of th e  d e s t in a t io n  o b je c t .  E ach  INPUT, OUTPUT 

p a ir  d en o te s  a  s e p a ra te  connect ion  be tw een  th e  ob jec ts .  In so f tw are  specification  languages  

such as  E S M L  [9], the  W a rd /M e l lo r  t r a n s fo rm a t io n  sch em a  [65], an d  P S D L  [48], all t r a n s ­

fo rm a tio n s  m u s t  be  connec ted  by flows to  o th e r  o b jec ts .  A t r a n s fo r m a t io n  t h a t  does n o t  

receive d a t a  from  o th e r  ob jec ts  is useless; it can no t  do useful w ork .  In c o n t r a s t ,  in th e  S W , 

no t r a n s fo rm a t io n  does useful work. All t r an s fo rm a t io n s  only behave  like they  a re  doing 

so m eth ing  useful; they  do no t o p e ra te  on real d a ta .  T h e re fo re ,  we do  n o t  requ ire  t h a t  a  

t r a n s fo rm a t io n  be connec ted  to  o th e r  ob jec ts .  In some cases,  th e  user m ay  w an t  to  define a 

ta sk  t h a t  execu tes  in dep end en tly  o f  o th e r  tasks .  An ex am ple  o f  th is  case is w hen specifying

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



29

S W s to  s tu d y  schedu l ing  a lg o r i th m s  w i th o u t  considering  ta s k  in te rac t io n s .  T h e  w ork load  

w ould  consis t  o f  a  n u m b e r  o f  in d e p e n d e n t  ta sk s  w ho se  only  w o rk lo ad  c h a rac te r i s t ic  w as th e  

a m o u n t  o f  C P U  t im e  required .  F or  th is  case  we do no t  req u i re  t h a t  th e  INPUT a n d  OUTPUT 

p a ra m e te r s  b e  defined. H ow ever ,  in m o s t  cases th e  user will be in te re s te d  in  th e  effects of 

ta sk  in te ra c t io n s  on sy s tem  p e r fo rm an ce .  H ence , m o s t  t r a n s fo rm a t io n s  will be con nec ted  

t o  o th e r s  a n d  will have  INPUT a n d  OUTPUT p a ra m e te r s  ass igned  to  th e m .

T h e  tw o  p a ra m e te r s  fo r  flows are  flow ty p e  a n d  th e  size of th e  d a t a  e lem en ts  

w hich pass  a lon g  th e  flow. B ecau se  o f  th e  m odel c o n s t ru c t io n  rules (see Section  3.3.6) 

we can  a lw ays  d e te rm in e  th e  e lem e n t  size for a  d a t a  flow fro m  th e  c o m p o n e n ts  t h a t  i t  is 

connec t ing .  A d a t a  flow m u s t  be  a t t a c h e d  a t  one end to e i th e r  a  s t o r e  or a  t e r m i n a to r ,  each 

o f  which has an  ELEMENT_SIZE p a r a m e te r .  H ence , th e  flow can  in h e r i t  th is  p a r a m e te r  from 

th e  o b je c t .  E v e n t  flows c a r ry  no d a ta ,  a n d  th us  require  n o  size specification . Since th e  d a t a  

e lem en t size can  alw ays be  d e te rm in e d  for a flow, we only need to  be able  to  specify  t h e  ty p e  

o f  th e  flow in th e  S W S L  specification . Since flows only have  a  single p a r a m e te r ,  i t  would be 

cu m b e rso m e  to  req u ire  t h a t  each  flow be specified using th e  o b je c t  definit ion n o ta t io n  which 

is used for th e  o th e r  c o m p o n e n ts .  T h u s ,  we include the  flow ty p e  in to  th e  specifica tion  of 

th e  INPUT a n d  OUTPUT p a ra m e te r s  for ob jec ts .  Hence, th e  INPUTS an d  OUTPUTS serve a  du a l  

pu rp ose .  T h e y  decla re  th e  i n p u t s  a n d  o u tp u t s  o f  th e  o b je c t  an d  define th e  flows t h a t  a re  

a t t a c h e d  to  th e m .  T h e  fo rm a t  fo r  th e  value of these  p a ra m e te r s  is

< c o n n e c t e d  o b j e c t >  : < f lo w _ ty p e > .

T h e  flow  ty p e s  are DISCRETE, CONTINUOUS, and EVENT, co rresp o n d in g  to  in te r m itte n t  d a ta  

flow s, c o n tin u o u s  d a ta  flo w s, a n d  ev en t flo w s, resp ectively .

Object templates

A n o b je c t  te m p la te  is sp ec ified  by usin g  th e  PROCESSOR p a ram eter  in  co n ju n ctio n  

w ith  th e  INPUT and OUTPUT p a ra m eters. T h e  PROCESSOR p a ra m eter  defin es th e  p r o c esso r (s )  

to  w h ich  th e  o b je c t is a ss ig n ed . By prov id in g  m u ltip le  va lu es for  th e  p a r a m e te r , th e  user  

sp ec ifies th a t  an in sta n c e  o f  an o b je c t  is to  be a ssign ed  to  each  o f  a  num ber o f  p ro cesso rs . 

E ach  in sta n c e  o f  th e  o b je c t w ill be ass ig n ed  the sa m e  7r,- p a ra m eter  v a lu es. T h e  INPUT an d  

OUTPUT p a ra m eters w ill differ d ep en d in g  on the o b je c ts  to  w h ich  th e  co p ies  o f  th e  o b je c t  

are c o n n e c ted . T h e  c o n n e c tiv ity  o f  th e se  o b je c ts  is defined b y  usin g  a  sp ec ia l sy n ta x  for th e  

INPUT and OUTPUT p a ra m eters . In th e  fo llow in g  d iscu ssio n , th e  o b je c t  for w hich th e  in p u ts  

and o u tp u ts  are b e in g  defined  w ill be referred to  as th e  current object. T h e  o b je c ts  to  w hich  

it  is co n n ec ted  by flow s from  th e  in p u ts  and o u tp u ts  w ill b e  referred t o  as th e  connected
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objects.

T ra n s fo rm a t io n  in p u t s  an d  o u tp u t s  a re  m a p p e d  o n e - to -on e  a n d  in -o rd e r  to  func t ion  

in p u t s  a n d  o u tp u t s  (see th e  discussion o f  th e  fu nc t ion s  file be low ). T h e re fo re ,  th e  o rd e r  in 

which in p u t s  an d  o u tp u t s  a re  specified is im p o r t a n t .  F u r th e rm o r e ,  since S W S L  s u p p o r ts  

o b je c t  tem p la te s ,  th e  connec ted  o b je c t  m a y  be  one  o f  m a n y  in s ta n c e s  o f  an o b jec t .  Hence, 

to  a c cu ra te ly  specify th e  co n n ec ted  o b je c t  for an OUTPUT, for e x am p le ,  requ ires  fou r  pieces 

o f  in fo rm at io n :  th e  n a m e  o f  th e  connec ted  o b je c t ,  th e  p ro ces so r  o n  w hich  it  is loca ted ,  

which INPUT of th e  connec ted  o b je c t  defines th e  o th e r  en d  o f  th is  flow, a n d  th e  flow type .  

Since th e  c u r r e n t  o b jec t  specification  m ay  also b e  a  te m p la t e ,  th e  spec if ica tion  o f  inp u ts  

an d  o u tp u t s  is so m e w h a t  com plex .  However, simple, c o m p a c t  specif ica tions a re  possible  in 

m o s t  cases. T h e  fo rm a ts  for INPUT and  OUTPUT specifica tions a re  as follows.

< o b je c t  n a m e >  [
INPUT =  < o b j e c t l i l >  : < f l o w  t y p e i , i >  | . . .  | < o b j e c t i , „ >  : < f l o w  t y p e i t„ >  ; 

OUTPUT =  < o b j e c t 2 , i >  : < f l o w  t y p e 2 , i >  | . . .  | < o b j e c t 2 tn>  : < f l o w  t y p e 2 ,n > ;  

PROCESSOR =  < p r o c e s s o r  n a m e i > ,  . . .  , < p r o c e s s o r  n a m e „ > ;

];

T h is  specification shows a  single INPUT a n d  a  single OUTPUT w ith in  t h e  c o n te x t  o f  an  ob jec t  

definit ion. M u ltip le  INPUTs an d  OUTPUTS can be defined by using  m u l t ip le  INPUT a n d  OUTPUT 

s t a te m e n ts .  Each < o b j e c t i  j> specifies to  which o b je c t  th e  c u r r e n t  o b je c t  is conn ec ted  by 

th is  INPUT or OUTPUT. T h e  connec ted  o b jec t  specification has  th e  following sy n tax .

C o b j e c t  n am e> . < p r o c e s s o r > . < io  number>

C o b j e c t  neune> is th e  n am e  o f  th e  conn ec ted  o b je c t .  < p r o c e s s o r >  is th e  n a m e  of 

a  p rocesso r  011 which th e  co nn ec ted  o b jec t  is loca ted .  T h e  < i o  num ber>  in d ica te s  to  which 

INPUT or OUTPUT of th e  connec ted  o b jec t  th is OUTPUT or INPUT is co n n ec te d ,  respectively. 

INPUTs an d  OUTPUTS are  n u m b e re d  separa te ly ,  beg inn ing  a t  1.

If th e  current o b je c t  is a  te m p la te , v ertica l bars ( I ) se p a r a te  sp ec if ic a tio n s  for the  

sa m e  INPUT or OUTPUT on  d ifferent cop ies o f  th e  o b je c t . T h e se  sp ec if ic a tio n s  correspon d  

p o s itio n w ise  to  p rocessor  sp ec ifica tio n s  in th e  PROCESSOR p a ra m eter  lis t . T h a t  is, th e  j t h  

en try  in each  INPUT and OUTPUT list is th e  sp ec ifica tio n  for th a t  INPUT or OUTPUT on th e  

cop y  o f  th a t  o b je c t  lo ca ted  0 1 1  th e  j t l i  processor  lis ted  in th e  PROCESSOR lis t.

A simplified version o f  the  INPUT and  OUTPUT specifica tion  sy n ta x  m ay  b e  used 

in m o s t  cases. T h e  S W G  can infer the  connect ions given th e  simplified sy n tax .  T his  

specification schem e m ay be m a d e  clearer by looking a t  several ex am p les .

I 11 th e  sim plest  case, th e  INPUT and  OUTPUT p a ra m e te r s  d escr ibe  th e  connections 

betw een  n o n te m p la te  ob jec ts ,  as i l lu s tra ted  in F igure  4.1. T h is  figure shows th e  o b je c t  t a s k
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t a s k  [

I N P U T  =  th e r m o m e te r  : D I S C R E T E ;
O U T P U T  =  a d j . t e m p  : E V E N T ;
O U T P U T  =  t e m p e r a t u r e  : D I S C R E T E ;
P R O C E S S O R  =  r t c l l l ;

];

F igu re  4.1: E x a m p le  o f  sim ple  INPUT and  OUTPUT specification .

which is loca ted  on a  p rocessor  labe led  r t c l l l .  I ts  in p u t  is a  d isc re te  flow f ro m  t h e r m o m e t e r  

an d  its o u tp u t s  are  an e v en t  flow t o  a d j _ t e m p  a n d  a d isc re te  flow to  t e m p e r a t u r e .  T h e  

con nec ted  o b je c t s  a r e  n o t  t e m p la te s ,  so th e  n a m e  is sufficient for iden tif ica t ion .

In th e  n ex t  case, th e  c u r r e n t  o b je c t  is a  te m p la t e  a n d  is co n n e c te d  to  n o n te m p la te  

o b jec ts .  Iden t ica l  copies o f  th e  o b je c t  a re  to  be placed on each  processo r  listed  in the  

PROCESSOR p a r a m e te r  list. T h e re  a re  tw o  su bcases  to  consider.  In th e  f irst su b case ,  all

copies o f  th e  o b je c t  a re  to  have  th e  sam e  INPUT and  OUTPUT specifica tions . T h e n ,  it  is

sufficient to  specify th e  INPUTs a n d  OUTPUTS as in F igure  4.1. T h e  S W G  will copy th e  INPUT  

and  OUTPUT specifications to  all copies o f  th e  o b je c t .  N ote  t h a t  th e  con nec ted  o b je c t s  would 

have  to  specify connec t ions  to  each  copy o f  th e  c u r re n t  o b jec t .

In the  second su bcase ,  th e  INPUTs or OUTPUTS differ be tw een  th e  copies, as show n

in F ig u re  4 .2 . T h e  in s tan ces  of th e  o b je c t  t e m p la t e  are  h igh ligh ted .  T h e  user  m u s t  specify 

d ifferent INPUTs a n d  OUTPUTS fo r  each copy. T h is  ex am p le  show s t a s k  as a n  o b je c t  t h a t  

has  copies exec u t in g  on b o th  processo rs  r t c l l l  a n d  r t c l 2 1 .  T h e  copy on r t c l l l  has  th e  

sam e  INPUT and  OUTPUT specifications as th e  o b je c t  in F igure  4 . 1 .  T h e  copy on  r t c l 2 1  has 

i ts in p u t  from g y r o  an d  its o u tp u t s  a re  s t a b i l i z e  and  p i t c h .  All o f  th e  7r,- p a ra m e te r s  

would b e  exac t ly  th e  sam e  on b o th  copies o f  o b jec t .

T h e  nex t case involves specifying te m p la te s  for o b je c t s  w hose  in s tan ce s  a re  con­

nected .  T h is  case is show n in F ig u re  4.3. In th is  case, th e  n a m e  of th e  co nn ec ted  o b je c t  

m u s t  specify th e  p rocessor  w here  th e  specific connec ted  o b je c t  is lo ca ted .  In th is  ex am p le ,  

th e  o u tp u t  o f  th e  copy o f  t a s k l  on r t c l l l  is th e  copy of t a s k 2  o n  r t c l 3 1 .  T h e  o u t p u t  o f  

th e  copy of t a s k l  on r t c l 2 1  is the  copy o f  t a s k 2  on r t c l 4 1 .  T h e  INPUT specification  of 

t a s k 2  reflect th e  connec tion  from th e  v iew poin t o f  t a s k 2 .

It is a ssu m ed  t h a t  th e  re la t ionsh ip  between t a s k l  a n d  t a s k 2  in th is  exam ple  

will be typical for ob jec t  te m p la te s .  T h a t  is, th e  connection  betw een  th e  first in s tances  

of th e  o b je c ts ,  i.e., t a s k l  on r t c l l l  a n d  t a s k 2  on r t c l 3 1 ,  will hold for all su bseq uen t  

in s tan ces  o f  the  o b jec ts ,  i.e., t a s k l  on r t c ! 2 1  will be connec ted  to  t a s k 2  on r t c ! 4 1 ,  etc.
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processor r tdO ll processor rlcl021

adj_icmp stabilize

thermometer gyro

pitchtemperature

ta sk  [

INPU T =  th e r m o m e te r  : DISCRETE | g y r o  : DISCRETE; 
OUTPUT =  a d j .te m p  : EVENT | s ta b ilize  : EVENT; 
OUTPUT =  te m p er a tu r e  : DISCRETE | p itch  : DISCRETE; 
PROCESSOR =  r t c l l l ,  r tcl21;

F ig u re  4 .2 : A n  o b je c t  te m p la te  w ith  d ifferent INPUT and  OUTPUT sp ec if ic a t io n s  for  each  
in s ta n ce .

H ence ,  th e re  is a  simplified n o ta t io n  t h a t  m ay  be  used in th is  case. F ig u re  4.4 shows an  

a l t e r n a t e  specifica tion  o f  th e  connec t ion  betw een  t a s k l  a n d  t a s k 2  t h a t  is equ ivalen t to  th e  

specifica tion  in  F ig u re  4 .3 . T h is  n o ta t io n  allows qu ite  la rge  S W s to  be defined w ith  a  very 

c o m p a c t  specif ica tion . A  s u b g ra p h  of n o n te m p la te  o b jec ts  is defined an d  th e n  p rocessor  

labels a re  add ed  t o  th e  PROCESSOR p a ra m e te r s  for all the o b je c ts  in  th e  s u b g ra p h  to  p ro d u c e  

a  su b g r a p h  o f  te m p la te s .  T h e  s u b g ra p h  o f  te m p la te s  specifies m ultip le ,  iden t ica l  s u b g ra p h s ,  

b u t  th e  o b je c t s  in  th e  su b g ra p h  will have  different p rocessor  ass ign m en ts .  T h e  INPUTs a n d  

OUTPUTS need n o t  be a l te red  in th e  specification.

In g e n era l, if  th ere  are m ore p ro cesso rs defined for an o b je c t  (sa y  o b j e c t l )  th a n  

th ere  are I-se p a r a ted  en tr ie s  in an INPUT o r  OUTPUT sp ec ific a tio n , th en  th e  S W G  w ill fill 

in th e  rem a in in g  en tr ies  in th e  fo llo w in g  m an n er . I f  th e  j t h  en try  in  an INPUT or OUTPUT 

l is t  is a  flow  t o  o b j e c t 2  on p ro cesso r  p r o c ; , w here p r o c ;  is th e  i t h  en try  in th e  PROCESSOR 

p a r a m e te r  lis t o f  o b j e c t 2 ,  th en  th e  j  +  1 en try  o f  th e  INPUT or OUTPUT lis t w ill b e  to  o b j e c t 2  

o n  processor  p r o c ,+ i if i  <  n  or p r o c , i f  i =  n.

N ex t ,  we m u s t  h and le  th e  case where tw o  o b jec ts  a r e  con nec ted  by m ul t ip le  flows 

o f  th e  sam e  ty p e .  T h e  d e fau l t  is  for th e  S W G  t o  m ap  th e  INPUTs t o  OUTPUTS of each flow 

ty p e  in th e  o rd e r  o f  occurrence .  However, in som e cases one  w a n ts  to  change  th e  o rde r  

o f  th e  m ap p in g .  T h is  m ay  be  required  to  connec t proper ly  w ith  th e  INPUTs a n d  OUTPUTS
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processor rtclOl 1 processor rtcl021

processor rtcl031

t a s k 2 ]

t a s k l

processor rtcl041

task22

O U T P U T  =  task 2 .r tc l31  : E V E N T  | task2 .r tc l4 1  : E V E N T ;  
P R O C E S S O R  =  r t c l l l ,  rtcl21;

task2[
I N P U T  =  t a s k l . r t c l l l  : E V E N T  | t a s k l . r t c l2 1  : E V E N T ;  
P R O C E S S O R  =  rtc l31 , r tcM l;

F igu re  4.3: O b je c t  te m p la te s  for connected  o b jec ts ,  co m p le te  specifica tion .

t a s k l  [
O U T P U T  =  ta sk2  : E V E N T ;  
P R O C E S S O R  =  r t c l l l ,  rtcl21;

task2[
I N P U T  =  ta s k l  : E V E N T ;  
P R O C E S S O R  =  rtcl31, r tc b l l ;

F igure  4.4: O b jec t  te m p la te s  for connected  ob jec ts ,  simplified specifica tion .
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processor rtclOl 1

/ taskl ^

O utput 1

O utput 2

\ J

processor rtcl021

sensor

task2

Input I  
Input 2  

Input 3

t a s k l  [
O U T P U T  =  ta sk2 .r tc l21 .3  : E V E N T ;  
O U T P U T  =  ta sk 2 .r tc l2 1 .2  : E V E N T ;  
P R O C E S S O R  =  r t c l l l ;

task2[
I N P U T  =  sensor.r tc l21  : D I S C R E T E ;  
I N P U T  =  t a s k l . r t c l l l . 2 : E V E N T ;  
I N P U T  =  t a s k l . . 1 : E V E N T ;  
P R O C E S S O R  =  rtc!21;

F ig u re  4.5: Specification o f  10 n um bers .

o rd e r in g  im posed  on  th e  t r a n s fo rm a t io n  by its funct ion . To accom plish  th is  goal, we m ake 

use of  th e  < io  num ber>  field in th e  INPUT or OUTPUT specification. T h e  < io  number> is 

th e  index  o f  th e  INPUT or OUTPUT o f  th e  connected  ob jec t .  T h e  indices begin a t  1 an d  are  

n u m b e re d  s e p a ra te ly  for INPUTs a n d  OUTPUTS. An ex am ple  o f  th is n o ta t io n  is show n in 

F igures  4.5. T h is  ex am p le  show s th r e e  things. F ir s t ,  the  in p u ts  o f  t a s k 2  are n u m b ered  

s t a r t i n g  a t  1. T h e re fo re ,  th e  first o u tp u t  o f  t a s k l  m a p s  to  in p u t  3 o f  t a s k 2 .  Second, th e  

OUTPUT a ss ign m en ts  for t a s k l  a re  specified to  “cross over” ; th e  first o u tp u t  ev en t  from 

t a s k l  is th e  second in p u t  ev en t  for t a s k 2  and  the  second o u tp u t  ev en t  from t a s k l  is th e  

first in p u t  even t for t a s k 2 .  T h i rd ,  as shown in th e  th ird  INPUT definit ion for t a s k 2 ,  the  

p rocesso r  value for t a s k l  need n o t  be  specified if it m ay  be d e te rm in ed  as  described above.
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Parameter Name Description
T IM I N G  Defines w h e th e r  th e  t im e  l imit shou ld  be  used  t o  t e r m i n a te

th e  e x p e r im e n t .  Value is e i th e r  TRUE o r  FALSE.
T I M E L I M I T  Defines th e  m a x im u m  d u ra t io n  o f  th e  e x p e r im e n t .
S E E D  Defines th e  in itia l seeds o f  th e  r a n d o m  n u m b e r  g e n e ra to r

s t re a m s .
S E E D - R E S E T  C o n ta in s  one  value for each value in th e  S E E D  p a r a m e te r

list. D eno tes  if  th e  co rrespo nd in g  r a n d o m  n u m b e r  g e n e ra to r  
is to  b e  reset to  th e  specified seed value a t  th e  b eg in n in g  o f  
each ru n .  V alue is e i th e r  TRUE or FALSE.

T ab le  4.4: E x p e r im e n t  p a ra m e te r s .

4.3.2 E xperim ent file

T h e  e x p e r im e n t  file defines th e  ex p e r im en ta l  p a ra m e te r s .  I t  is d iv ided  in to  tw o  

sections: th e  CONSTANTS sect ion  an d  th e  PARAMETERS section . In  th e  CONSTANTS sect ion  o f  

th e  e x p e r im e n t  file, th e  user  m a y  set th e  value o f  th e  Runs co n s ta n t .  T h e  R im s c o n s ta n t  

defines th e  n u m b e r  o f  run s  for th e  ex pe r im en t .  I t  de fau l ts  to  1, b u t  th e  u se r  m a y  assign  it  

a  h igher  value to  p ro d u ce  an  S W  w ith  m ultip le  runs .  T h e  PARAMETERS sec t ion  co n ta in s  one  

e n t r y  for each p rocesso r  on which th e  S W  is to  execu te .  T h e  en tr ie s  a re  o f  th e  form

< processo r  n a m e >  [
<  p a r a m e te r  list >

];

If  th e  e x p e r im e n t  p a ra m e te r s  a re  to  be th e  sam e  for m ultip le  p rocesso rs ,  th e  DEFAULT en t ry  

m ay  be used. All p rocesso rs  for which th e re  is no  explicit en t ry  a re  ass igned  th e  defau l t  

p a r a m e te r  values. T h e  ex p e r im e n t  p a ra m e te r s  a re  listed in T ab le  4.4.

T h e  e x p e r im e n t  p a ra m e te r s  a re  divided in to  tw o g roups .  T h e  first g ro u p  specifies 

th e  t e m p o ra l  ch a rac te r is t ic s  of th e  exp er im en ts .  T hese  p a ra m e te r s  in d ic a te  w h e th e r  th e  

ex p e r im e n t  is to  be  t im ed  and  define th e  d u ra t io n  of th e  execution  in te rva l .  T h e  second 

g ro u p  o f  p a ra m e te r s  p rov ide  contro l  of th e  s ta t i s t ic a l  p roper t ie s  o f  th e  s to c h a s t ic  beh av io r  o f  

th e  S W . T h e y  define th e  seeds o f  th e  r a n d o m  n u m b e r  gen e ra to rs .  M u l t ip le  r a n d o m  n u m b e r  

g e n e ra to r  s t r e a m s  m a y  be  defined. E ach  d is tr ibu t io n  funct ion  in th e  g r a p h  a n d  func t ion  files 

can  ca lc u la te  its values from  a  se p a ra te  s t re am . In this  way, consecu tive  values g e n e ra te d  

by th e  d is t r ib u t io n  will be in d ep en d e n t .  T h e  resu lt  is s ta t is t ica l ly  in d e p e n d e n t  ev en ts  in 

th e  S W s execu tion .  T h e  SEED-RESET p a ra m e te r  m ay  be used to  rese t  th e  seed values a t  th e  

beg in n in g  o f  each ru n .  In th is  way, th e  behav io r  o f  indiv idual s t r e a m s  m a y  be  rep ro d u ced .
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< fu n c t io n  n a m e >  {
< i n p u t  an d  o u tp u t  d efin it ions>
BEGIN

< f u n c t io n  co d e>
END;

};

F igu re  4 .6: F u n c t io n  definit ion fo rm a t .

I N P U T  =  < i n p u t  n a m e >  : <flow t y p e >  ;
O U T P U T  =  < o u t p u t  n a m e >  : <flow t y p e >  ;

F igu re  4 .7 : INPUT and OUTPUT sp ec ifica tio n  in th e  fu n ctio n  file.

4 .3 .3  Functions file

T h is  file defines th e  <f> func t ions  for th e  t r a n s fo rm a t io n s .  T h e  simple o p e ra t io n s  a n d  

co n tro l  c o n s t ru c ts  f rom  th e  w ork load  m odel have  been a d a p te d  for specify ing  SW s. Sim ple  

o p e ra t io n s  a r e  im p lem en ted  u s ing  sy n the t ic  o p e ra t io n s .  S y n th e t ic  o p e ra t io n s  exercise  sp e ­

cific resources  in a  p redefined m a n n e r .  T h e  use o f  sy n the t ic  o p e ra t io n s  has  been  descr ibed  

in  [4, 64, 60]. Special con tro l  c o n s t ru c ts  a r e  defined to  rep ro du ce  th e  d a ta - d e p e n d e n t  effects 

o n  th e  b e h av io r  o f  th e  loop ing  a n d  b ra n c h in g  co n s t ru c ts  in th e  w ork load  model.

T h e  func t io ns  file con ta in s  EXTEENS, CONSTANTS, an d  CODE sec t ions. T h e  code  for 

t h e  fu n c t ion s  is defined in th e  CODE section . F u n c tio n  definit ions follows th e  fo rm a t  show n 

in  F igure  4 .6 . < i n p u t  a n d  o u t p u t  d e f i n i t i o n s >  is a  list o f  defin it ions of th e  in p u t  an d  

o u t p u t  flows given in th e  form  show n in F igu re  4 .7 . T h e se  flows are  given sym bolic  n am es  

t h a t  a re  used  with in  th e  fun c t ion .  A t  com pile  t im e,  the  sym bolic  n a m e  is m a p p e d  to  th e  

co r re sp o n d in g  INPUT or OUTPUT o f  th e  t r a n s fo rm a t io n  t h a t  execu tes  th e  func t ion .  T h e  code 

t h a t  is ex ecu ted  by th e  fun c t io n  is defined betw een  th e  BEGIN an d  END keyw ords .  D u r in g  

each period ic  or sp o rad ic  invoca t ion  o f  th e  t r a n s fo rm a t io n ,  th e  code be tw een  th e  BEGIN an d  

END keyw ords  is execu ted  exac t ly  once.

C o m p u ta t i o n  a n d  c o m m u n ica t io n  a re  im plem en ted  w ith  sy n th e t ic  o p e ra t io n s .  T h e  

s y n th e t ic  o pe ra t io n s  are  lo ca te d  in a  l ib ra ry  o f  o p e ra t io n s .  S y n th e t ic  o p e ra t io n s  a re  im p le ­

m e n te d  as  C  functions. T h e se  func t ions  are  p a ram ete r ized  so th e  user  can co n tro l  th e i r  

behav io r .  By defining them  as  func t ions ,  we hide th e  im p le m e n ta t io n  de ta i ls .  Hence, th e  

S W  func t ion  specifications a r e  m a d e  ta rg e t  sy s tem  in d ep en d e n t .  All sys tem  dependencies
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L O O P  < e x p r >

{
< fu n c t io n  code>

};

F igure  4.8: LOOP c o n s t ru c t .

a re  c o n ta in e d  in th e  im p le m e n ta t io n  o f  th e  o pera t ions .

W e have  collected a  n u m b e r  o f  sy n th e t ic  o p e ra t io n s  for th e  l ibrary . S o m e  o f  th e se  

were ta k e n  fro m  th e  publicly  available  Bell L abs  B en ch m ark  suite  a n d  th e  d h ry s to n e  b e n c h ­

m a rk .  T h e y  p e r fo rm  func t ions  such as A c k e rm a n ’s func t ion ,  f loa ting  p o in t  a r i th m e t i c ,  a n d  

w ord  c o u n ts  w hich  exercise specific sy s tem  funct ional i t ies .  T h e  o p e ra t io n s  a r e  p a r a m e t e r ­

ized to  co n tro l  th e  n u m b e r  o f  i te ra t io n s  o f  each func t ion .  We also inc lude  a  fu nc t io n  to  

exercise m e m o ry  by p ro d u c in g  reference s t r in gs  based on  th e  a lg o r i th m  in [2]. A d d i t io n a l  

o p e ra t io n s  m a y  easily be  a d d e d  to  th e  library.

O f  p a r t ic u la r  im p o r ta n c e  a re  th e  s r e a d  a n d  s w r i t e  o p e ra t io n s .  T h e y  a re  defined 

to  be generic  in p u t  an d  o u tp u t  op e ra t io n s .  T h e  p r im a ry  p a r a m e te r  for th ese  fu n c t io ns  is 

th e  sym bolic  n a m e  o f  th e  in p u t  o r  o u tp u t .  T h e  user  need n o t  specify an y  in fo rm a t io n  a b o u t  

th e  o b je c t  w ith  which th e  func t ion  is c o m m u n ica t in g  via th e  o p e ra t io n .  T h e  o p e ra t io n s  ta k e  

in fo rm a t io n  g e n e ra te d  by th e  S W G  for each in p u t  a n d  o u t p u t  of th e  func t ion  a n d  d e te rm in e  

th e  a p p r o p r ia t e  sy s tem  call(s) on th e  ta rg e t  sys tem  to  use  to  p e r fo rm  th e  a p p ro p r ia t e  

read in g  o r  w r i t in g  o p e ra t io n .  T h ere fo re ,  they  m ay  b e  used in any fun c t io n ,  regard less  o f  th e  

t r a n s fo r m a t io n  which execu tes  i t  an d  regard less  of the  o b je c t s  to  w hich  th e  t r a n s fo r m a t io n  

is con n e c ted .  T h ese  o p e ra t io n s  increase  flexibility by in t ro d u c in g  th e  c ap ab i l i ty  for plug- in  

func t ions .  D u r in g  n o rm a l  use o f  S W S L  a n d  th e  S W G , it is an t ic ip a te d  t h a t  th e  use r  will code  

a  n u m b e r  o f  fun c t io ns  w ith  different behaviors  rep resen tin g  different ty p e s  o f  ta s k s .  T h e se  

fun c t io ns  will be  “plugged  in ” t o  t r an s fo rm a t io n s  as  needed  for th e  p a r t i c u l a r  a p p lica t io n .  

T h u s ,  S W s  can  be  quickly c o n s t ru c te d  from  co m p o n en ts  w ith  know n c h a rac te r is t ic s .

C o n t ro l  flow w ith in  a  func t ion  is achieved by using tw o  c o n s t ru c ts ,  LOOP an d  

SWITCH. LOOP is an  a d a p ta t io n  o f  th e  w h i l e  -  do  loop in th e  w ork load  model .  I t  is a  single 

en try ,  single ex it  looping c o n s t ru c t .  T h e  fo rm a t  for the LOOP c o n s t ru c t  is show n in F igu re  

4.8 . T h e  p a r a m e te r  < exp r>  specifies th e  loop coun t.  T h e  LOOP m ay  be  m a d e  to  ex ecu te  

a  c o n s t a n t  n u m b e r  o f  t im es  for each run ,  o r  it m ay  execu te  a r a n d o m  n u m b e r  o f  t im es  by 

specifying a  d is t r ib u t io n  func t ion  as th e  loop coun t.  By looping a  r a n d o m  n u m b e r  o f  t im es ,  

th e  loop s im u la te s  th e  b ehav io r  of d a ta -d e p e n d e n t  loops in th e  w ork load  be ing  m odeled .
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SWITCH
{

p ercen t  i :

{
< f u n c t io n  code>

};
p e rc e n t 2 :

{
< fu n c t io n  code>

};

p e rc e n tn :

{
< f u n c t io n  code>

};
rem ain ing  :

{
< fu n c t io n  code>

}; 
};

F ig u re  4.9: SWITCH co n s tru c t .

B ran ch in g  is accom plished  using  th e  SWITCH c o n s t ru c t .  T h e  SWITCH c o n s t ru c t  is 

show n  in F igure  4.9. It is a  genera l iza t io n  o f  the  i f - t h e n - e l s e  c o n s t ru c t  in t h e  w ork load  

m odel .  I t  is derived from  th e  SWITCH o p e ra t io n  in [60]. In  th e  SWITCH s t a t e m e n t ,  the  

user specifies a l t e rn a te  blocks o f  code to  b e  execu ted .  P ro b a b i l i ty  values a r e  ass igned 

to  each block. E ach  t im e  th e  SWITCH is execu ted ,  one block is se lec ted  a t  r a n d o m .  By 

b ra n c h in g  probabilis tically ,  i t  s im ula tes  th e  b ehav io r  of real ap p l ic a t io n s  t h a t  b ra n c h  based 

on  d a t a  values. T h e  p e r c e n t ^ ,  . . . ,  p e r c e n t , ,  values, w here Yl?=  l p e r c e n t ,  <  100, rep resen t 

th e  p e rc e n ta g e  o f  t im es  t h a t  each c o r re spo nd in g  b ran ch  will be ta k e n .  For e x am p le  if 

p e r c e n t  i =  60 a n d  p e r c e n t 2  =  10 then  60 p e rce n t  o f  th e  b ranch es  will be  to  th e  first block 

o f  code a n d  10 p e rce n t  o f  th e  branches  will b e  to  the  second block o f  code. T h e  r e m a i n i n g  

label in d ica te s  t h a t  th e  re m a in in g  pe rce n tag e  (up  to  100) o f  th e  b ran ch es  ex ec u te  its  block 

o f  code. If th e  pe rcen tag es  do no t  add  to  100 an d  th e re  is no r e m a i n i n g  case, th e n  the  

rem a in in g  pe rce n ta g e  of th e  t im e  no o p e ra t io ns  a re  p erfo rm ed .

C code m ay  be inser ted  a t  any  p o in t  in th e  CODE section us ing  a  v e r b a t i m / e n d v e r -  

b a t i m  block. T h is  C code is copied d irec tly  to  th e  C code being  g e n e ra ted  for th e  func t ion  

by th e  S W G . An SW SL func t ion  m ay co n ta in  any  com b in a t io n  o f  sy n th e t ic  o p e ra t io n s  and  

user code.
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4.4 S yn th etic  W orkload G eneration

W e have  designed  a n d  im p lem en ted  th e  S W G  which compiles S W S L . T h e  S W G  

com ple te ly  a u to m a te s  th e  g e n e ra t io n  o f  SW s. T h e  sy n th e t ic  w ork load  g e n e ra t io n  process  

is show n in F igu re  4.10 . T h e  S W G  compiles th e  S W S L  g ra p h  file to  p ro d u c e  an  in te rn a l  

r e p re se n ta t io n  o f  th e  ta s k  g r a p h .  I t  checks th e  g r a p h  for com pliance  to  th e  c o n nec t ion  rules. 

I t  th e n  p rocesses  th e  in p u t s  a n d  o u tp u t s  of th e  co m p o n e n ts  t o  e x p a n d  an y  specifications t h a t  

use  th e  s implified specification  n o ta t io n .  N ex t ,  i t  compiles th e  ex p e r im e n t  file a n d  g en e ra te s  

a r r a y s  c o n ta in in g  t h e  e x p e r im e n ta l  p a r a m e te r s  for each processo r .  T h e n ,  i t  compiles th e  

fu n c t io n s  file a n d  p ro d u ces  C  la n g u ag e  code for each  func t ion  o f  each  t r a n s fo r m a t io n  on  each 

processo r .  W h ile  p ro d u c in g  these  files, it uses in fo rm at io n  from  th e  ta sk  g ra p h  to  ex p a n d  

th e  i n p u t  a n d  o u t p u t  sym bolic  nam es  in th e  funct ions .  T h e  p a ra m e te r s  o f  th e  o b je c t  to  

which th e  flow is c o n n ec ted  is specified in th e  g rap h  file. T here fo re ,  for each  in p u t  and  

o u tp u t  specifica tion  which is com piled ,  the  S W G  g en era te s  a  d a t a  s t r u c tu r e  which con ta ins  

th e  im p o r t a n t  p a r a m e te r s  o f  t h e  o b je c t  t o  which the  in p u t  o r  o u tp u t  flow is connec ted .  

T h is  in fo rm a t io n  m a y  be  used  by th e  syn th e t ic  o p e ra t io n s  w ith in  th e  func t ion .  For  all 

o th e r  sy n th e t ic  o p e ra t io n s ,  th e  S W G  copies th e  call d irectly  to  th e  C code  o f  th e  func t ion  

b e in g  defined. I n p u t  a n d  o u t p u t  o p e ra t io n s  which o p e ra te  on flows specify th e  flow n a m e  

as  a  p a r a m e te r .  T h e  flow n a m e  is e x p a n d e d  by th e  S W G  t o  a  reference to  th e  p ro p e r  d a t a  

s t r u c tu r e  before  being copied  t o  th e  func t ion  C  code.

N ex t ,  th e  S W G  g e n e ra te s  files c o n ta in in g  a rray s  o f  th e  p a r a m e te r  values for the  

o b jec ts  on each  processor.  T h ese  a rray s  a re  described  in C h a p te r  5. F inally , th e  S W G  

uses th e  p rocesso r  a s s ig n m e n t  in fo rm a t io n  from  th e  g rap h  file t o  d irec t  th e  m a ke  u t i l i ty  to  

compile  th e  g e n e ra te d  code  for each funct ion . T h e  compiled func t ion  files a re  th e n  finked 

w ith  th e  l ib ra ry  of sy n th e t i c  o p e ra t io n s ,  th e  l ib ra ry  of d is t r ib u t io n s ,  a n d  th e  S W  driv e r3 to  

c re a te  a n  e x e cu tab le  im age. T h e  ex ecu tab le  im ages for all th e  processors  com pose  th e  SW . 

T h e y  m a y  th e n  be dow n load ed  to  th e  t a r g e t  sy s tem  an d  executed .

4.5 Sum m ary

S W S L  is a  lang uag e  for specifying sy n the t ic  w ork loads  for d is t r ib u te d  rea l - t im e  

sy s tem s .  It is designed t o  be  easy  to  use while prov id ing  co m p ac t  an d  flexible specifications. 

I t  is based  o n  a  w ork load  m o d e l  which m akes i t  co m pa t ib le  w ith  co m m on ly  used so f tw are  

specification n o ta t io n s .  Hence, it is cap ab le  o f  accura te ly  m odeling  real w ork loads .  T h e

3T h e  SW  driver is described in C h a p te r  5
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F igure  4.10: S yn the t ic  W orkload G en e ra t io n .
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lan g u a g e  inc ludes  facili ties for e x p e r im e n t  s u p p o r t  such as s u p p o r t  for m u l t ip le  ru n s ,  o b je c t  

te m p la te s ,  m u l t ip le  r a n d o m  n u m b e r  g e n e ra to r  s t r e a m s ,  an d  m o de l in g  o f  s to c h a s t ic  behav io r .  

T h e  S W G  h as  been fully im p le m e n te d .  I t  s u p p o r t s  all  fe a tu re s  desc r ibed  in th is  ch ap te r .  

I t s  use is d e m o n s t r a t e d  in C h a p te r s  6 a n d  7.
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CHAPTER 5

THE SYNTHETIC WORKLOAD

5.1 Introduction

T h e  s y n th e t ic  w ork load  (S W ) execu tes  on a d is t r ib u te d  rea l - t im e  sy s tem .  T h e  

S W  on each p rocesso r  is com posed  of a  se t  o f  processes t h a t  can  be d iv ided  in to  tw o  

g roups : th e  s y n th e t i c  application tasks1 an d  th e  driver  processes.  T h e  s y n th e t ic  a p p l ica t ion  

ta s k s  im p le m e n t  th e  user-specified SW . T h e  driver con tro ls  th e  S W  in th e  co n te x t  of an  

ex p e r im e n t .

T h e  use  o f  a  driver to  con tro l  an  S W  is no t  a  new con cep t .  A go o d  discussion 

on  w ork lo ad  d r ivers  m a y  be found  in [24], O u r  co n tr ib u t io n  is to  descr ibe  th e  im p o r t a n t  

fea tu re s  o f  a  d r iv e r  for S W s to  be  used in d is t r ib u te d  rea l - t im e  sy s te m s .  T h e se  fe a tu res  

have  been  im p le m en ted  in th e  d r iver  for o u r  SW .

O u r  S W  uses d is t r ib u te d  con tro l  because  centralized  co n tro l  w ou ld  cause  a d d i ­

t io n a l  load  on th e  s y s te m ’s co m m u n ica t io n  facilities. T h is  o v e rhead  would adverse ly  affect 

th e  p e r fo rm a n c e  indices being m easu red .  D is t r ib u ted  contro l  allows th e  S W  t o  execu te  

w i th o u t  im p os ing  any  overhead  load on th e  com m un ica t ion  sy s te m .  T h e  only  c o m m u n i­

ca t io n  o v e rh ead  is caused  when th e  d is tr ib u ted  SW  contro l e lem e n ts  synch ro n ize  a t  th e  

beg in n in g  a n d  end  o f  each run. Synchron iza tion  is necessary if s y n th e t ic  ta sk s  on  different 

p rocesso r  requ ire  sy n ch ron ou s  co m m u n ica t io n .  I t  is especially im p o r t a n t  if  th e  ta sk s  a re  

period ic .  S y nc h ro n o u s  co m m u n ica t io n  betw een  unsynchron ized ,  per iod ic  ta s k s  on  different 

p rocesso rs  can  cause  in to lerab ly  long w aits  for th e  task  which is invoked first as i t  w aits  for 

th e  o th e r  ta s k  to  be  invoked. T h e  SW  is no t  like a  d is t r ib u ted  d is c re te  even t  s im u la t io n .  In 

d is t r ib u te d  s im u la t ion s ,  s im u la t ion  tasks execu te  in s im ula ted  t im e .  I f  som e p rocesso rs  s t a r t  

l a te r  t h a n  o th e r s ,  th e n  th e  a lg o r i th m s  which m a in ta in  g lobal consis tency  o f  s im u la t io n  t im e  

can  quickly b r ing  th e  processors  in to  relative synchrony. In th e  S W , all ta sk s  ru n  in real

'T h e  term  “ta sk ” is used to  distinguish  the sy n th e tic  application processes from  th e  d river processes.
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( “wall clock” ) tim e . T h e  ex ecu tio n  cycles o f p e rio d ic  ta sk s  a re  fixed a n d  a re  in d e p e n d e n t o f  

th e  b eh av io r o f  th e  p eriod ic  ta sk s . T h ey  will n o t becom e sy n ch ro n ized  th ro u g h  th e  ac tio n s  

o f th e  ta sk s . E x p lic it sy n c h ro n iz a tio n  is req u ired .

T h e  SW  im p lem en ts  all th e  e x p e rim e n ta l su p p o r t p rov ided  by SW SL . I t  fu lly  su p ­

p o rts  th e  m u ltip le  ru n  facility . T h e  d u ra t io n  o f each ru n  is d e te rm in e d  by  th e  TIMELIMIT 

p a ra m e te r . B etw een  ru n s , th e  w ork load  is com p le te ly  re se t. I t  is th e n  re c re a te d  w ith  th e  

p a ra m e te r  values fo r th e  n e x t ru n . T h e  SW  is im p lem en ted  to  w ork  in  h a rm o n y  w ith  m o n ­

ito rs  a n d  o th e r  m e a su re m e n t m ech an ism s. I t p re se n ts  its e lf  to  th e  sy s tem  as a n  a p p lic a tio n  

p ro g ram . T h e re fo re , ex is tin g  m o n ito rs  m ay  b e  used w ith o u t m o d ifica tio n .

R ea l-tim e  sy s tem s c o n tro l physica l p rocesses. F or som e a p p lic a tio n s , th e  sy s tem  

can  n o t be  ev a lu a ted  w hile co n n ec ted  to  live senso rs  an d  a c tu a to rs .  T h is  is especially  tru e  

w hen using  an  S W , w hich can n o t p ro p e rly  in te rp re t d a ta  from  sensors n o r can  it send  

th e  p ro p e r co m m an d s a n d  d a ta  to  a c tu a to rs . For th is  reaso n , th e  SW  sim u la tes  th e  in p u t 

a n d  o u tp u t  p ro p e r tie s  o f  te rm in a to rs .  O ur im p le m e n ta tio n  o f s im u la ted  te rm in a to rs  is an  

expansion  o f  e x te rn a l e v e n t g e n e ra tio n  described  for [60] an d  various tech n iq u es fo r device 

s im u la tio n , e .g ., [31].

In a d d itio n  to  th ese  b eh av io ra l fe a tu re s , th e  SW  has im p le m e n ta tio n  fe a tu re s  to  

m ake i t  easier to  use an d  easie r to  p o r t  to  a  new  sy s tem . A lth o u g h  th e  sy n th e tic  ta sk s  m ay 

change for each  e v a lu a tio n , th e  d riv er has a  fixed s t ru c tu re . I t  is com piled  once  for a  given 

ta rg e t sy s tem . A fte r th a t ,  it is on ly  necessary  for th e  S W G  to  link th e  d riv e r’s o b je c t code 

w ith  th e  S W . T h is  s e p a ra tio n  b e tw een  SW  ta sk s  an d  th e  d riv e r m ak es it fa s te r  to  com pile 

S W  spec ifica tions becau se  th e  d riv er code does n o t need to  be recom piled  fo r each  new 

specifica tion . A lso , th e  d riv e r a n d  th e  lib ra ry  of o p e ra tio n s  co n ta in  th e  sy s tem -d ep en d en t 

code fo r th e  S W . P o r t in g  is sim plified by localiz ing  th e  sy s tem  d ependencies.

In sec tion  5 .2 , th e  s t ru c tu r e  of th e  SW  is o u tlin ed , an d  its  im p le m e n ta tio n  and  

use a re  d escribed . As we desc rib e  th e  SW , we will d iscuss how th e  above fe a tu re s  are  

im p lem en ted . In  S ection  5 .3 , we d iscuss th e  ove rh ead  in cu rred  by th e  driver. T h e  c h a p te r  

concludes w ith  Section  5.4.

5.2 T he Synthetic W orkload

T h e  g rap h ica l re p re se n ta tio n  of th e  SW  for each p rocesso r is show n in F igu re  

5.1. T h e  d riv e r p rocesses and  d a ta  s t ru c tu re s  a re  show n in th e  labeled  box. A ll o th e r  

tra n s fo rm a tio n s , s to re s , an d  te rm in a to rs  rep re sen t th e  user specified SW .
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F ig u re  5.1: D a ta  flow m odel for th e  SW  processes on a  sing le  p ro cesso r.

5.2.1 Synthetic  A pplication Tasks

T h e  sy n th e tic  a p p lic a tio n  ta sk s  a re  responsib le  for g e n e ra tin g  th e  re so u rce  de­

m an d s  on  th e  p ro cesso r. T h ey  a re  th e  im p lem en ta tio n s  o f  th e  t r a n s fo rm a tio n s  in th e  SW SL  

sp ec ifica tion . T h e ir  s t ru c tu re  h as  been  discussed  in C h a p te r  4 , a n d  will n o t be d iscussed  

fu r th e r  here.

5.2.2 Driver Processes

T h e  d riv e r co n tro ls  th e  execu tion  o f th e  SW  in th e  c o n te x t o f  a n  e x p e rim e n ta l 

e v a lu a tio n . T h e  d riv e r p rocesses a re  responsib le  for in itia liz ing  a n d  s ta r t in g  th e  S W , for 

th e  sy n ch ro n iza tio n  betw een  th e  SW s on th e  various p rocesso rs, a n d  for th e  sch ed u lin g  of 

s to c h a s tic  ev en ts  an d  s im u la ted  I /O .

T h e  root p rocess ex ecu tes  firs t a t  sy s tem  in itia liz a tio n . I t  sp aw n s all th e  o th e r  

d riv e r p rocesses an d  sy n th e tic  ap p lic a tio n  ta sk s  an d  c rea te s  th e  d a t a  s t ru c tu r e s  t h a t  im ­

p lem en t th e  s to re s . I t also  synchron izes w ith  th e  ro o t p rocesses on  th e  o th e r  p ro cesso rs  a t  

th e  beg in n in g  a n d  end  o f each  ex ecu tio n . T h is  sy n ch ro n iza tio n  is req u ired  if  th e  S W  ta sk s  

p a r t ic ip a te  in sy n ch ro n o u s co m m u n ica tio n .

T h e  d riv e r uses th e  TIMEOUT p a ra m e te r  from  th e  ex p e rim e n t file to  specify  th e  

m ax im u m  tim e  th a t  each  ru n  is to  execu te . W hen  th is tim e  is re ach ed , th e  ru n  en d s . A t 

th e  end  o f  a  ru n , all SW  ta sk s , d a ta  s tru c tu re s , and  p rocesses, ex c e p t for th e  ro o t p rocess , 

a re  de le ted . No h is to ry  in fo rm a tio n  is kep t betw een  ru n s . H ence, ru n s a re  s ta tis tic a lly  

in d e p e n d e n t. A fte r th e  execu tion  o f each ru n , th e  ro o t p rocess w a its  for in p u t from  th e
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user. T h is  w ait gives th e  u se r tim e  to  u p lo ad  p e rfo rm an ce  d a t a  o r  re se t m e asu rem en t 

in s tru m e n ts  befo re  th e  sy s tem  is re in itia lized  for th e  n e x t ru n .

T h e  tw o  o th e r  d riv er p rocesses a re  th e  tr igger  a n d  dispatcher.  T h e  tr ig g e r  a c ts  a s  a 

so ftw are  tim e r th a t  period ica lly  sends clock tick  m essages to  th e  d is p a tc h e r . T h e  d isp a tc h e r  

coun ts  tim e  an d  p e rfo rm s a  n u m b e r o f tim e  re la te d  fu n c tio n s . F o r b o th  o f  th e  im p le m e n ta ­

tions used  for th e  ev a lu a tio n s  in  C h a p te rs  6 a n d  7, th e se  fu n c tio n s  in c luded  im p lem en tin g  

schedu ling  o f p eriod ic  ta sk s  a n d  th e  en fo rcem en t o f  ta s k  d ead lin es . O n a  sy s tem  w hose 

o p e ra tin g  sy s tem  fully su p p o r te d  p eriod ic  ta s k s , these  fu n c tio n s  o f th e  d isp a tc h e r  w ould 

n o t be  necessary . T h e re fo re , schedu ling  o f  period ic  ta sk s  an d  en fo rcem en t o f dead lines a re  

n o t considered  to  be  p e rm a n e n t p a r ts  o f th e  S W . T h e  d is p a tc h e r  is also  used to  s im u la te  

th e  o p e ra tio n s  o f te rm in a to rs .

5.2.3 Software Structure

T h e  SW  so ftw are  is s t ru c tu re d  to  be  m o d u la r , an d  th e  co d e  th a t  m ay  b e  a lte re d  

by th e  u se r is se p a ra te d  from  th e  fixed code. T h e  only  tim e  th e  code sh o u ld  b e  a lte re d  

is w hen it  is be ing  p o rte d  to  a n o th e r  ta rg e t  sy s tem . O nce in s ta lle d , it sho u ld  n o t req u ire  

fu r th e r  m o d ifica tion .

D a t a  S t r u c t u r e s

T h e  SW G  p ro d u ces p a ra m e te r  a rra y s  th a t  define th e  w ork load  p a ra m e te r s  from  

th e  SW SL  g ra p h  file. T h ese  a r ra y s  a re  read  by th e  ro o t p rocess to  c re a te  th e  a p p ro p r ia te  

ta sk s  an d  d a ta  s t ru c tu re s  for th e  specified SW . T h e  p a ra m e te r  a r ra y s  co n ta in  an  a r ra y  for 

each p a ra m e te r  o f each o b je c t ty p e . E ach is an  n  X m  a rray , w here  n  is th e  n u m b er o f 

o b je c ts  defined of th e  specified ty p e  and  m  is th e  n u m b er o f ru n s . For ex am p le , consider 

th e  a rra y

i n t  t r a n s .p r io r i ty  ['2][3] =  {
{ 10, 5, 12},
{ 15, 2, 12},

};

th a t  defines th e  values for th e  PRIORITY p a ra m e te r  for tra n s fo rm a tio n s . T h is  a r ra y  in d ica te s  

th a t  th e re  a re  tw o tra n s fo rm a tio n s  in th e  w ork load  and  values have  been defined for th re e  

runs . T h e  a rra y  n am e  includes an  in d ica tio n  o f b o th  th e  o b je c t ty p e  an d  th e  p a ra m e te r . 

T h is  n am in g  schem e is necessary  since som e p a ra m e te r  nam es a re  sh a red  by m u ltip le  o b je c ts , 

e.g ., th e  TYPE p a ra m e te r  for b o th  te rm in a to rs  an d  s to res .
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S om e p a ra m e te r s  m ay  ta k e  on values th a t  a re  g e n e ra te d  a t  ru n - tim e  by  calling  a  

fu n c tio n . A n ex am p le  is th e  SPORADIC p a ra m e te r  for tra n s fo rm a tio n s . T h e  value  o f  th is  

p a ra m e te r  is specified  in SW SL  a s  a  call to  a  ra n d o m  d is tr ib u tio n  fu n c tio n . A t ru n - tim e , th e  

d is tr ib u tio n  fu n c tio n  is called  a n d  th e  value re tu rn e d  is assigned  to  th e  p a ra m e te r .  Som e o f  

th ese  fu n c tio n s  req u ire  p a ra m e te rs ; som e do n o t. F u rth e rm o re , th e  va lues o f th e  fu n c t io n ’s 

p a ra m e te r s , o r  even th e  se lec tio n  o f  w hich fu n c tio n  to  ex ecu te  m ay  change  b e tw een  ru n s . 

T h e  S W  d riv e r m u s t call th e se  fu n c tio n s. S ince th e  d riv e r  h a s  a  fixed s t ru c tu r e  an d  is 

p reco m p iled , i t  can  n o t know  a b o u t th e  n a m e s  o f  th e  fu n c tio n s an d  th e ir  p a ra m e te r s . 

T h ere fo re , we h ave  ad d e d  one level o f  in d irec tio n  in th e  ca lling  sequence  fo r th e se  fu n c tio n s . 

F o r each fu n c tio n , f ( x ) ,  th e  SW G  defines a  un iquely  n am ed  fu n c tio n , / ' ( )  =  f ( x ) ,  t h a t  

calls th e  req u ired  fu n c tio n . F or each  / ( x )  th e re  is a  un ique  fu n c tio n  defined for each  ru n . 

T h e  fu n c tio n s  a re  nam ed

C t r a n s f o r m a t i o n  n a m e > _ < p a r a m e t e r  n a m e > _ < r u n  n u m b e r >

in d ica tin g  th a t  th e  n am ed  tra n s fo rm a tio n  execu tes  th e  func tion  to  o b ta in  a  value for th e  

p a ra m e te r  d u rin g  th e  specified ru n . T h ese  fu n c tio n s  re tu rn  th e  value th a t  is ca lc u la ted  by  

th e  user-specified  fu n c tio n . W e clarify  th e  d efin ition  of th ese  fu n c tio n s  w ith  th e  follow ing 

exam ple .

S u p p o se  th e  w ork load  consis ts  of a  single tra n s fo rm a tio n , t a s k l ,  w hich  is to  b e  

invoked  spo rad ica lly , an d  th e  tim e  betw een  inv o ca tio n s is defined  by a g eo m e tric  d is tr ib u ­

tio n . T h e re  a re  tw o  ru n s  in th e  ex p e rim en t. In  th e  f irs t ru n , th e  m ean  o f th e  sam p lin g  

d is tr ib u tio n  is to  be  10, an d  in th e  second  ru n  i t  is to  b e  15. T h en  th e  follow ing fu n c tio n s  

w ill be  defined.

e x t e r n  i n t  g eo m (); 
i n t  ta s k l_ sp o ra d ic _ l ()

{
r e t u r n ( g e o m ( 1 0 ) ) ;

};

in t  ta s k l .s p o r a d ic .2  ()

{
r e t u r n ( g e o m (  1 5 ) ) ;

};

T h e  firs t e n try  defines t a s k l _ s p o r a d i c _ l ( )  as a  function  th a t  re tu rn s  th e  value re tu rn e d  

from  th e  g eo m etric  d is tr ib u tio n  function  w ith  a  m ean  of 10. T h e  second e n try  defines 

t a s k l _ s p o r a d i c _ 2 ( )  as a  fu n c tio n  re tu rn in g  th e  value ta k e n  from  a  g eo m e tric  d is tr ib u tio n  

w ith  m ean  15. T h e  c o rre sp o n d in g  tab le  for th e  S P O R A D IC  p a ra m e te r  fo r tra n s fo rm a tio n s  

will be
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i n t  (* tran s_ sp o rad ic  [1][2])() =  {
{ ta s k l - s p o r a d ic . l ,  ta s k l.sp o ra d ic _ 2 } ,

};

U sing  th is  te ch n iq u e , th e  S W  d riv e r can o b ta in  th e  p ro p e r  value fo r th e  SPORADIC p a ra m e te r  

by ex ecu tin g  th e  fu n c tio n  in th e  array .

T h e  sizes o f  th e  p a ra m e te r  a rra y s  change betw een  ex p e rim e n ts  a s  th e  n u m b e r  o f 

o b je c ts  an d  th e  n u m b e r o f ru n s  change. H ence, th e  source  co d e  for each  fu n c tio n  th a t  

accesses th e se  a r ra y s  m u s t be recom piled  fo r every ch an g e  to  th e  w o rk lo ad . W e w ish to  

reduce  th e  tim e  req u ired  to  recom pile  th e  SW  betw een  ex p e rim en ts . T h e re fo re , we define 

an  cu rren t-ru n  array  t h a t  co n ta in s  only th e  values fo r th e  p a ra m e te r s  fo r a  sing le  ru n . 

D u rin g  th e  ex ecu tio n  o f th e  S W , th is  a rra y  will co n ta in  th e  p a ra m e te r  va lues for th e  run  

b e in g  ex ecu ted . T h e  p ro p e r  values a re  p laced  in th e  c u rre n t-ru n  a r ra y  by th e  in itia liz a tio n  

fu n c tio n  w hich is desc rib ed  below . All o th e r  d river fu n c tio n s access only  th e  c u rre n t- ru n  

a rray . T h e  in itia liz a tio n  fu n c tio n  is lo ca ted  in a se p a ra te  source file. I t is th e  on ly  d riv e r 

so u rce  file th a t  m u s t be recom piled  betw een ex p erim en ts . A s im ila r schem e is u sed  fo r th e  

a r ra y s  co n ta in in g  th e  e x p e rim e n ta l p a ra m e te rs .

The Root Process

T h e  p seudo -code  a lg o r ith m  for th e  ro o t p rocess is show n in F ig u re  5 .2 . T h e  ro o t 

p rocess  is resp o n sib le  for c re a tin g  all th e  user-specified  c o m p o n en ts  o f  th e  S W . O nce th e  

co m p o n en ts  have  been  c re a te d  an d  spaw ned , th e  ro o t p rocess w a its  for th e  S W  to  co m p le te  

ex ecu tio n . T h is  p rocess is co n ta in ed  in a  loop  th a t  execu tes once for each ru n .

T w o  fu n c tio n s  a re  called  by th e  ro o t p rocess. T h e  firs t is th e  i n i t i a l i z e O  

fu n c tio n . I t is called  a t  th e  b eg inn ing  o f each  run . I t  re se ts  th e  d riv e r d a ta  s t ru c tu re s  and  

p laces th e  a p p ro p r ia te  p a ra m e te r  values from  th e  p a ra m e te r  a r ra y s  in to  th e  c u rre n t- ru n  

a rray .

T h e  second  fu n c tio n  called  by th e  ro o t p rocess is th e  sy n c h ro n iz a tio n  fu n c tio n . 

In  g en e ra l, it can  be  assum ed  th a t  th e  ta rg e t system  m a in ta in s  sy nch ron ized  clocks on  th e  

p rocesso rs . Synchron ized  clocks a re  necessary  if th e  sy s tem  is to  p rov ide  g u a ra n te e s  for tim e- 

c o n s tra in e d  co m m u n ica tio n  betw een  processo rs [39]. In th e  presence  o f sy n ch ro n ized  clocks, 

th e  sy n ch ro n iza tio n  fu nc tion  is sim ple. T he  SW  on one p rocesso r w ould  be d e s ig n a te d  as th e  

m a s te r . A t th e  b eg inn ing  o f a  ru n , it b ro ad cas ts  a  m essage to  th e  o th e r  S W s in d ic a tin g  th e  

s t a r t  tim e . T h e  s t a r t  tim e  is ca lcu la ted  to  be a  tim e a t  a  sufficient d is ta n c e  in to  th e  fu tu re  

to  allow  all d rivers  tim e  to  receive and  process th e  m essage. U pon  receip t o f th e  m essage , 

each  SW  w aits  u n til th e  s t a r t  tim e , as ind ica ted  by its  local clock. All clocks reach  th is  tim e
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ro o t( )

{
f o r  each  ru n  

{
in itia lizeQ  ;
c re a te (d isp a tc h e r  q ueue); 
c re a te ( ro o t queue); 
f o r  each s to re  

{
c re a te  d a t a  s t ru c tu re  f o r  th e  s to re ;

}
f o r  each te rm in a to r  

{
c re a te  te rm in a to r  d a ta  s tru c tu re ; 
c re a te  te rm in a to r  p rocess;
schedu le  th e  ST A R T  a c tiv ity  f o r  th e  te rm in a to r ;

}
f o r  each  tra n s fo rm a tio n  

{
spaw n  th e  task ;
schedu le  th e  ST A R T  a c tiv ity  f o r  th e  ta sk ;

}
sy nch ron izeQ ; 
spaw n( d isp a tc h e r); 
sp a w n (tr ig g e r) ; 
w a it( ro o t queue); 
sy nch ron izeQ ;
de le te  all ta sk s , p rocesses, an d  d a ta  s tru c tu re s ;

}

F ig u re  5.2: R o o t p rocess s t ru c tu re .
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sim u ltan eo u sly , a n d  th e  SW  is sy n ch ro n ized . In a  sy s tem  w ith o u t sy n ch ro n ized  c locks, th e  

o th e r  d riv e rs  b eg in  ex ecu tin g  as soon  as th e y  receive th e  m essage  from  th e  m a s te r . T h is  

tech n iq u e  re su lts  in m uch  looser sy n ch ro n iza tio n  due to  th e  d ifferen t tim e s  a t  w hich  th e  

d riv e rs  receive th e  m essages.

T h e  first tim e  th e  s y n c h r o n iz e  ( )  fu n c tio n  is called w ith in  th e  loop  is to  en su re  

th a t  th e  ro o t p rocesses o n  all p rocesso rs a re  a t  th e  sam e p o in t in  th e ir  ex ecu tio n . All p ro ­

cessors th e n  p e rfo rm  th e ir  in itia liz a tio n  an d  begin execu tion  o f  th e  ap p lic a tio n  ta s k s . O nce 

each  p ro ce sso r co m p le tes  its  ru n , it synchron izes w ith  th e  m a s te r  p ro ce sso r. W h en  all p ro ­

cessors have  co m p le ted , th e  m a s te r  notifies th e  user, w ho m ay  th e n  re se t an y  m ea su re m e n t 

m ech an ism s o r  u p lo ad  p e rfo rm an ce  d a ta  from  th e  p rocesso rs. T h e  m a s te r  th e n  w a its  for 

a  p red e te rm in ed  perio d  o f  tim e  o r for in p u t from  th e  u ser console; e ith e r  m ech an ism  m ay  

b e  used . W h en  th e  w ait period  h as elapsed  o r th e  com m and  from  th e  u se r is received , th e  

m a s te r  beg ins th e  n ex t ru n .

The Trigger Process

T h e  tr ig g e r  p rocess period ica lly  sends clock tick m essages to  th e  d isp a tc h e r  d a ta  

s t ru c tu re .  O nce it h as  sen t a  m essage, it  sleeps for a  len g th  o f tim e  specified by th e  

TIME-UNIT p a ra m e te r . T h is  user-specified  p a ra m e te r  d e te rm in es  th e  basic  u n it o f  tim e  

( a  m u ltip le  o f th e  s y s te m ’s clock perio d ) th a t  will be used for all tim e -re la te d  SW  ac tio n s.

The Dispatcher Process

T h e  d isp a tc h e r  uses th e  tr ig g e r m essages to  coun t tim e . T h e  tim e  value is u sed  for 

th e  schedu ling  o f  a c tiv itie s . T h e  d isp a tc h e r m a in ta in s  an a c tiv ity 2 qu eu e  w hich is s im ila r to  

ev en t q ueues used  in d isc re te  ev en t s im u la tion  sy s tem s. A ctiv ities  co rre sp o n d  to  a c tio n s  th a t  

a re  to  be p e rfo rm ed  by th e  d isp a tc h e r  a t  specific tim es. A ctiv ities  in d ic a te  each t a s k ’s s t a r t  

tim e , a s  defined  by th e  START-TIME, PERIOD, a n d /o r  SPORADIC p a ra m e te r s , an d  d ead lin e , as 

specified by th e  DEADLINE p a ra m e te r . T h e re  a re  also  ac tiv itie s  to  in d ic a te  th e  tim es  w hen 

th e  s im u la ted  te rm in a to rs  a re  to  p ro d u ce  o r consum e d a ta .

T h e  d isp a tc h e r  uses th e  RATE p a ra m e te r  for te rm in a to rs  to  d e te rm in e  w hen to  send 

m essages o r ev en ts  from  source te rm in a to rs  and  w hen to  read  m essages o r  ev en ts  a t  sink 

te rm in a to rs . T h e  SW  sim u la te s  te rm in a to rs  by using  a  d a ta  s t ru c tu r e  an d  a  ta sk  for each 

te rm in a to r .  T h e  d a ta  s t ru c tu r e  is used if th e  sim u la ted  te rm in a to r  is to  p ro d u ce  o r receive 

d a ta .  S y n th e tic  ap p lic a tio n  ta sk s  th a t  co m m u n ica te  w ith  th e  te rm in a to r  will send  and

2T h e  te rm  “ac tiv ity ” is used to avoid confusion w ith events in the  workload m odel.
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fu n c tio n Q

{
loop  fo rever 

{
w ait for " in v o k e "  sig n a l from  d isp a tch e r;
do_w ork;
send  " c o m p le te d "  m essag e  to  d isp a tch e r;

}
}

F ig u re  5 .3 : F u n c tio n  s tru c tu re .

receive m essages to / f ro m  th e  d a ta  s t ru c tu re . T h e  te rm in a to r  ta s k  is u sed  if th e  s im u la ted  

te rm in a to r  is to  p ro d u ce  o r  receive signalled  ev en ts . W h en  in s tru c te d  by th e  d isp a tc h e r , it  

sends s ignals to  th e  a p p ro p r ia te  ap p lic a tio n  ta sk s  o r  read s  signals sen t by ap p lic a tio n  ta sk s .

Since th e  d isp a tc h e r  is being used  for schedu ling  ta sk s , i t  receives o th e r  m essages 

th ro u g h  th e  d isp a tc h e r  queue besides clock ticks. E ach ta sk  sends a  m essage  to  th e  d is­

p a tc h e r  w hen i t  h as  co m p le ted  ex ecu tion . T h e  d isp a tc h e r  uses th is  in fo rm a tio n  to  cancel 

th e  co rre sp o n d in g  ta sk  d ead lin e  a c tiv ity  in th e  ac tiv ity  queue.

T o  s u p p o r t  schedu ling  by th e  d isp a tc h e r , th e  ap p lic a tio n  ta sk s  g e n e ra te d  by th e  

SW G  all have th e  sam e  skele ton  s t ru c tu re , w hich is show n in F ig u re  5 .3 . E ach  tim e  th e  ta sk  

receives an  invoke s ignal from  th e  d isp a tc h e r , th e  rem a in in g  code in  th e  loop  ex ecu tes  once. 

B etw een  in v o ca tio n s , th e  ta s k  b locks w a itin g  fo r th e  invoke signal from  th e  d isp a tc h e r . T h e  

do_w ork sec tio n  o f th e  code re p re sen ts  th e  ex ecu tio n  o f  th e  ta s k  <f> fu n c tio n . O nce  its  w ork 

is co m p le ted , th e  ta sk  m u s t no tify  th e  d isp a tc h e r  so th a t  th e  d is p a tc h e r  m ay  cancel th e  

dead line  a c tiv ity  fo r th e  ta sk .

5.3 Driver Overhead

A s w as s ta te d  ea rlie r , th e  ap p lic a tio n  ta sk s  m u s t p ro d u ce  th e  desired  w ork load  

c h a ra c te ris tic s . I t is th e ir  s t ru c tu r e  an d  b eh av io r th a t  m ay  b e  changed . T h e  s t ru c tu re  o f 

th e  d river is fixed; i t ’s d em an d s  for resources a re  n o t con tro lled  by th e  user. O bviously , th e  

d r iv e r’s beh av io r is influenced by th e  w ork load  p a ra m e te rs . T h e  d isp a tc h e r , for ex am p le , 

will ex ecu te  m ore  freq u en tly  in a  w ork load  w ith  sh o r t p e rio d  ta sk s  th a n  it will in  a  w ork load  

w ith  lo n g e r period  ta sk s . H ow ever, th e  a m o u n t o f tim e  th a t  it  ex ecu tes  p e r  ta sk  in v o ca tio n  

will be fixed. T h e  d river th u s  p ro d u ces a  ca lcu lab le  o v erhead  p e r ta sk  ex ecu tion . T h is  

o verhead  m ay  be d e te rm in ed  an d  ta k e n  in to  acco u n t as th e  w ork load  is b e in g  tu n e d  for a
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p a r t ic u la r  e x p e rim en t. S ince w e a re  w ork ing  w ith  re a l- t im e  sy s te m s , w e w a n t th e  d riv e r 

o v e rh ead  to  be  as low as possib le .

W e ra n  an  ex am p le  SW  on  H A R T S in o rd e r  to  m e a su re  th e  d riv e r  o v e rh ead . T h e  

w ork lo ad  co n sis ted  o f fo u r a p p lic a tio n  ta sk s . T h e  ex ecu tio n  o f  each  ta s k  co n sis ted  o f a  

loop  to  use  C P U  tim e . T h is  w ork load  w as su ffic ien t to  m e a su re  th e  fixed  p e r- in v o ca tio n  

o v e rh ead . D a ta  w as co llec ted  fo r each  o f th e  th re e  d riv e r p ro cesses  ( r o o t ,  d isp a tc h e r , an d  

tr ig g e r) . T h e  d isp a tc h e r  tim e  w as m easu red  s e p a ra te ly  fo r each  o f  th e  fu n c tio n s  th a t  it 

p e rfo rm ed . T h ese  fu n c tio n s  include: invoking  a  ta s k , a b o r t in g  a  ta s k  w hich  h as reached  its  

dead lin e , a n d  p rocessing  a  clock tick  from  th e  tr ig g e r . F o r each  o p e ra t io n , we m easu red  th e  

tim e  im m ed ia te ly  a f te r  th e  d isp a tc h e r  received a  m essag e  fro m  th e  d is p a tc h e r  queue an d  

dequeued  th e  a p p ro p r ia te  a c tiv ity  fro m  th e  a c tiv ity  lis t u n til im m e d ia te ly  befo re  it  m a d e  th e  

sy s tem  call to  req u es t th e  n ex t m essage  from  th e  d isp a tc h e r  queue . T h e  tim e  req u ired  for 

th e  d isp a tc h e r  to  receive a  m essage  w as on th e  o rd e r  o f 100 f i sec.; th is  tim e  is n o t inc luded  

in th e  fo llow ing m e a su re m e n ts . T h e  average  tim e  to  invoke a  sing le  ta sk  w as 118 /zsec. T h e  

tim e  w as c lea rly  d o m in a te d  by th e  a p p ro x im a te ly  100 fisec.  i t  to o k  to  p e rfo rm  th e  sy s tem  

call to  sen d  th e  invoke s ignal to  th e  ta sk . T h e  tim e  to  p rocess  a  d ead lin e  ev en t w as 469 

f isec. T h is  tim e  w as due  to  th e  n u m b e r o f sy s tem  calls t h a t  w ere  p e rfo rm ed  to  d es tro y  th e  

ta s k  an d  sp aw n  an d  a c tiv a te  a  new  version  o f  it.

T h e  tr ig g e r  p rocess  to o k  247 /rsec. p e r  tr ig g e r. T h e  a c tu a l a m o u n t o f code in 

th e  tr ig g e r  p rocess is sm all, b u t tw o sy s tem  calls w ere m a d e  p e r  tr ig g e r. T h e  ro o t process 

ex ecu ted  fo r less th a n  60 m sec. T h is  tim e  w as p rim a rily  used  in  sy s tem  in itia liz a tio n . T h e  

ro o t p rocess  w as su sp en d ed  w hile th e  re s t o f th e  w ork load  w as ex ecu tin g . T h e re fo re , th is  

o v e rh ead  d id  n o t afTect th e  p e rfo rm an ce  o f  th e  SW .

5.4 Sum m ary and C onclusions

In th is  c h a p te r  we described  th e  ex ecu tab le  SW . I t  is com posed  o f  th e  sy n th e tic  

ap p lica tio n  ta sk s  an d  th e  d riv e r. T h e  sy n th e tic  a p p lica tio n  ta s k s  im p lem en t th e  u ser spec­

ified w ork load . T h e  d riv e r p rov ides co n tro l o f th e se  ta sk s  in th e  co n te x t o f  an  ex p e rim en t. 

W e o u tlin ed  a  n u m b er o f  fe a tu re s  w hich should  be  s u p p o r te d  by  a  d riv e r in  a  d is tr ib u te d  

re a l-tim e  sy s tem .

O u r d riv er im p lem en ts  th e se  fea tu re s . I t  synch ron izes th e  d is tr ib u te d  SW  a t th e  

beg inn ing  o f  each ru n , re in itia lizes th e  SW  be tw een  ru n s , a n d  s im u la te s  th e  ac tio n s  o f 

te rm in a to rs . I t  a lso  p rov ides ta sk  schedu ling  fac ilities, if  needed .

T h e  SW  d riv e r is sim ilar to  th e  d river for a  d isc re te  ev en t s im u la tio n . It co n tro ls  th e
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s ta r t  a n d  te rm in a tio n  o f  a n  e x p e rim e n t. D u rin g  th e  ex p e rim e n t i t  c o n tro ls  th e  ex ecu tio n  o f  

various a c tiv itie s  o r  ev en ts . In f a c t ,  th e  d isp a tch e r m an ag es  its  a c tiv ity  queue u s in g  com m on 

techn iques for m a n a g in g  ev en t q ueues in s im u la tio n s . T h e  m a in  d ifference  be tw een  th e  tw o  

ty p es  o f  d riv e rs  is th a t  th e  S W  is n o t a  s im u la tio n . T h e  ta s k s  in th e  SW  a re  ac tu a lly  

ex ecu tin g  on  th e  sy s tem  in  rea l tim e . T h e  d isp a tc h e r  m u s t p ro cess  a c tiv itie s  a t  th e  co rrec t 

tim e . O nce an  a c tiv ity  is p ro cessed , th e  d isp a tc h e r  c a n n o t m ove tim e  a h e a d  a n d  p rocess 

th e  n e x t a c tiv ity . S im ilarly , it  m u s t n o t w ait to o  long to  p rocess  th e  n e x t a c tiv ity . I f  th e  

tim in g  re q u ire m e n ts  a re  n o t m e t ,  th e  d riv er co u ld  cause in c o rre c t b e h av io r fro m  th e  S W , 

an  u n a c c e p ta b le  s i tu a t io n . A n o th e r  d ifference concerns w h a t ev en ts  a re  co n tro lled  by  th e  

d river. In  a  s im u la tio n , th e  d r iv e r  p rocesses a ll ev en ts . I t  h an d les  all in te ra c tio n s  be tw een  

th e  s im u la ted  o b je c ts . T h e  SW  d riv e r does n o t co n tro l all a sp ec ts  o f th e  SW . T h e  SW  m ay  

co n ta in  a  w ide ra n g e  o f  co n tro l c o n s tru c ts  and  ta s k  in te ra c tio n s  w hich  a re  unkn o w n  to  th e  

d river. S p o rad ic  ta s k s  m ay  be “ invoked” by receiv ing  d a ta  from  o th e r  ta sk s  w ith o u t be ing  

schedu led  by th e  d is p a tc h e r . S ince for re a l-tim e  sy s tem s w e a re  genera lly  co ncerned  w ith  th e  

tim in g  b eh av io r o f  th e  w o rk lo ad , th e  SW  d river m u s t n o t p ro d u ce  a  sign ifican t o v e rh ead . 

For ta s k s  w ith  p e rio d s  o f  10 -2 0  m sec ., such as th o se  described  in C h a p te r  6 , th e  d riv e r 

o v e rh ead  re p re se n ts  a p p ro x im a te ly  tw o  p e rcen t o f  each p e rio d . T h is  value is accep tab le .
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CH APTER 6

REPRESENTATIVENESS OF THE SYNTHETIC
WORKLOAD

6.1 Introduction

T h is  c h a p te r  ad d re sse s  th e  p rob lem  o f verify ing  th a t  th e  S W G  is cap ab le  o f  p ro ­

d u c in g  re p re se n ta tiv e  SW s. O u r  goal is to  d e m o n s tra te  th a t ,  g iven th e  p ro p e r  SW SL  spec­

ifica tion  an d  w ork load  p a ra m e te r s ,  th e  SW G  is ab le  to  p ro d u ce  an  SW  w hich a ccu ra te ly  

rep re sen ts  an  a c tu a l w ork load . T o  d e m o n s tra te  th is  ab ility , we first d e te rm in e  how to  m ea ­

su re  th e  re p re se n ta tiv e n e ss  o f  th e  SW . T h e n , we desc rib e  an  a c tu a l e x p e rim en t w hich used 

th e  S W G  to  p ro d u ce  an  SW  to  acc u ra te ly  m odel an  in d e p e n d e n tly  developed  rea l-tim e  

w o rk load .

M any  p e rfo rm an ce  an a ly ses  a re  concerned  w ith  d e te rm in in g  how  th e  sy s tem  will 

b eh av e  u n d e r  an  a c tu a l o r p ro p o sed  w o rk load . I t  is th e re fo re  im p o r ta n t  th a t  th e  SW G  be 

cap ab le  o f  g e n e ra tin g  SW s w hich  acc u ra te ly  rep re sen t th e  a c tu a l  w ork load . T h e  p rob lem  

o f  how to  c re a te  a  re p re se n ta tiv e  SW  h as been  s tu d ied  since th e  d ev e lo p m en t o f  th e  first 

b e n c h m a rk  p ro g ram s [35, 36], In th e  case o f b en ch m a rk s , th e  defin ition  o f  re p re sen ta tiv en ess  

w as re s tr ic te d  to  th e  ab ility  o f a  b en ch m a rk  p ro g ra m  to  m odel th e  b eh av io r o f  a  genera lized  

ex am p le  o f  a  p ro g ram  from  a  g iven ap p lic a tio n  d om ain . T h e  p ro b lem  w as to  define how 

to  co m p are  th e  b eh av io r o f th e  b en ch m a rk  w ith  th a t  o f  an  a c tu a l ap p lic a tio n  p ro g ram . 

S ince th a t  tim e , th re e  m odels have evolved w hich m ay be used  to  d e te rm in e  if  an  SW  

is rep re se n ta tiv e  [29]. T h ese  a re  th e  resource-usage model , th e  fu n c t io n a l  model,  a n d  th e  

perform ance-based  model.

In  th e  resource-usage m odel  an  SW  is said  to  be  re p re se n ta tiv e  o f a  w ork load  if 

th e  jo b s in th e  SW  consum e sy s tem  resources a t  th e  sam e ra te  a s  th e  jo b s  in th e  w ork load . 

Since an  S W  is an  a b s tra c tio n  o f  a  real w o rk load , it does n o t co n su m e resources e x ac tly  like 

th e  real w ork load . H ow ever, it can  ex h ib it th e  sam e resource  c o n su m p tio n  p a t te rn  o r  ra tio  

be tw een  th e  co n su m p tio n  ra te s  o f  d ifferen t reso u rces, e .g ., th e  n u m b e r o f  d isk accesses per
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u n it  o f  C P U  tim e  used . T h is  m o d el h as been  used freq u en tly  in  w o rk lo ad  c h a ra c te r iz a tio n  

s tu d ie s . F or ex am p le , i t  w as u sed  by D om ansk i [18] to  p ro d u ce  a  re p re se n ta t iv e  sy n th e tic  

w o rk lo ad  based  on  an  a c tu a l w ork load  fo r a  d a ta b a s e  m a n a g e m e n t sy s te m  from  w hich 

re so u rce  u sag e  d a ta  h ad  been  o b ta in e d . U sing d a ta  from  th e  log ta p e  o f  th e  execu tio n  of 

an  a p p lic a tio n , th e  jo b s  in  th e  ap p lic a tio n  w ere p lo tte d  in th e  sp ace  defined  by  th e  q u a n ti ty  

o f  C P U  tim e , in p u t m essage  le n g th , o u tp u t m essage len g th , a n d  n u m b e r  o f d a ta b a s e  calls 

u sed  by th e  jo b . A c lu s te rin g  a lg o r ith m  w as app lied  to  find re p re se n ta t iv e  jo b s  from  th e  

w o rk lo ad . T h e  p a ra m e te rs  o f th e  rep re sen ta tiv e  jo b s  w ere th e n  used  as th e  p a ra m e te r s  o f 

th e  SW .

T h e  second  m odel is th e  fu n c t io n a l  model. T h e  fu n c tio n a l m o d e l s ta te s  t h a t  a n  SW  

is re p re se n ta tiv e  o f  th e  rea l w ork load  if it p erfo rm s th e  sam e fu n c tio n s  as th e  rea l w ork load . 

F o r ex am p le , an  SW  w ould be considered  re p re se n ta tiv e  of a  p ay ro ll p ro cess in g  w ork load  if 

th e  SW  co n ta in ed  on ly  payro ll p rocessing  jobs .

T h e  fu n c tio n a l m odel is m uch m ore  sy s tem  in d ep en d e n t th a n  th e  reso u rce -u sag e  

m o d e l, b ecau se  it  specifies on ly  th e  fu nc tions to  be  p e rfo rm ed , n o t th e  m a n n e r  in w hich 

th e y  a re  to  be  p e rfo rm ed . O ne need only specify w hich fu n c tio n s  a re  to  b e  considered  

re p re se n ta tiv e , th en  c o n s tru c t a  w ork load  (from  a  sm alle r n u m b e r o f  th e se  re p re se n ta tiv e  

ta s k s )  w hich p erfo rm s th o se  fu n c tio n s  in p ro p o r tio n a l am o u n ts .

T h e  perform ance-based  m odel  w as first defined by F e rra ri [23]. A cco rd in g  to  th is  

m o d e l, an  SW  is re p re se n ta tiv e  if  it causes th e  sy s tem  to  b ehave  in th e  sam e m a n n e r  as 

th e  rea l w o rk load , as m easu red  by som e specified p e rfo rm an ce  ind ices. T h is  n o tio n  w as 

fo rm alized  in [26]. G iven a  sy n th e tic  w orkload W ', a  w ork load  W , a  s e t o f  p e rfo rm an ce  

ind ices V ,  an d  a  ta rg e t  sy s tem  S ,  th en

D e f in i t i o n  1 W  is re p re se n ta tiv e  o f  W  i f  it produces the sa m e  values o f  the p e r fo rm a nce  

ind ices  "P as  W  w hen ru n n in g  o n  the sam e sy s tem  S .

E ach  o f  th ese  th re e  m odels has its  s tre n g th s  an d  w eaknesses. T h e  m ain  a d v a n ta g e  

o f  th e  reso u rce  co n su m p tio n  m o d el is th a t  it  is in tu itiv e . A w ork load  can  b e  th o u g h t 

o f  as a  se t o f p ro g ram s w hich consum e resources in th e  sy s tem . T h is  m odel tr a n s la te s  

read ily  in to  th e  design o f an  SW . T h e  d isad v an tag e  o f th is  m odel is t h a t  i t  is h igh ly  sy s tem  

d e p e n d e n t. T h e  resources consum ed  by th e  w orkload a re  p a r tic u la r  to  th e  sy s tem  on  w hich it  

is ex ecu tin g . Likew ise, th e  co n su m p tio n  p a tte rn s  a re  d e te rm in ed  in p a r t  by th e  co n fig u ra tio n  

o f  th e  sy s tem .

T h e  fu n c tiona l m odel h as th e  ad v an tag e  o f sim plicity . O ne  need on ly  choose 

w ork load  co m p o n en ts  w hich perfo rm  th e  p ro p e r functions, an d  th e  re su lt is a  re p re se n ta tiv e
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w ork load . T h e  m ain  p ro b lem  w ith  th is  m o d e l is th a t  th e re  can  b e  a  w ide v a ria tio n  in  th e  

w ays t h a t  a  g iven fu n c tio n  m ay  b e  im p lem en ted . T h ere fo re , th e re  is no  g u a ra n te e  th a t  

m easu rem en ts  o f th e  sy s tem  w hich a re  m a d e  w hile th e  S W  is ex ecu tin g  will be  an y  in d ica tio n  

o f  th e  values w hich w ould  be  o b ta in e d  if th e  a c tu a l w ork load  w ere b e in g  ex ecu ted .

T h e  a d v a n ta g e  o f  th e  p e rfo rm an ce -b ased  m odel is th a t  i t  re la te s  d irec tly  to  th e  

reason  th a t  we a re  using  a n  SW . W e a re  using  an  SW  to  a id  in  p e rfo rm a n c e  ev a lu a tio n . 

A s such , o u r  on ly  concern  is how  th e  SW  affec ts th e  p e rfo rm an ce  o f  th e  sy s te m . T h e  o th e r  

tw o  m odels a re  useful for g u id in g  th e  design o f  th e  S W , b u t th e  p e rfo rm an ce -b ased  m odel 

is th e  on ly  one w hich p rov ides a  q u a n ti ta t iv e  m easu re  of re p re se n ta tiv e n e ss  w hich can  be  

re la ted  d irec tly  to  th e  ev a lu a tio n  b e in g  u n d e rta k e n . I t is th e re fo re  th e  b e s t cho ice fo r o u r 

p u rposes.

T h e  p e rfo rm an ce -b ased  m odel can  be used a t  any  level o f a b s tra c t io n . F or ex am p le , 

su ppose  th e  SW  is be ing  used  to  ev a lu a te  th e  com m u n ica tio n  su b sy s tem  o f a  d is tr ib u te d  

rea l-tim e  sy s tem . T h e  m easu red  p e rfo rm an ce  index  is th e  m essage delivery  tim e  a t  a  c e rta in  

traffic  level. T h e  tra ffic  level is d e te rm in ed  by th e  frequency  o f  m essage  g en e ra tio n s , w hich 

is in d irec tly  p ro p o r tio n a l to  th e  tim e  betw een  m essage g e n e ra tio n s  by th e  sen d in g  ta sk . 

W e a re  th u s  m e a su rin g  tw o  p e rfo rm an ce  indices: th e  m essage  delivery  tim e  a n d  th e  ta sk  

execu tion  tim e  betw een  m essag e  g e n e ra tio n s . In  an a c tu a l w o rk lo ad , th is  la t te r  in d ex  w ould  

be  d e te rm in ed  by o th e r  fa c to rs  such  as  th e  n u m b er o f o p e ra tio n s  to  be p e rfo rm ed , n u m b er 

o f m em o ry  accesses, an d  reso u rce  co n ten tio n  betw een  ta sk s . H ow ever, since th e  goal o f  

th e  ev a lu a tio n  is n o t to  c h a ra c te r iz e  th e  de lays caused  by th e se  fa c to rs , th e  S W  need n o t 

rep ro d u ce  th em  ind iv idua lly . I t  need only rep ro d u ce  th e  cu m u la tiv e  delay.

T o use th is  defin ition  o f  rep re sen ta tiv en ess , we m u st p e rfo rm  ex p e rim e n ts  on  a  real 

sy s tem . T o  o b ta in  W , V , a n d  S , w e devised  a  rea listic  p e rfo rm an ce  ev a lu a tio n  ex p e rim en t 

such th a t  V  w ould  be m easu red  w hile W  ex ecu ted  on S .  T h e  e x p e rim e n ta l scen a rio  is 

described  below . W e ex ecu ted  W  on  S  a n d  m easu red  th e  values o f V .  T h e n , an  S W , 

W ', w as c o n s tru c te d  to  m odel W . T h e  V  and  S  selected  for th e  ex p e rim en t w ere used to  

d e te rm in e  th e  rep re sen ta tiv en ess  o f  W ' re la tiv e  to  VV.

In  th e  e x p e rim e n ta l scen a rio , th e  re a l-tim e  co m p u tin g  sy s tem , S ,  w as th e  co m p u te r  

used  a t  th e  R o b o tic s  L a b o ra to ry  a t  th e  U n iversity  o f M ichigan to  co n tro l a  p a ir  o f ro b o t 

a rm s. T h e  w ork load , VV, w as th e  so ftw are  th a t  in te rp re ts  m ovem en t co m m an d s from  th e  

user a n d  co n tro ls  th e  m o v em en t o f  th e  a rm s. T h is  w orkload w as chosen for tw o  reasons. 

F ir s t ,  it  co n ta in ed  a  re a l-tim e  e lem en t a n d  an  e lem en t w ith  no rea l-tim e  req u irem en ts . 

T h u s , th e  SW  could m odel b o th  period ic  and  sp o rad ic  (ap e rio d ic ) ta sk s . S econd , it w as 

developed  in d ep en d e n t o f th e  SW  by resea rch e rs  w ho w ere u n aw are  of th e  ex is ten ce  o f th e
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SW . Likew ise, th e  SW  w as dev e lo p ed  in d e p e n d e n t o f it. A s su ch , its  design  w as n o t b iased 

to w a rd  s tru c tu re s  an d  b eh av io rs  w hich m ig h t be easily  m odeled  by th e  S W , n o r w as th e  

SW  b iased  to w ard  being  ab le  to  m o d e l its  s t ru c tu re .  I t  th e re fo re  se rved  as a  fa ir te s t  o f  th e  

S W ’s ab ility  to  m odel a c tu a l w ork loads .

W e w an ted  to  m ak e  th is  e v a lu a tio n  as  re a lis tic  as  possib le . T h e re fo re , to  d e te rm in e  

th e  p e rfo rm an ce  req u irem en ts  o f  th e  ap p lic a tio n  a n d , th e re fo re , th e  p ro p e r  ind ices to  use 

as V ,  we co nsu lted  w ith  th e  re sea rch e rs  w ho  o rig ina lly  se lec ted  a n d  p u rch ased  th e  sy s te m 1. 

T h e  p rim a ry  p e rfo rm an ce  re q u ire m e n t used in  th e  se lec tion  p rocesses w as th a t  th e  rea l-tim e  

p o r tio n  o f th e  w ork load  m u s t m e e t its  tim in g  req u irem en ts . T h e  tim in g  req u irem en ts  a re  

d iscussed  in Section  6 .3 .1 .

T h is c h a p te r  is o rg an ized  as follow s. In Section  6 .2 , we d esc rib e  th e  ta r g e t  sy s tem  

5 ,  th e  ro b o t c o n tro l so ftw are , W , an d  th e  re p re se n ta tiv e  S W . In  S ection  6 .3 , we describe 

th e  rep re se n ta tiv e n e ss  e x p e rim e n ts . W e define  th e  ex p e rim e n ta l p a ra m e te r s , th e  d a ta  col­

lec tion  tech n iq u e , an d  th e  p e rfo rm a n c e  ind ices, V ,  t h a t  w ere m easu red . T h e  re su lts  o f th e  

e x p e rim en t a re  p resen ted  and  an a ly z ed  in Section  6 .4 , an d  we conc lude  th e  c h a p te r  w ith  

S ection  6.5.

6.2 Target System

T h e  ta r g e t  sy s tem  co n s is ted  o f a  m u ltip ro ce sso r c o m p u te r  co n tro lling  a  p a ir  of 

ro b o t a rm s. In  th is  sec tion  we w ill define th e  sy s tem  a rc h ite c tu re . W e will th e n  describe  

th e  ro b o t co n tro l so ftw are  an d  th e  re p re se n ta tiv e  SW .

6.2.1 System  architecture

T h e  ro b o t co n tro l c o m p u te r  was com posed  o f  five p ro cesso r c a rd s  w ith  a  va rie ty  of 

C P U s: tw o M o to ro la  68020s, tw o  M o to ro la  68030s, an d  a  M o to ro la  68040. T h e  p rocesso r 

ca rd s  h ad  th e ir  ow n local m em o ry  an d  w ere housed  in  a  com m on  ca rd  cage an d  connec ted  

on a  V M E bus backp lane . V xW orks was used as  th e  re a l-tim e  o p e ra t in g  sy s tem  for the  

p rocesso rs . T h e  sy s tem  also in c lu d ed  an a n a lo g -to -d ig ita l co n v e rte r  b o a rd , a  d ig ita l-to - 

an a lo g  co n v erte r b o a rd , an d  an a rm  in te rface  bo a rd  on th e  V M E b u s. T h ese  b o a rd s  were 

used  to  co m m u n ica te  w ith  th e  ro b o t a rm s. T h e  p rocesso rs w ere co n n ec ted  to  a  w o rk sta tio n  

by an  E th e rn e t. T h e  c o m p u te r con tro lled  tw o  P u m a  560 in d u s tr ia l-g ra d e  ro b o t a rm s. Each 

a rm  h ad  six degrees o f freedom  a n d  a  g rip p e r  th a t  could g ra sp  o b je c ts . T h e  ro b o t con tro l 

en v iro n m en t is show n in F ig u re  6 .1 .

'P r im a rily  Joseph A. Dionese.
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F ig u re  6.1: T h e  ro b o t con tro l en v iro n m en t
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6.2.2 T he robot control software

T h e  tw o  ro b o t a rm s  w ere  co n tro lled  in d ep en d e n tly  by so ftw are  on  s e p a ra te  p ro ­

cessors. T h e re  w as no low -level co o rd in a tio n  o f  th e  a rm s . T h e re fo re , we on ly  considered  

th e  so ftw are  for a  sing le  a rm  e x e c u tin g  on a  sing le  p ro cesso r. T h e  ro b o t co n tro l so ftw are  

w as com posed  o f  th re e  ta sk s : a  c lien t, a  se rv e r, an d  a  levelO co n tro l ta sk . T h e  client ta sk  

ex ecu ted  on a  w o rk s ta tio n  w hich  w as s e p a ra te  from  th e  ro b o t co n tro l c o m p u te r . T h e  client 

ta s k  a c te d  a s  th e  u se r in te rfa ce  to  th e  co n tro l so ftw are . I t p ro cessed  u ser co m m an d s and  

passed  th e m  v ia  a  U nix  socket to  th e  se rv er. T h e  se rv e r ta sk  ex ecu ted  on th e  ro b o t con tro l 

c o m p u te r. I t  accep ted  co m m a n d s  from  th e  c lien t an d  p rocessed  th e m  accord ing ly . M any  o f 

th e  co m m an d s w ere  ex ecu ted  d irec tly  by  w ritin g  th e  a p p ro p r ia te  values to  th e  a rm  in te rface  

an d  d ig ita l- to -a n a lo g  co n v e rte r  b o a rd s . T h e  se rver also  u p d a te d  g loba l tab le s  to  change  th e  

sy s tem  s ta tu s  o r  th e  o p e ra tin g  m ode . Som e co m m an d s w ere re fo rm a tte d  a n d  p laced  in  a  

m essage  queue w hich  w as read  by th e  levelO ta s k . T h e  levelO ta sk  ra n  as a  p e rio d ic  in te r­

ru p t  ex ecu tin g  w ith  a  frequency  of 60 IIz. I t  p e rfo rm ed  th e  co n tro l loop  for th e  ro b o t a rm . 

D uring  each  in v o ca tio n , th e  loop  re a d  th e  a rm  p osition  senso rs , c a lc u la ted  new  p o s itio n ­

ing  co m m an d s b a sed  on an a d a p tiv e  con tro l-law  a lg o r ith m , p rocessed  co m m an d s from  th e  

server, a n d  w ro te  th e  new  m o tio n  co m m an d s to  th e  a rm  in te rface  b o a rd . A flow chart o f 

th e  ta s k ’s in te rn a l s t ru c tu r e  is show n in F ig u re  6.2. T h e  levelO ta sk  w as th e  p rim a ry  ta sk  

in th e  w o rk lo ad . T h e  se rv e r an d  th e  levelO ta s k  execu ted  on th e  sam e  p ro cesso r. T h e  only  

o th e r  ta sk s  w hich ex ecu ted  on th e  sy s tem  w ere th e  V xW orks sy s tem  ta sk s .

T h e re  w ere th re e  p r im a ry  o p e ra tio n a l m odes for th e  ro b o t co n tro l so ftw are . In 

s t a n d b y  m o d e , a rm  m o tio n  w as s to p p e d . T h is  m ode w as used d u rin g  in itia l c a lib ra tio n  of 

th e  a rm  p o sitio n  senso rs. In  t o r q u e  m o d e , a rm  m ovem en t w as con tro lled  by a  high-level 

co n tro l m odu le  w hich c a lc u la te d  th e  to rq u e  values for th e  jo in ts . T h is  m o d e  relieved th e  

ro b o t co n tro lle r  from  g e n e ra tin g  th e  desired  a rm  p a th  and  ca lc u la tin g  th e  feedback  law . For 

o u r  ev a lu a tio n , we w ere in te re s te d  in  ev a lu a tin g  th e  tim in g  req u irem en ts  o f  th e  a p p lic a tio n  

w hen it ca lc u la ted  th e  feedback  law  as p a r t  o f its  co n tro l loop . T h e re fo re , th is  m ode was 

n o t used . In  p o s i t i o n  i n t e r p o l a t e d  m ode , th e  ro b o t a rm  received m o tion  an d  g rip p e r 

co m m an d s from  th e  u ser in te rfa ce  a n d  m oved an d  ac te d  accord ing ly . T h is  w as th e  p rim a ry  

o p e ra tin g  m o d e  for th e  ro b o t a rm .

6.2.3 T he syn th etic  workload

A u n ip ro cesso r SW  w as c re a te d  to  m odel th e  ro b o t con tro l so ftw are . F ig u re  6.3 

show s th e  s t ru c tu r e  of th e  SW . T h is  figure uses a  sim plified n o ta tio n  for c larity . P a irs  o f
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yes

/  g r a s p \  
com m and1̂

yes

relative

com m and?

com pute n ex t 1 

position

EN D

F igu re  6.2: F lo w ch art for th e  levelO ta sk
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file system console client

motor.

control

dac boardAuxClock

dac_board
sem aphore

sem aphore'
ai_boardqueue

globals

com m and1 adc_board

command
sem aphore'

levelO

adc_board
sem aphore

status

F igu re  6.3: D ata flo w  d ia g ra m  o f  ro b o t co n tro l so ftw are

flows co n n ec tin g  tw o o b je c ts  in o p p o s ite  d irec tio n s  a re  com b ined  in to  a  sing le  line w ith  tw o 

a rro w h ead s . T h e  ty p e  of a rro w h e a d  a t  each  end  in d ica tes  th e  ty p e  o f  flow in th a t  d irec tio n . 

T h e  w ork load  w as specified u sin g  th e  g ra p h  file lis ted  in A p p en d ix  B . A ll te rm in a to rs  w ere 

s im u la te d . T h e  s t ru c tu r e  o f th e  fu n c tio n s  w as based  d irec tly  on th e  s t ru c tu re  o f  th e  a c tu a l 

se rv e r an d  levelO sou rce  code. All c o m p u ta tio n  w as rep laced  w ith  sy n th e tic  o p e ra tio n s . T h e  

co n tro l c o n s tru c ts  w ere rep laced  w ith  th e  loop  an d  p ro b ab ilis tic  b ra n c h in g  c o n s tru c ts , as 

a p p ro p r ia te . N one o f th e  ro b o t co n tro l code  w as used in  th e  SW  fu nc tions.

T h e  SW SL  fu n c tio n  file for th e  se rv e r an d  th e  levelO c o n tro l ta s k  is show n in 

A p p en d ix  D. T h e  s t ru c tu re  o f  th e se  fun c tio n s w as based  d irec tly  on th e  s t ru c tu r e  o f  th e  

a c tu a l server an d  levelO so u rce  code. We m a in ta in ed  th e  con tro l c o n s tru c ts  an d  a b s tra c te d  

o u t th e  c o m p u ta tio n . All c o m p u ta tio n  w as rep laced  w ith  sy n th e tic  o p e ra tio n s . T h e  con tro l 

c o n s tru c ts  w ere rep laced  w ith  LOOP and  SWITCH co n s tru c ts , as a p p ro p r ia te .

T h is  ap p ro ach  w as ta k e n  because  th e  goal of th is  ex p e rim en t w as to  show  th a t
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O p e ra tio n  D escrip tion
fp ( ite ra tio n s )  O ne o f fou r flo a tin g  p o in t a r i th m e tic  o p e ra t io n s  p e r

ite ra t io n
tr ig ( i te r a tio n s  O ne o f six flo a tin g  p o in t tr ig o n o m e tr ic  o p e ra t io n s  p e r

ite ra t io n
b o o l( ite ra tio n s )  E ig h t boo lean  o p e ra tio n s  ( a  co m b in a tio n  o f  A N D ,

O R , N O T , X O R , an d  logical sh ifts )  p e r  i te ra t io n  
sread(IN PU T lab e l, w ait flag) R ead  one e lem en t from  an  INPUT; w a it flag  =  W A IT

in d ica te s  a  b locking read ; w a it flag =  N O W A IT  in d i­
ca te s  a  nonb lock ing  read  

swrite(OUTPUT lab e l) W rite  one  e lem en t to  an  OUTPUT

T ab le  6.1: S y n th e tic  o p e ra tio n s  used  in th e  ro b o t co n tro l sy n th e tic  w ork load

th e  SW  w as cap ab le  o f a cc u ra te ly  m odeling  th e  ro b o t con tro l so ftw are . B y re p re se n tin g  

th e  s t ru c tu r e  o f  th e  so ftw are  exac tly , we ex p ec ted  to  achieve a  re p re se n ta tiv e  S W . T h is  

ap p ro a c h  is re a lis tic  if one  considers th e  suggested  o p e ra tin g  en v iro n m e n t fo r th e  S W . In  

C h a p te r  3 , we s ta te d  th a t  one goal o f  th e  SW G  is to  allow i t  to  b e  in c o rp o ra te d  in to  a  

C A S E  to o l. In such  a  s i tu a t io n , b o th  th e  dataflow  rep re sen ta tio n  o f th e  w o rk lo ad  a n d  a t  

le a s t an  o u tlin e  o f th e  co n tro l c o n s tru c ts  an d  o p e ra tio n s  o f each  ta s k  sho u ld  be  availab le . 

I t  is e x ac tly  th is  in fo rm a tio n  th a t  we a re  using  here . T h e re fo re , we a re  m ak in g  a  fa ir  a n d  

rea lis tic  co m p ariso n .

A ll c o m p u ta tio n  and  com m u n ica tio n  fu n c tio n s in th e  w ork load  w ere a b s t ra c te d  

a n d  rep laced  by co m b in a tio n s  o f five o p e ra tio n s . T h ese  o p e ra tio n s  a re  show n in T ab le  6.1. 

T h e  c o m p u ta tio n  o p e ra tio n s  w ere chosen because  th ey  best rep re sen ted  th e  ty p e s  o f com ­

p u ta t io n s  th a t  w ere p e rfo rm ed  in th e  w ork load . T h e  ca lcu la tion  o f th e  n e x t jo in t  p o s itio n s  

in th e  a d a p tiv e  co n tro l a lg o rith m  w as floa ting  p o in t in tensive. T h e re fo re , we chose floa ting  

p o in t o p e ra tio n s  for o u r  SW . T h e  f p ( )  a n d  t r i g Q  functions allow  th e  u se r to  specify  ex ­

ac tly  how  m an y  o p e ra tio n s  a re  to  be  ex ecu ted , b u t th e  selection  o f th e  fu n c tio n s  w as evenly  

d is tr ib u te d  betw een  th e  fou r a ri th m e tic  o p e ra tio n s  in  f p O  an d  th e  six tr ig o n o m e tr ic  an d  

h y perbo lic  tr ig o n o m e tr ic  fu n c tio n s in t r i g ( ) .

T h e  ite ra tio n  values fo r th e  floa ting  p o in t o p e ra tio n s  w ere chosen  b ased  on  th e  

n u m b e r o f o p e ra tio n s  pe rfo rm ed  w ith in  each s tra ig h t-lin e  code seg m en t. T h e  p e rcen tag es  

used in  th e  SWITCH s ta te m e n ts  w ere based  on th e  expec ted  o p e ra tin g  b eh av io r o f  th e  a c tu a l 

w o rk load . T h e  w ork load  w as ex p ec ted  to  execu te  p rim arily  in  th e  p o sitio n  in te rp o la te d  

m ode. W e w ere only  concerned  w ith  s te a d y -s ta te  p erfo rm an ce  o f  th e  sy s te m . W e igno re  

th e  s t a r tu p  c a lib ra tio n  s ta g e  o f  execu tion  w hen th e  ro b o t sy s tem  w as in s ta n d b y  m ode.
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T h erefo re , all SWITCH s ta te m e n ts  w h ich  rep resen t checks for m o d e s  o th e r  th a n  p o s itio n  

in te rp o la te d  had  p ercen ta g es  o f  0 . L ik ew ise , a n y  cod e  w h ich  d ea lt  w ith  o th e r  s ta r tu p  

c o n d it io n s  had  b een  e lim in a te d .

LOOP c o n str u c ts  w ere used  for r ep ea te d  read s and  w r ites  to  te r m in a to r s . In ad ­

d it io n , a n  in fin ite  LOOP w a s u sed  by th e  server  fu n ctio n  to  m a k e  it  a  d a ta -d r iv e n  sp o ra d ic  

ta sk . N o  lo o p s  w ere n eed ed  in  th e  c o m p u ta tio n  se c tio n s  d u e  to  th e  ite r a t io n  p a r a m e te r  for 

th e  sy n th e t ic  o p e r a tio n s .

6.2.4 Tuning the SW

If, a f te r  ex ecu tin g  th e  S W , it  w as d e te rm in e d  th a t  i t  w as n o t su ffic ien tly  rep re sen ­

ta t iv e  o f W , th e  follow ing s tep s  w ere to  be  used  to  tu n e  th e  SW .

1. M easu re  th e  o v erhead  for ca lc u la tin g  ran d o m  n u m b ers  for th e  p ro b a b ilis tic  b ran ch es . 

C o m p e n sa te  for th is  tim e  by red u c in g  th e  a m o u n t o f c o m p u ta tio n  w ith in  th e  blocks 

in each  a lte rn a t iv e  p a th  o f th e  b ran ch . T h e  m ean s of a ffec tin g  th is  change  is to  reduce  

th e  ite ra t io n  values for th e  f p ( )  an d  t r i g Q  calls.

2. A d ju s t th e  b ra n c h in g  p ro b ab ilitie s  to  m a tc h  observed  o p e ra tio n  m odes .

6.3 R epresentativeness E xperim ents

6.3.1 E xperim ental design

T h e  ex p e rim en ts  followed a  single fa c to r  design . T h e  p rim a ry  fa c to r  w as th e  choice 

o f  w ork load , e ith e r  th e  ro b o tic  so ftw are  o r th e  S W . T h e  seco n d ary  fa c to rs , th e  sy s tem  a rch i­

te c tu re  an d  o p e ra tin g  sy s te m , w ere held c o n s ta n t. T w o resp o n se  variab les w ere m easu red . 

T h e  firs t w as th e  m ean  ta s k  ex ecu tio n  tim e  o f  th e  levelO ta sk . T h is  value d e te rm in es  th e  

average  tim e  betw een  w hen th e  jo in t p osition  sensors w ere read  a n d  th e  n e x t set o f goal 

position  values w ere p ro d u ced . A sh o r t ex ecu tio n  tim e  w as d esirab le . D u rin g  execu tio n , th e  

a d a p tiv e  co n tro l a lg o r ith m  p ro d u ces goal p o sitio n s based  on c u rre n t p o s itio n . T h is  p osition  

is read  from  th e  jo in t position  senso rs a t  th e  beg inn ing  of th e  t a s k ’s ex e c u tio n . T h e  goal 

jo in t p osition  is p ro d u ced  a t  th e  end o f th e  ex ecu tion . If th e  ex ecu tio n  tim e  o f  th e  levelO 

ta sk  is long , th e n  th e  a c tu a l a rm  position  a t  th e  end  o f th e  execu tion  will be sign ifican tly  

d ifferen t from  th e  p osition  m easu red  a t  th e  b eg inn ing  o f th e  ex ecu tion . T h e re fo re , th e  goal 

p o sitio n s will be based  on  o u t-o f-d a te  in fo rm a tio n . T h e  re su lt is je rk y  m o v em en t by th e  

ro b o t a rm .
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T h e  second  v a riab le  to  be  m easu red  w as th e  levelO ta s k  ex ecu tio n  tim e  d is tr ib u tio n . 

T h e  ta s k  ex ecu tio n  tim e  w as d e te rm in e d  by th e  con tro l c o n s tru c ts  w ith in  th e  ta sk . T h e  

n u m b e r o f  b ra n c h e s  in th e  fu n c tio n  w ere re la tive ly  few b u t sig n ifican t. T h e  d is tr ib u tio n  

in d ic a te d  th e  m ax im u m  an d  m in im u m  ex ecu tio n  tim es . I t  a lso  in d ic a te d  th e  effects o f  th e  

levelO ta sk  ex ecu tio n  on C P U  u tiliz a tio n  an d  th e  schedu ling  o f  o th e r  ta sk s .

B o th  o f  th e se  indices re la te  to  th e  levelO ta sk . N e ith e r m easu res  th e  ex ecu tio n  o f 

th e  se rv e r  ta sk . T h e  reaso n  fo r th is  is th a t  th e  levelO ta s k  is th e  on ly  c ritic a l ta sk  in  th e  

w o rk lo ad . I ts  c o rre c t an d  tim e ly  ex ecu tio n  d e te rm in es  th e  success o f th e  a p p lic a tio n . T h e  

se rv e r is a  re la tiv e ly  low  p rio rity  ta sk  w ith  no  s tr ic t  p e rfo rm an ce  re q u ire m e n ts  o th e r  th a n  

c o rre c t ex ecu tio n .

A sim p le  m echan ism  w as used to  collect th e  necessary  p e rfo rm a n c e  d a ta .  C alls  to

o f  th e  levelO ta s k , th is  value w as th e  ta sk  execu tion  tim e. E ach  tim e  p r o b e ( )  w as called , 

i t  c a lc u la ted  a  va lue  A t, =  <; — /,•_j .  T h e  values A t; aR d 5Z?=o A t ]  w ere  c a lc u la ted  

ite ra tiv e ly . T h e se  values a re  u sed  to  c o m p u te  th e  sam p le  m ean  an d  s ta n d a rd  d ev ia tio n , 

p r o b e  ( )  a lso  m a in ta in e d  a  h is to g ram  o f th e  A <; values. T h e  h is to g ra m  is used  to  ca lc u la te  

th e  ta sk  e x ecu tio n  tim e  d is tr ib u tio n .

6.3 .2  E xperim ents using the robot control software

B efore ru n n in g  th e  ex p e rim en ts  to  m easu re  th e  p e rfo rm an ce  w hile e x ecu tin g  th e  

ro b o t co n tro l so ftw are , we needed  to  d e te rm in e  th e  n u m b er o f d a ta  sam p les th a t  w ould  be 

req u ired . To m easu re  a  sam p le  m ean  w ith  a  desired  level o f a ccu racy  w ith  a  g iven  confidence 

level, we req u ire  n  sam p les , w here  n  is co m p u ted  as

w h ere  z  is th e  n o rm a l v a ria te  a t  th e  desired  confidence level, x  is th e  sam p le  m ean , s  is 

th e  sa m p le  s ta n d a rd  d e v ia tio n , an d  r  is th e  p e rcen tag e  o f accu racy  desired  [34]. In o u r 

p re lim in a ry  m e a su re m e n ts , we m easu red  x  =  8.7613 and  s =  0 .4817 . If we w an ted  1% 

a ccu racy  a t  a  confidence level o f  99% , th e n  r =  1 an d  2  =  2 .576. W e g e t

T h e re fo re , we h ad  to  collect a t  leas t 201 sam ples. Since th e  levelO ta sk  ex ecu ted  a t  60 IIz 

a n d  o n e  sam p le  w as co llected  d u rin g  each ex ecu tion , we needed to  collect d a ta  for a t  least

3 .3  seconds to  o b ta in  th e  desired  accuracy .

a  fu n c tio n  called  p ro b e  ( )  w ere p laced  a t  th e  beg inn ing  an d  end  of th e  levelO code, p r o b e  ( )  

c a lc u la te d  th e  e lap sed  tim e  since th e  la s t call to  p r o b e ( ) .  For th e  call to  p ro b e  a t  th e  end

n  =
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m ove( 10 .0 ,0 .2 , p t l ,  a b so lu te ); 
w a itQ ;
p u t.g r ip p e r (o p e n ) ;
m ove( 10 .0 ,0 .2 ,p t2 ,a b so lu te ) ;
p u t.g r ip p e r(c lo s e d ) ;
m ove( 1 0 .0 ,0 .2 ,p t3 ,a b s o lu te ) ;
p u t.g r ip p e r (o p e n ) ;
m ove( 10 .0 ,0 .2 ,p t4 ,a b s o lu te ) ;
p u t.g r ip p e r (  closed);
m ove( 1 0 .0 ,0 .2 ,p t l ,a b s o lu te ) ;
p u t_ g r ip p e r(o p e n );
w a it( ) ;

T ab le  6.2: C o m m an d  sc r ip t u sed  to  co n tro l th e  ro b o t

C o m m an d s  received from  th e  c lien t ta sk  co n tro l th e  ac tio n s  pe rfo rm ed  by th e  

ro b o t. For o u r e x p e rim e n ts , we used  th e  c o m m an d s  lis ted  in T ab le  6 .2 . T h is  co m m an d  

sc r ip t w as ta k e n  from  a  d e m o n s tra tio n  sc r ip t developed  a t  th e  R o b o tic s  L a b o ra to ry . T h e  

co m m an d s a re  a s  follow s.

•  m o v e ( t ,  a c c t ,  p o i n t ,  m ode) m oves th e  ro b o t a rm  to  p o sitio n  p o i n t  in  t  seconds. 

T h e  a c c t  p a ra m e te r  d e te rm in e s  w hich p o r tio n  o f  th e  m ovem en t tim e  is to  be used 

fo r each o f  a cce le ra tio n  an d  d ece le ra tio n , mode m ay  be e ith e r  r e l a t i v e  o r a b s o l u t e ,  

in d ic a tin g  th e  cod ing  used  for p o i n t .

« w a i t ( )  w aits  u n til th e  p rev ious co m m an d  com pletes befo re  su b m it t in g  a n o th e r  com ­

m an d .

« p u t . g r i p p e r  ( o p e n / c l o s e d )  o p en s or closes th e  g rip p e r.

T h e  co m m an d  sc r ip t m oved th e  ro b o t to  five p o sitio n s (labeled  p t l ,  . . . ,  p t4 ) .  A t th e  end 

o f  th e  ru n , th e  a rm  h ad  re tu rn e d  to  its  o rig ina l p o sitio n . A t each  p o sitio n  th e  g rip p e r w as 

opened  o r closed.

6.3.3 E xperim ents using the synthetic  workload

T h e  SW  w as ru n  to  closely a p p ro x im a te  th e  d u ra t io n  a n d  ac tio n s  o f  th e  ro b o t 

so ftw are . SWITCH pe rcen tag es  w ere chosen to  reflect th e  d is tr ib u tio n  of co m m an d  ty p es  an d  

th e  execu tion  d u ra tio n  o f  th e  m o v e() co m m an d s. T h e  sam e  m e asu rem en t m echan ism s w ere 

used an d  th e  sam e s ta tis t ic s  w ere ca lcu la ted .
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T im e
(m sec)

A c tu a l
W ork load SW ! S W 2

0 0 0 0
1 0 0 0
2 0 0 0
3 3 0 0
4 1 0 0
5 0 0 0
6 0 0 0
7 0 0 4
8 4216 1 4246
9 732 910 661

10 62 2256 89
11 0 1833 0
12 0 0 0
13 0 0 0
14 0 0 0
15 0 0 0
16 0 0 0
17 0 0 0

T ab le  6.3: T ask  ex ecu tio n  tim e  h is to g ra m .

6.4 E xperim ental R esu lts

W e first ex ecu ted  th e  ro b o t co n tro l so ftw are . W e th e n  e x ecu ted  th e  SW  and  

co m p ared  th e  re su lts . O u r f irs t SW , S W j, d id  n o t p ass  th e  te s ts  desc rib ed  below . Its  

ta s k  ex ecu tio n  tim e  h is to g ram  is inc luded  in T ab le  6.3 . By look ing  a t  th e  h is to g ra m , it 

w as o bv ious th a t  th e  m ean  w as to o  h igh  an d  th e  d is tr ib u tio n  w as skew ed to  th e  high 

en d . W e th e n  tu n e d  th e  SW  as in d ica ted  in S ection  6.2 .4 . T o low er th e  m e a n , we sca led  th e  

n u m b er o f  flo a tin g  p o in t o p e ra tio n s  to  70%  of th e ir  o rig inal n u m b er. T h is  sca ling  is show n in 

A p p en d ix  D by th e  use o f th e  f p . s c a l i n g j f  a c t o r  c o n s ta n t in th e  f p O  sy n th e tic  o p e ra tio n s . 

T o  change th e  d is tr ib u tio n  we reexam ined  th e  SWITCH p ro b ab ilitie s  in  th e  fu n c tio n  file. W e 

found  a  b lock w ith  an  in co rrec t p e rcen tag e  value co rresp o n d in g  to  th e  p ro b a b ility  o f  th e  

ro b o t o p e ra tin g  in a  ce rta in  m o d e 2. W e changed  th e  p e rcen tag e  to  a  m o re  a p p ro p r ia te  value 

a n d  re ran  th e  e x p e rim en t. T h is  second SW , S W 2 , p ro d u ced  th e  p e rfo rm a n c e  values used 

in th e  an a ly s is  below .

2T h is p ercen tage  is noted  in the  listing in A ppendix  D.
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T im e
(m sec) fn .O O F n 2 , S W 1( x ) l-fni (x ) F n7jsWi (•£)!

0 0.0 0.0 0.0
1 0.0 0.0 0.0
2 0.0 0.0 0.0
3 0 .000598 0.0 0.000598
4 0 .000798 0.0 0.000798
5 0 .000798 0.0 0.000798
6 0 .000798 0.0 0.000798
7 0 .000798 0.0 0.000798
8 0.84164 0.0002 0.84144
9 0.98763 0.1822 0.8054

10 1.0 0.6334 0.36661
11 1.0 1.0 0.0
12 1.0 1.0 0.0

T ab le  6 .4 : T ask  ex ecu tio n  tim e  cu m u la tiv e  d is tr ib u tio n  fu n c tio n s.

T im e
(m sec) Fn i ( x ) Fn7,SW2{x ) |-Fn ,(z) -  -Fn2,stv2(a:)|

0 0.0 0.0 0.0
1 0.0 0.0 0.0
2 0.0 0.0 0.0
3 0 .000598 0.0 0.000598
4 0.000798 0.0 0.000798
5 0.000798 0.0 0.000798
6 0.000798 0.0 0.000798
7 0 .000798 0.0008 0.00000223
8 0 .84164 0.85 0.00835660
9 0.98763 0.9822 0.00543462

10 1.0 1.0 0.0
11 1.0 1.0 0.0
12 1.0 1.0 0.0

T ab le  6.5: T ask  ex ecu tio n  tim e  cu m u la tiv e  d is tr ib u tio n  fu n c tio n s.
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6.4.1 Com parison o f m ean execution  tim e

O u r firs t te s t  is to  c o m p are  th e  m ean s  o f  th e  d is tr ib u tio n s  fo r sam p les  d e n o te d  1

T h e  clock by w hich th e  ex e c u tio n  tim es w as m easu red  h a d  a  g ra n u la r i ty  o f 1 m illisecond . 

W e co llected  a p p ro x im a te ly  5000 d a ta  p o in ts  fo r each  w o rk lo ad . T h e re fo re , th e  sam p le  

m ean s  a re  a c c u ra te  to  0.015 m illiseconds w ith  99%  confidence. T h is  va lue  co rre sp o n d s  to  

an  accu racy  o f  0 .18% . T h e  sam p le  m ean s  fo r b o th  w o rk lo ad s eq u a le d  8.17 m illiseconds.

m ean s a n d  s ta n d a rd  d ev ia tio n s  w ere id en tica l a t  th is  level o f  accu racy , we co n c lu d e  th a t  

th e  m ean s  of th e  d is tr ib u tio n s  a re  equal a t  th e  99%  confidence  level.

6.4.2 C om parison o f the task execution  tim e d istributions

T o co m p are  th e  d is tr ib u tio n s  of th e  ex ecu tio n  tim e  w e use  a  K o lm ogorov -S m irnov  

tw o -sam p le  te s t  a s  described  in  [5]. T h is  te s t  is u sed  to  c o m p a re  tw o  c u m u la tiv e  d is tr ib u tio n  

fu n c tio n s  to  d e te rm in e  if th e y  a re  b ased  on sam ples d raw n  fro m  th e  sam e  p o p u la tio n . T o  use 

th is  te s t ,  we m u s t tra n sfo rm  th e  h is to g ra m s  of th e  sam p led  d a ta  in to  c u m u la tiv e  d is tr ib u tio n  

fu n c tio n s  F n<( x )  such th a t

Fn,(x) = -^
T li

w here  n,- is th e  n u m b er o f  sam p les  in d is tr ib u tio n  i, and  k  is th e  n u m b e r o f  o b se rv a tio n s  

less th a n  o r eq u a l to  x .  F or a  tw o-ta iled  te s t ,  we ca lc u la te

— m ax  |F n, ( x )  .Fn2(;r)|

a n d  re jec t th e  null h y p o th es is  if D ,,IiTl2 exceeds th e  c ritic a l value. For a  con fidence  level o f

T h e  d a ta  collected  in o u r  ex p e rim en ts  a re  show n in T ab le  6 .3 . W e co llec ted  n\  =  

5014 d a ta  sam p les  fo r th e  ro b o t co n tro l so ftw are  and  712 =  5000 sam p les for th e  SW . 

T h e re fo re , th e  c ritica l value for th e  K olm ogorov-S m irnov  te s t  is

T h e  cu m u la tiv e  d is tr ib u tio n  fu n c tio n s  an d  th e  D n ,,n2 values are  show n in  T ab les  6.4 and  

6 .5 . F n i ( x )  is th e  cum ula tive  d is tr ib u tio n  for th e  ta sk  ex ecu tio n  tim es  for th e  ro b o t co n tro l 

so ftw are . F njts w i ( x ) anc* Fn]ts \v 2( x ) a re  t l ‘e cu m u la tiv e  d is tr ib u tio n  fu n c tio n s  for S W i an d  

S W 2 , respective ly . T h e  m ax im u m  a b so lu te  value of th e  d ifference, |F n i( a ; ) — 

is 0 .008357. T h is  value is n o t g re a te r  th a n  th e  critica l value. T h e re fo re , w ith  a  99%

an d  2. S am p le  1 is th e  d a ta  fro m  th e  ro b o t co n tro l so ftw a re , sa m p le  2 is fro m  th e  SW .

T h e  sam p le  s ta n d a rd  d ev ia tio n s  w ere 0 .43 fo r sam p le  1 a n d  0.42 for sam p le  2. S ince th e
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confidence level, we c a n n o t re je c t th e  h y p o th e s is  th a t  th e  d is tr ib u tio n  o f  th e  ex ecu tio n  tim e  

o f  th e  SW  ta s k  is id e n tic a l to  th e  ex ecu tio n  tim e  o f  th e  a c tu a l ta s k . T h u s , we e s ta b lish  th e  

re p re se n ta tiv e n e s s  o f  th e  SW .

6.5 Sum m ary and D iscussion

In  th is  c h a p te r , we d esc rib ed  ex p e rim en ts  p e rfo rm ed  to  d e m o n s tra te  th e  ab ility  

o f  th e  SW G  to  p ro d u c e  re p re se n ta tiv e  SW s. W e used  th e  S W G  to  p ro d u c e  an  S W  w hich 

m odeled  a  ro b o tic s  a p p lic a tio n . W e used a  p e rfo rm an ce  based  m odel o f  re p re se n ta tiv e n e s s  

to  co m p are  th e  SW  w ith  th e  a c tu a l ap p lic a tio n  so ftw are . T h e  re su lts  show ed th a t  th e  SW  

w as ab le  to  e lic it th e  sam e  p e rfo rm a n c e  from  th e  sy s tem  as th e  a c tu a l w ork load  w ith  a  h igh 

deg ree  o f accuracy .

T h e  p r im a ry  re su lt o f  th is  ev a lu a tio n  is th a t  th e  SW G  w as ab le  to  p ro d u c e  a 

re p re se n ta tiv e  SW . In  fa c t , once  th e  in itia l s t ru c tu re  and  p a ra m e te rs  for th e  SW  w ere chosen , 

on ly  one rev ision  w as req u ired  to  o b ta in  rep re sen ta tiv en ess  w ith  th e  desired  accu racy . W e 

can  th e re fo re  s ta te ,  w ith  som e deg ree  o f confidence, th a t  th e  s tru c tu re s  an d  p a ra m e te r s  th a t  

w ere designed  in to  S W S L  a re  sufficient for specify ing  th is  ty p e  o f w ork load .

T h e  ev a lu a tio n  a lso  allow s us to  m ake  som e o b se rv a tio n s a b o u t th e  use  o f  th e  

S W G . T h e  f irs t o f  th e se  o b se rv a tio n s  is th a t  m in im al p o rtin g  effo rt w as req u ired  to  g e t th e  

SW G  to  p ro d u c e  a  ru n n in g  S W  for th e  ro b o t co n tro l co m p u te r. T h e  SW  w as o rig ina lly  

im p lem en ted  on H A R T S . W e on ly  needed  to  change th e  sy s te m -d e p e n d e n t sy s tem  calls 

in  th e  d riv e r an d  sy n th e tic  o p e ra tio n s  in  th e  lib ra ry  o f  o p e ra tio n s . S om e m in o r changes 

w ere req u ired  to  th e  S W G . H ow ever, th e se  w ere only req u ired  to  su p p o r t m u ltip le  ta rg e t  

o p e ra tin g  sy s tem s . W e a d d ed  th e  specia l c o n s ta n t OPERATING.SYSTEM to  be  used  in  th e  

SW SL  sp ec ific a tio n . T h e  use o f  th is  c o n s ta n t is show n in A p pend ix  E . I ts  value is used 

by th e  SW G  to  in d ic a te  th e  ta rg e t o p e ra tin g  sy s tem . T h e  SW G  p ro d u ces th e  a p p ro p r ia te  

code for th a t  ta rg e t .  T h ese  changes to  th e  SW G  w ould n o t need to  be re p e a te d  to  p o r t  th e  

SW G  to  y e t a n o th e r  o p e ra t in g  sy s tem .

T h e  tim e  req u ired  to  p o r t  th e  SW  an d  SW G  w as ap p ro x im a te ly  tw o m an-w eeks. 

B efore th e  p o r t in g  e ffo rt, we h ad  no  p rev ious experience  w ith  V xW orks. So th e  p o r tin g  

tim e  inc ludes th e  lead  tim e  req u ired  to  becom e fam iliar w ith  V xW orks a n d  its  p ro g ra m m in g  

en v iro n m en t. A u ser w ho is ex perienced  w ith  th e  ta rg e t sy s tem  shou ld  be ab le  to  p o r t  th e  

SW G  to  th e i r  ta rg e t  sy s tem  in less th a n  a  week.

W e also  o bserved  t h a t  it  w as re la tive ly  easy  to  p ro d u ce  a  re p re se n ta tiv e  S W  if 

one has th e  so u rce  co d e  o f th e  w ork load  to  use as a  guide for w ritin g  th e  SW SL  specifica­
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tio n . In m o s t cases, how ever, th e  users o f  th e  S W G  will n o t have  th e  source  code  o f th e  

w ork lo ad  availab le . In s te a d , th e y  will have  to  specify  th e  SW  using  o th e r  m ean s . In  m uch 

th e  sam e  w ay as a  ra p id  p ro to ty p e  is deve loped , th e  s t ru c tu r e  o f th e  S W  can  be  derived  

from  th e  high-level re q u irem en ts  specifica tions o r s t ru c tu re d  an a ly s is  sp ec ifica tions for th e  

w o rk lo ad . T h ese  specifica tions will p ro v id e  in fo rm a tio n  w hich is eq u iv a len t to  th e  specifi­

c a tio n  o f  th e  tra n s fo rm a tio n s , s to re s , te rm in a to rs , an d  flows in o u r  w ork load  m odel. T h e  

sy s te m -d e p e n d e n t p a ra m e te r s  m ay  b e  derived  from  th ese  h igh-level sp ec ific a tio n s , o r  th ey  

m ay  be e s t im a te d  based  on th e  u se r’s experien ce  w ith  o th e r  re a l-tim e  w ork loads . Lower 

level s t ru c tu r a l  d e ta ils  m ay  b e  filled in a s  th e ir  design becom es ava ilab le , o r  th e y  m ay  be 

e s t im a te d . F or ex am p le , if th e  in te rn a l s t ru c tu r e  o f a  ta s k  is n o t k n o w n , i ts  c o m p u ta tio n  

m ay  be m odeled  using a  loop  th a t  ex ecu tes  a  ra n d o m  n u m b er o f tim es  w ith  a  specified 

d is tr ib u tio n . T h is  m odel o f a  ta s k  m ay be  fu r th e r  refined  by th e  u se r if an  even  low er level 

o f  d e ta il is needed . A n o th e r  tech n iq u e  w ould be  to  use S W SL  fu n c tio n s  from  o th e r  S W s to  

re p re se n t fu n c tio n s w ith  s im ila r ch a ra c te ris tic s  in th e  SW  be in g  defined . T h e se  fun c tio n s 

w ould  a lso  b e  e s tim a te s  o f th e  a c tu a l beh av io r o f th e  w o rk lo ad ’s ta sk s , b u t th e  u se r w ould 

b e  m ore  fam ilia r w ith  them  an d  th u s  m ore aw are  o f th e ir  level o f  rep re sen ta tiv en ess .

T h ese  techn iques will allow  th e  user to  p ro d u ce  an  a p p ro x im a te ly  rep re se n ta tiv e  

SW . By th e  defin ition  o f rep re sen ta tiv en ess , th e  a c tu a l level o f re p re se n ta tiv e n e ss  can  only  

b e  m easu red  if th e  real w ork load  is availab le  for com parison  to  th e  SW . H ow ever, even 

if  th e  re a l w ork load  is n o t availab le , th e  level o f rep re sen ta tiv en ess  can  b e  e s tim a te d  by 

co m p a r in g  th e  p e rfo rm an ce  o f th e  SW  w ith  th e  p e rfo rm an ce  o f th e  m odeled  w ork load  on 

o th e r  ta rg e t  sy s tem s and  ta k in g  in to  acco u n t th e  d ifferences in th e  sy s tem s . A lte rn a tiv e ly , 

th e  re p re se n ta tiv e n e ss  can  be  e s tim a te d  by co m p arin g  th e  p e rfo rm an ce  o f  th e  SW  w ith  th e  

p e rfo rm an ce  of w ork loads w hich a re  s im ila r to  th e  real w ork load  an d  a re  ru n  o n  th e  sam e 

ta r g e t  sy s tem  as th e  SW .

As s ta te d  in  C h a p te r  2 , increased  re p re sen ta tiv en ess  req u ires  m ore  in fo rm a tio n  

a b o u t th e  w ork load  being  m odeled  an d  m ore  space  to  s to re  th is  in fo rm a tio n . A n exam ple  

o f  th is  fa c t can  be seen by c o m p arin g  th e  func tion  specifica tion  in A p p en d ix  D w ith  th e  

fu n c tio n  spec ifica tions3 in A p pend ix  I. T h e  func tions in A p p en d ix  D w ere designed  to  

re p ro d u c e  th e  c o m p u ta tio n  an d  system  call execu tion  b eh av io r o f th e  w ork load , an d  are  

th e re fo re  m uch m ore  com plex  an d  lengthy . T h e  fu n c tio n s req u ire  in fo rm a tio n  a b o u t th e  

loop c o u n ts , b ran ch in g  p ro b ab ilitie s , n u m b er an d  ty p e  o f sy s tem  calls, an d  a m o u n t an d  

ty p e  o f c o m p u ta tio n . T h is  level o f d e ta il is necessary  if th e  fu n c tio n  is to  rep ro d u ce  th e

3T hese  (unctions are described in C h a p te r 7
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n u m b e r , sequence , a n d  frequency  o f  c o m p u ta tio n  in s tru c tio n s  an d  sy s te m  calls o f  a  ta s k  in 

an  a c tu a l w o rk lo ad . In  c o n tr a s t ,  th e  fu n c tio n s in  A p p en d ix  I w ere designed  to  use  a  single 

re so u rce  w ith o u t rep re sen tin g  th e  low-level b eh av io r o f a  w o rk lo ad . T h u s , th e  specifica tion  

is sim ple  a n d  co m p ac t.

T h e  rep re se n ta tiv e n e ss  will also  be  affec ted  by th e  accu racy  o f  th e  w o rk lo ad  c h a r­

a c te r iz a tio n  in fo rm a tio n . F or ex am p le , in a c c u ra te  e s tim a tio n s  o f th e  loop  c o u n t o f an  o u te r  

loop  o r  in a c c u ra te  b ran ch in g  p ro b ab ilitie s  in a  m a jo r  b ra n c h  can cau se  v a s tly  d iffe ren t b e ­

h av io rs  by  th e  fu n c tio n s . T h u s , if  a  high level o f rep re se n ta tiv e n e ss  is re q u ire d , th e  u ser 

m u s t o b ta in  a  la rg e  a m o u n t o f  a c c u ra te  d a ta  a b o u t th e  w ork load  a n d  a c c u ra te ly  m odel it 

in  th e  SW SL  sp ec ifica tion . O f cou rse , th e  req u irem en t fo r a  la rg e  a m o u n t o f  very  accu ­

r a te  d a t a  is on ly  necessary  if th e  SW  is to  be re p re se n ta tiv e  o f a  specific w o rk lo ad . I f  th e  

u se r on ly  requ ires an  SW  w hich is rep re se n ta tiv e  o f  a  class o f re a l-tim e  w o rk lo ad s , th e n  less 

in fo rm a tio n  is n eeded , an d  th e  m o re  ap p ro x im a te  c o n s tru c tio n  tech n iq u es  will b e  sufficient.
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C H A P T E R  7

U S IN G  T H E  S Y N T H E T IC  W O R K L O A D  FO R  

P E R F O R M A N C E  E V A L U A T IO N

7.1 Introduction

In  th is  c h a p te r  w e will d e m o n s tra te  th e  o th e r  c ap ab ilitie s  o f  th e  S W G  by using 

it  to  e v a lu a te  th e  p e rfo rm a n c e  o f an  e x p e rim e n ta l d is tr ib u te d  re a l-tim e  sy s te m . T h e  SW G  

is cap ab le  o f  p ro d u c in g  re p re se n ta tiv e  SW s. A s such , i t  m ay  be  u sed  in e v a lu a tio n s  a im ed  

a t  d e te rm in in g  th e  p e rfo rm a n c e  o f  a  sy s tem  u n d e r  specific , ex p ec ted  w ork load  co n d itions . 

H ow ever, such e v a lu a tio n s  a re  n o t th e  sole p u rp o se  o f th e  SW G . It is a lso  c ap ab le  o f  su p ­

p o rtin g  con tro lled  e x p e rim e n ta l ev a lu a tio n  o f sy s tem s u n d e r  a  ra n g e  o f  w ork load  con d itio n s . 

T h e  SW  used in such an  ev a lu a tio n  does n o t necessarily  rep re sen t any  a c tu a l w o rk lo ad . In ­

s te a d , th e  SW  rep re sen ts  specific co m b in a tio n s  o f w ork load  c h a ra c te r is tic s  w hose effects on 

p e rfo rm an ce  a re  b e in g  ch a ra c te r iz e d . W e d e m o n s tra te  th is  la t te r  cap ab ility  in  th is  ch ap te r.

W e have designed  a  series o f ex p e rim e n ts  w hich w ere pe rfo rm ed  on a  d is tr ib u te d  

rea l-tim e  sy s tem . In th is  c h a p te r , we will iden tify  th e  w ork load  c h a ra c te r is tic s  w hich w ere 

req u ired  to  perfo rm  th e  e x p e rim e n ts . A n SW  w as co n s tru c te d  w hich ex h ib ited  th e se  ch a ra c ­

te r is tic s . W e will d iscuss in d e ta il th e  specifica tion  o f th e  SW  using  SW SL . T h e  specifica tion  

will be  re la te d  to  th e  req u irem en ts  o f  th e  e x p e rim en ta l design . T h e n , th e  re su lts  o f  th e  ex­

p e rim en ts  will be  an a ly zed  an d  conclusions d raw n .

In these  e x p e rim e n ts , we m easu red  th e  p e rfo rm an ce  of th e  co m m u n ica tio n  so ft­

w are  for th e  d is tr ib u te d  re a l- tim e  sy s tem  H A R T S (H exagonal A rc h ite c tu re  fo r R ea l-T im e  

S y stem s). H A R T S is be ing  deve loped  a t  th e  R ea l-T im e C o m p u tin g  L a b o ra to ry  o f  th e  

U n iversity  o f M ich igan  as an e x p e rim e n ta l te s tb e d  for ex p lo rin g  h a rd w are  a n d  so ftw are  

techn iques fo r rea l-tim e  co m m u n ica tio n  in a  d is tr ib u te d  m u ltip ro cesso r. T h e  ex p e rim en ts  

d e te rm in e  w hich w ork load  c h a ra c te r is tic s  m o s t afTect th e  p e rfo rm an ce  of th e  sy s tem . T h e  

ch a ra c te ris tic s  u n d e r s tu d y  w ere varied  in a  con tro lled  m a n n e r w hile all o th e r  c h a ra c te r is tic s  

w ere fixed a t  specific levels.
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T h is  c h a p te r  is o rg an ized  as follow s. S ection  7.2 d esc r ib es  th e  ta r g e t  sy s tem  fo r 

th is  ev a lu a tio n . S ection  7.3 describes  e x p e rim e n ta l design  u sed  in th is  ev a lu a tio n . T h e  

spec ifica tion  o f th e  sy n th e tic  w ork lo ad  is p re se n te d  in  S ection  7 .4 . T h e  e x p e rim e n ta l re su lts  

a re  p re se n te d  in S ection  7.5. In S ection  7 .6 , we p re sen t o u r  conc lu s ions.

7.2 Target System

T h e  ta rg e t sy s te m  fo r th is  e v a lu a tio n  w as H A R T S . In  th e  fo llow ing su b sec tio n s , we 

d esc rib e  th e  re lev an t d e ta ils  o f  IIA R T S  an d  its  o p e ra tin g  sy s te m  H A R T O S . W e also  describe  

H M O N , a  m o n ito r  fo r re a l-tim e  sy s tem s , w hich w as used  to  co llec t th e  p e rfo rm a n c e  d a ta  

u sed  in th is  e v a lu a tio n .

7.2.1 H ARTS

W e a re  c u rre n tly  c o n s tru c tin g  a  19-node version  o f  H A R T S . E ach  H A R T S n o d e  

is a  sh a red  m em o ry  m u ltip ro c e sso r fo rm ed  by up  to  th re e  M o to ro la  68020 m ic ro p ro cesso rs  

w hich  serve a s  th e  ap p lic a tio n  p ro cesso rs  (A P s)  for th e  no d e . T h e  a rc h i te c tu re  o f  a  n o d e  

an d  th e  o p e ra t in g  en v iro n m e n t a re  show n in F ig . 7 .1 . In  th e  fina l vers ion , th e  m u ltip ro ­

cesso r nodes will be in te rc o n n e c te d  v ia  a  w rap p ed  hex ag o n a l m esh  in te rc o n n e c tio n  n e tw ork  

[12, 17]. A h ex ag o n a l m esh  is a  6 -reg u la r hom ogeneous g ra p h . T h e  19-node h ex ag o n a l m esh  

is show n in F ig . 7.2. T h e  a rro w s a t  th e  edges in d ica te  links t h a t  a re  “w ra p p e d ” from  one 

edge  n o d e  to  a n o th e r . T h e  A P s  a re  to  be  co n n ec ted  to  th e  n e tw o rk  by  cu sto m -d es ig n ed  

co m m u n ica tio n  h a rd w a re , called  th e  ne tw o rk  p rocesso r (N P ) . T h e  N P  ex ecu tes  th e  bu lk  

o f  th e  co m m u n ica tio n  p ro to co l so ftw are , th u s  relieving th e  A P s  o f  th is  ta s k . A ll n o d es 

a re  co n n ec ted  to  a w o rk s ta tio n  by a  sh a red  E th e rn e t. T h e  w o rk s ta tio n  is a lso  co n n ec ted  

to  th e  ca m p u s  c o m p u tin g  facilities by a  s e p a ra te  E th e rn e t co n n ec tio n . In th is  w ay, p ro ­

g ra m s  developed  an d  com piled  on  o th e r  com m only  used  w o rk s ta tio n s  m ay  be  d ow n loaded  

to  H A R T S , b u t H A R T S ex ecu tes  w ith  a  d ed ica ted  local E th e rn e t.  T h e  w o rk s ta tio n  also  

serves as th e  console for th e  H A R T S nodes. I t is co n n ec ted  v ia  a  m u ltip lex o r (M U X ) to  

th e  console se ria l p o r ts  on th e  S ystem  C o n tro lle r  ca rd s  o f  each H A R T S  n o d e . T h ese  seria l 

co n n ec tio n s  a re  p rim arily  used for rem o te  debugg ing . W hile th e  h ex ag o n a l m esh  n e tw o rk  is 

b e in g  designed  and  b u il t ,  th e  H A R T O S so ftw are  execu tes  on th e  E th e rn e t p ro cesso r (E N P ) 

a n d  uses th e  E th e rn e t as th e  co m m u n ica tio n  m ed ium . M ost o f  th e  o p e ra tin g  sy s tem  an d  

so ftw are  developed  w ith  th e  E th e rn e t is ex p ec ted  to  be  p o r ta b le  to  th e  h ex ag o n a l m esh  

in te rco n n ec tio n  n e tw o rk .
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7.2 .2  H ARTOS

A p re lim in a ry  version  o f  H A R T O S h as b een  co m p le ted  a n d  is o p e ra tio n a l [38]. I t 

is bu ilt u p o n  th e  rea l-tim e  ke rn e l pSO S [61] w hich p rov ides a  n u m b e r o f b asic  re a l-tim e  

kernel fu n c tio n s . A co m p le te  d iscussion  o f  pSO S m ay  b e  found  in [61]. W e p re se n t h ere  a  

b rie f d esc rip tio n  o f pSO S  an d  H A R T O S as th e y  ap p ly  to  th is  e v a lu a tio n .

p S O S

pSO S uses a  p rocess  m odel o f c o m p u ta tio n . S chedu ling  o f  p rocesses is p rio rity - 

b ased  w ith  p re e m p ta b le  an d  n o n p re e m p ta b le  m odes . C o m m u n ic a tio n  be tw een  p rocesses is 

v ia  ev en t signalling  an d  m essage  p ass in g  th ro u g h  s t ru c tu re s  ca lled  m essage  ex ch an g es . E ach  

p rocess  h a s  fifteen  even ts a sso c ia te d  w ith  i t  [61]. A  p rocess m ay  s ig n a l one  o r  m o re  ev en ts  to  

a n o th e r  p rocess. A p rocess  m ay  w ait for one o r  all o f several ev en ts . E v en ts  c o n ta in  no  d a ta  

a n d  a re  n o t q ueued ; if  an  even t is p en d in g , th e n  a  su b seq u en t sig n a llin g  o f t h a t  ev en t will 

b e  ignored . E xch an g es a re  d a ta  s t ru c tu re s  w here sh o r t,  fix ed -len g th  m essages an d  processes 

m ay  be  qu eu ed . I f  a  p rocess is qu eu ed  a t  an  ex ch an g e  an d  a  m essage  a rr iv es , th e  m essage  is 

cop ied  to  th e  p ro cess’s buffer a re a  a n d  th e  p rocess  is dequeued  an d  m a d e  read y  to  execu te . 

L ikew ise, if a  m essage  is queued  a t  th e  ex ch an g e  an d  a  p rocess p e rfo rm s a  sy s tem  call to  

receive a  m essage , th e  m essage  is copied to  th e  p rocess. T h e  p rocess  c o n tin u es  execu tion  

a n d  th e  m essage  is dequeued .

HARTOS Services

V ersion 1 o f  H A R T O S  w as developed  to  ex te n d  th e  pSO S  in te rp ro c e ss  co m m u ­

n ica tio n  m echan ism s to  o p e ra te  in  a  d is tr ib u te d  m u ltip ro cesso r en v iro n m en t. T o su p p o r t 

th e se  fac ilities, H A R T O S prov ides a  n am e service w hereby  p rocesses m ay  lo ca te  rem o te  

o b je c ts  w ith  w hich th e y  m u s t in te ra c t .  I t  does n o t p rov ide  su p p o r t  fo r tim e -c o n s tra in e d  

co m m u n ica tio n . V ersion 2 o f  H A R T O S , w hich is cu rren tly  u n d e r  d ev e lo p m en t, is designed  

to  p rov ide  such su p p o r t. A t th is  tim e , version 2 o f  H A R T O S is n o t y e t co m p le te . T h e re fo re , 

version  1 w as used fo r th is  e v a lu a tio n .

T h e  p ro g ra m m e r’s in te rfa ce  to  H A R T O S  is via a  n u m b er o f  p a ra m e te r iz e d  sy s tem  

calls. A u ser ta sk  h as co n tro l over several p a ra m e te rs  in th e ir  ex ecu tio n , inc lud ing  th e  

n u m b er o f  re tr ie s  an d  w h e th e r th e  call is b locking o r  non-b lock ing . A b lock ing  call is one 

in  w hich th e  user ta sk  w aits  u n til th e  o p e ra tio n  is co m p le ted  on th e  rem o te  p rocesso r and  

th e  re su lts  a re  re tu rn e d . For a  b locking call, a  ta sk  can specify a  tim e o u t p e rio d  w hich is 

th e  m ax im u m  d u ra tio n  th a t  it is w illing to  w ait. For a nonb lock ing  call, th e  ta sk  con tinues
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ex ecu tio n  im m ed ia te ly  u p o n  p lac in g  th e  call. T h e  N P  h an d les  th e  call p ro cessin g  b u t  no 

re su lts  a re  re tu rn e d  to  th e  ca lling  ta sk .

T h e  d is tr ib u te d  kernel fu n c tio n s  a re  h an d led  using  a  v a ria tio n  o f  th e  re m o te  p ro ­

ced u re  call (R P C )  m echan ism  [6]. A t th e  logical level, th e  o p e ra tio n s  involved  in  a  rem o te  

fu n c tio n  call can  be described  as  follow s. T h e  p rocesso r A P I  fo rw a rd s  th e  d a ta  to  th e  N P. 

T h e  N P  m a rsh a ls  th e  d a ta  in to  a  pack e t an d  tr a n s m its  th e  p a c k e t to  th e  N P  (N P 2 ) on 

th e  d e s tin a tio n  n ode . N P 2  now  in te rp re ts  th e  m essage , d e te rm in e s  th e  d e s t in a t io n  A P  an d  

fo rw a rd s  th e  m essage  to  th a t  A P  (say  A P 2 ). A P 2  ex ecu tes  th e  fu n c tio n  a n d  re tu rn s  th e  

rep ly  to  N P 2 . T h e  rep ly  th e n  tra c e s  its  w ay back  to  A P I .  T h e  se rv e r side h a n d lin g  fo r th ese  

fu n c tio n s  is non -b lock ing  an d  very  sh o r t an d  is execu ted  as p a r t  o f th e  in te r ru p t  h an d le r . 

T h is  e lim in a te s  th e  need for kernel server processes w hich a re  used  in  m an y  R P C  sy s tem s .

HARTOS Implementation

T h e  co m m u n ica tio n  sy s tem  for H A R T O S co n sis ts  o f  a g e n ts  on b o th  th e  A P  an d  

th e  N P . O n  th e  A P  side th e re  a re  re e n tra n t s tu b  in te rface  ro u tin e s  fo r th e  calls, a  com m on 

n e tw o rk  a g e n t to  co m m u n ica te  w ith  th e  N P , an d  an  in te r ru p t  h a n d le r . C o m m u n ica tio n  

b e tw een  th e  A P s an d  th e  N P  is th ro u g h  m ailboxes in th e  m em ory  o f  each  A P . T w o  m ailboxes 

a re  used  on  each  A P. O ne is for p a ss in g  d a ta  to  th e  N P  for a  re m o te  call. T h e  re e n tra n t s tu b  

in te rfa c e  ro u tin e s  e x tr a c t  th e  call p a ra m e te rs  an d  p lace  th e m  in to  a  m a ilbox . T h e y  th e n  tr a p  

to  th e  n e tw o rk  ag en t w hich synchron izes access to  th e  N P  an d  p laces th e  req u es t in to  th e  

m a ilbox . I f  th e  fu n c tio n  specifies a  b lock ing  o p e ra tio n  m o d e , th e  p ro cess  is th e n  su sp en d ed  

aw a itin g  a  com p le tion  signal from  th e  N P. O nce th e  p a ra m e te rs  o f  th e  call a re  p laced  in 

th e  m a ilb o x , a  flag is se t in th e  m em ory  o f th e  N P. A ccess conflic ts b e tw een  p rocesses on 

th e  A P  a re  p rev en ted  by using  a  n o n -p reem p t m ode w hile accessing  th e  m a ilbox . T h e  

o th e r  m ailb o x  is used to  pass d a ta  from  th e  N P  to  th e  A P. T h is  d a ta  can  be e ith e r  th e  

p a ra m e te r s  o f a  rem o te ly  g e n e ra te d  req u es t o r a  reply  from  a  call w hich o rig in a te d  from  th e  

A P . W h en  d a ta  is p laced  in th is  m ailbox , th e  in te r ru p t h an d le r is invoked to  ex ecu te  th e  

re m o te  call o r to  tra n s fe r  th e  re su lts  to  th e  A P . A ccess to  th e  m ailb o x es is g o verned  by a  

sim ple  p ro d u ce r-co n su m er ty p e  p ro to co l w ith  a  buffer size o f one.

T h e  N P  p ro g ram  co n sis ts  o f  several logical p rocesses co rre sp o n d in g  to  h an d le rs  

fo r d ifferen t o p e ra tio n s . T h e re  a re  se p a ra te  han d le rs  for m essage  sen d , p ack e t receive, an d  

tim e o u t. T h e se  a re  scheduled  by a  con tro l loop w hich polls th e  flags a sso c ia te d  w ith  th e  A P  

m ailboxes an d  such s tru c tu re s  a s  th e  queue o f incom ing  p ack e ts . W h en  one  o f th e se  d a ta  

s tru c tu re s  in d ica te s  th a t  a  ta s k  is to  be p e rfo rm ed , th e  a p p ro p r ia te  h an d le r is a c tiv a ted . 

T h e  h an d le rs  ru n  to  com pletion  and  th e re  is no processing  done  d u rin g  in te r ru p ts .
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T h e  in te rfa ce  be tw een  th e  N P  p ro g ra m  a n d  th e  E th e rn e t  C o n tro lle r  (L A N C E ) is 

th ro u g h  th e  K 1 kernel [14]. T h e  K 1 ke rn e l co n tro ls  th e  sen d in g  a n d  rece iv ing  of m essages. 

O u tg o in g  m essages a re  s u b m it te d  to  th e  K1 kernel by th e  N P  p ro g ra m . T h e  K1 kernel 

queues th e  m essages fo r tra n sm iss io n  by th e  L A N C E . It a lso  p rov ides an  in te r ru p t  serv ice  

ro u tin e  (IS R ) to  p ass  received p ack e ts  to  th e  N P  p ro g ra m . W h e n  a  p ack e t a rr iv e s  fo r th e  

N P , th e  K 1 kernel receive IS R  calls th e  N P  p ro g ra m ’s receive IS R  w hich p laces th e  p ack e t 

on  a q u eu e  o f  new ly received p a c k e ts . T h e  s t a tu s  o f th is  queue is checked  d u rin g  th e  N P  

p ro g ram  po lling  sequence . W h en  a  p ack e t is p re sen t on th e  queue , th e  receive h a n d le r  is 

called.

T h e  K1 kerne l a lso  p ro v id es a  t im e o u t h an d lin g  facility  w hich is used  by  th e  N P  

p ro g ram . T h e  N P  p ro g ram  se ts  t im e o u ts  fo r o u tg o in g  m essages an d  tr a n s a c t io n s  if req u es ted  

by  th e  ap p lic a tio n  process. W h en  a  t im e o u t o ccu rs , th e  K1 ke rn e l a c tiv a te s  th e  tim e r  IS R  

w hich queues th e  tim e o u t co n tro l d a ta  s t ru c tu re  on  th e  t im e o u t queue . T h is  queue is also  

checked d u rin g  th e  N P  p ro g ra m  po lling  sequence  an d  th e  tim e o u t h a n d le r  is a c tiv a te d  if a  

tim e o u t h a s  o ccu rred .

7.2.3 H M O N

T o co llect ex ecu tio n  d a t a  d u rin g  th e  ev a lu a tio n , w e use  H M O N , a  m o n ito r  fo r 

d is tr ib u te d  rea l-tim e  sy s tem s [16]. H M O N  w as designed to  s u p p o r t  serv ices like deb u g g in g  

d is tr ib u te d  rea l-tim e  a p p lic a tio n s , a id ing  re a l- t im e  ta sk  sch ed u lin g , an d  m easu rin g  p e rfo r­

m an ce . M o n ito rin g  is p e rfo rm ed  tr a n s p a re n t ly  so  th e  p ro g ra m m e r is n o t fo rced  to  ad d  

special m o n ito r in g  code to  ap p lic a tio n s . H M O N  is flexible en ough  to  o b se rv e  b o th  h igh- 

level ev en ts  th a t  a re  o p e ra tin g  sy s tem - an d  ap p lica tio n - specific a s  well a s  low -level ev en ts  

like sh a re d  v ariab le  references.

T h e  H M O N  ru n s  on a  d ed ica ted  A P , called th e  m o n ito r  p ro cesso r (M P ) , on  each  

node o f  H A R T S . A d d itio n a l code  to  collect d a ta  ru n s  on th e  N P  a n d  th e  A P s o f each  node  

(see F ig . 7 .3 ). T h e  m o n ito rin g  sy s tem  can be d iv ided  in to  th re e  ph ases : d a ta  e x tra c tio n  on 

th e  A P s an d  N P, d a ta  com pression  on th e  m o n ito rin g  p rocesso r, an d  u p lo ad in g  logged d a ta  

to  an e x te rn a l w o rk s ta tio n . D a ta  on m o n ito red  ev en ts  is acq u ired  th ro u g h  code in se rted  

in to  th e  m o n ito re d  so ftw are . S y stem  calls a re  m o n ito red  tr a n s p a re n t ly  by using pS O S  an d  

H A R T O S system  call in te rfaces w hich have  been in s tru m e n te d  to  p ro d u ce  m o n ito r  d a ta .  

H M O N  also  m o n ito rs  in te r ru p ts  a n d  co n te x t sw itches. All e x tra c te d  d a ta  is se n t to  th e  M P 

w here it is o rd e red  an d  co m p ressed  by a  p rocess ex ecu tin g  on  th e  M P. A t th e  end  o f  an  

ex p e rim e n t, d a ta  is u p loaded  from  th e  M P  to  a  w o rk s ta tio n  o u ts id e  H A R T S.
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F ig u re  7.3: M o n ito r d a ta  co llection .

7.3 E xperim ental D esign

S im ple, baseline m e a su re m e n ts  o f  H A R T O S  p e rfo rm a n c e  w ere re p o r te d  in [38]. 

T h a t  ev a lu a tio n  w as lim ited  to  co m m u n ica tio n  be tw een  tw o  n o d es , each  w ith  a  single process 

ex ecu tin g  on a  single p ro cesso r. By using  th e  S W G , we can  p e rfo rm  m uch  m ore  so p h is tic a ted  

ev a lu a tio n s . T h e  ev a lu a tio n  described  in th is  section  w as a im ed  a t  d e te rm in in g  w hich 

w ork load  an d  sy s tem  co n fig u ra tio n s  m o s t aiTected th e  p e rfo rm an ce  o f  IIA R T O S .

W e w an ted  to  c o m p a re  th e  effects o f  various fa c to rs  o n  th e  p e rfo rm an ce  o f  th e  

H A R T O S  co m m u n ica tio n  fac ilities. W e used a  2k r  full fa c to ria l e x p e rim e n t w ith  tw o  levels 

fo r each o f k  fa c to rs  an d  r  re p e tit io n s  o f  each  ex p e rim e n t. F o u r p r im a ry  fa c to rs  w ere 

used . T h ey  w ere: n u m b e r o f  nodes ( TV), n u m b e r o f  p ro cesso rs  p e r  n o d e  ( P ), n u m b er o f 

send ing  ta sk s  p e r p rocesso r (T ) ,  and  n u m b er o f seq u en tia l send  calls p e r  ta sk  (C ) .  E ach 

e x p e rim en t w as re p e a te d  r  =  5 tim es to  allow  us to  e s tim a te  th e  e x p e rim e n ta l e rro r . F ac to r 

c o m b in a tio n s  for each ex p e rim en t will be in d ica ted  by th e  tu p le  (TV, P , T , C ) .

T o allow  com parison  o f effects, each fa c to r  was e v a lu a te d  a t  tw o levels, one  w ith  a  

low value an d  one w ith  a  high value. T h e  low values w ere d e te rm in e d  by logical lim ita tio n s . 

A ll fa c to rs , ex cep t TV, h ad  low values of 1. T h e  low value fo r TV w as 2 since a t  le a s t tw o 

nodes a re  req u ired  to  c o m m u n ica te  over th e  n e tw o rk . T h e  high va lue  fo r TV w as 4. A t th e  

tim e  o f  th e  ev a lu a tio n s , on ly  4 H A R T S nodes w ere configured  w ith  enough  A P s for th e  

e x p e rim en ts . T h e  high value for P  w as 2. T h e re  can  be up  to  th r e e  p rocesso rs  p e r  node, 

b u t one is req u ired  for th e  m o n ito r . T h ere fo re , only  tw o w ere av a ilab le  for th e  w ork load . 

T h e  h igh values for T  and  C  w ere chosen to  be 10. P re lim in a ry  ev a lu a tio n s  in d ica ted  th a t  

p e rfo rm an ce  m ig h t level off w ith  g re a te r  th a n  5 ta sk s . T h e re fo re , it  w as decided th a t  10
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F ig u re  7.4: P ro d u c e r-C o n su m e r m odel for w o rk load .

ta sk s  w ould  be  suffic ien t to  o b se rv e  a  m ax im u m  p erfo rm an ce  value.

O n ly  th e  values o f th e  p rim a ry  fa c to rs  w ere changed  be tw een  e x p e rim e n ts . A 

n u m b e r o f p a ra m e te r s  o f  th e  w ork load  w ere fixed. T h e  on ly  ca ll ty p e  considered  w as th e  

r s e n d _ x ( )  call. T h is  call sends a  sh o r t, fixed -leng th  m essage to  a  rem o te  m essage  exchange. 

T h is  call w as chosen  a rb itra r ily . I t  w as show n in [38] th a t  all rem o te  calls h ad  ap p ro x im a te ly  

th e  sam e ex ecu tio n  tim es . T h e re fo re , an y  call could have been  used . All calls w ere b lock ing , 

a n d  a  fixed t im e o u t w as se t for each  call. N o re tr ie s  w ere allow ed.

F o r each  co m b in a tio n  o f  fa c to r  levels, th e  w ork load  w as ex ecu ted  a n d  tw o p e rfo r­

m an ce  ind ices  w ere m easu red . T h e  firs t w as th e  tim e , t ,  req u ired  to  co m p le te  a  b lock ing  

m essage  send  acro ss  th e  n e tw o rk . T h is  value included  th e  tim e  to  send  th e  m essage  and  

to  receive th e  rep ly  in d ic a tin g  th a t  th e  m essage  w as delivered  successfully . W e will refer to  

th is  value a s  th e  m essage  re sp o n se  tim e . T h e  second  p e rfo rm an ce  index  w as th e  p e rcen tag e  

o f  m essages th a t  w ere lo s t, m .  T h is  index was m easu red  by c o u n tin g  th e  n u m b er o f  send 

req u es ts  th a t  tim ed  o u t.  T h e  co u n t w as verified by co m p arin g  th e  n u m b e r o f  m essages sen t 

w ith  th e  n u m b e r  o f tim e s  th a t  th e  receiv ing  ta sk s  received a  m essage.

7.4 S yn th etic  W orkload Specification

T h e  SW  used in  C h a p te r  6 d e m o n s tra te d  th e  fe a tu re s  o f  th e  S W  th a t  can  b e  used 

w hen  e v a lu a tin g  processo r-level p e rfo rm an ce . In  th is  c h a p te r , we a re  in te re s te d  in n e tw o rk  

p e rfo rm an ce . W e a re  on ly  in te re s te d  in processor-level de ta ils  in som uch  as  th ey  influence 

n e tw o rk  p e rfo rm an ce . T h e re fo re , for th is  S W , th e  functions ex ecu ted  by th e  ta s k s  w ere 

re la tiv e ly  s im p le  in s t ru c tu re .  T h e  o p e ra tio n s  consisted  p rim arily  o f sy n th e tic  o p e ra tio n s  

to  p ro d u ce  n e tw o rk  tra ffic . W e c o n cen tra ted  on th e  s t ru c tu re  o f th e  ta sk  g rap h  a n d  th e
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p la c e m e n t o f co m m u n ica tin g  ta s k s  such  th a t  n e tw o rk  tra ffic  w as care fu lly  co n tro lled .

T h e  w ork load  fo r th is  ex p e rim e n t co n sis ted  o f p a irs  o f ta s k s  w ith  a  sim ple  p ro d u ce r- 

co n su m er co m m u n ica tio n  re la tio n sh ip . M essages w ere sen t from  th e  p ro d u c e r  to  th e  ex ­

ch an g e  th a t  w as re a d  by th e  co n su m er. A n ex am p le  o f tw o  p a irs  on  tw o n o d es  is show n in 

F ig u re  7 .4 . T h is  co n fig u ra tio n  co rre sp o n d s  to  th e  ( 2 ,1 ,1 ,  C )  w o rk lo ad s , fo r a ll values of C.  

F o r a  g iven p ro d u ce r-co n su m er p a ir , th e  p ro d u c e r  an d  co n su m er w ere a lw ays on  se p a ra te  

n o d es . T h e re  w ere T  p ro d u ce rs  ex ecu tin g  on each  o f th e  N  x  P  a c tiv e  p ro cesso rs  in  each 

ex p e rim e n t. For w ork loads c o n ta in in g  m ore  th a n  one p a ir , th e  p ro d u c e r , co n su m er, an d  

ex ch an g e  w ere specified using  o b je c t te m p la te s  a n d  m u ltip le  in s ta n c e s  o f  th e  o b je c ts  w ere 

p ro d u c e d . T h e  p ro d u c e r  ex ecu ted  period ica lly . P eriod ic  ex ecu tio n  allow ed us to  o b ta in  m u l­

tip le  m e a su re m e n ts  o f  t fo r each  ru n  o f th e  e x p e rim en t. T h e se  values w ere used  to  ca lcu la te  

th e  m ean  value fo r t fo r each  e x p e rim en t w ith  a  precision  g re a te r  th a n  th e  clock reso lu tio n  

w ould  allow  fo r in d iv id u a l m e a su re m e n ts . D u rin g  each p e rio d  th e  p ro d u c e r ex ecu ted  a  se­

q u en ce  o f  C  re m o te  sy s tem  calls. D ead lines w ere defined to  be s ligh tly  less th a n  th e  p e riod  

le n g th . T h e  d ifference be tw een  th e  d ead lin e  an d  th e  p e rio d  w as to  g ive th e  SW  tim e  to  

p rocess  an y  m issed  dead lin es . H ow ever, no dead lines sh o u ld  be  m issed  b ecau se  th e  perio d  

a n d  d ead lin e  w ere defined  to  g ive sufficient tim e  for all calls by all ta sk s  o n  th e  p rocesso r 

to  tim e  o u t. T ask  p rio ritie s  w ere fixed such th a t  th e  send ing  ta s k s  h ad  h ig h er p rio ritie s  

th a n  th e  receiv ing  ta sk s . W e w an ted  th e  w ork load  to  p ro d u ce  m essages a t  th e  m ax im u m  

ra te .  T h e re fo re , send ing  m essages w as m ore  im p o r ta n t.  S ince m essages w ere queued  a t  th e  

receiv ing  en d , rem ov ing  th e  m essages from  th e  exchanges w as less c ritica l. A lth o u g h  th e  

ex ch an g e  m essage  queues h a d  u n lim ited  cap ac ity , q ueue ing  m essages used  lim ited  m em ory  

reso u rces. T h e re fo re , it w as necessary  th a t  th e  co n su m er ta sk  b e  ex ecu ted  w henever th e  

C P U  w as o th e rw ise  id le  an d  th e re  w ere queued  m essages. H ow ever, th is  p rocess  could  be 

re leg a ted  to  a  low er p r io r ity  level.

T h e  g ra p h  file for th e  SW  is listed  in A p p en d ix  H. T h e  g ra p h  file show n is a c tu a lly  

th e  file used  for th e  ( 4 ,1 ,1 0 ,1 0 )  w ork load . F or o rg a n iz a tio n a l p u rp o ses  we c o n s tru c te d  

s e p a ra te  g ra p h  files for each  w ork load  co n fig u ra tio n . T h e  files w ere id en tica l ex cep t fo r th e  

values o f th e  p a ra m e te rs  th a t  d e te rm in e  th e  fou r ex p e rim en ta l fac to rs .

For th is  ex p e rim e n t, we have used a  n u m b er o f SW SL  fe a tu re s . F or ex am p le , we 

to o k  a d v a n ta g e  o f  th e  ab ility  to  define c o n s ta n ts . T w o  c o n s ta n ts , n u m .ta s k s  a n d  lo o p c o u n t ,  

a re  o f  p r im a ry  im p o rta n c e . T h e y  defined th e  n u m b e r o f ta sk s  an d  n u m b e r o f  calls p e r ta sk , 

respective ly . T h e  value for C  w as im p lem en ted  d irec tly  th ro u g h  th e  lo o p c o u n t  c o n s ta n t. 

I t s  u se  in  th e  fu n c tio n s file is d iscussed  below . T h e  n u m .ta s k s  c o n s ta n t d id  n o t d irec tly  

im p lem en t th e  value for T .  In s te a d , th is  c o n s ta n t w as used as th e  basis for ca lc u la tin g  o th e r
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p a ra m e te r  va lues th a t  d ep en d ed  on  T .  T h e  n u m b e r o f ta sk s  w as im p lem en ted  th ro u g h  th e  

ACTIVE p a ra m e te r  fo r th e  ta s k s . T h is  p a ra m e te r  in d ica ted  w h e th e r  a  ta s k  w ou ld  e x ecu te  

d u rin g  a  g iven ru n  o f th e  S W . F o r th e  w o rk loads w ith  T  =  1, th e  ACTIVE p a ra m e te r  fo r 

t a s k l  a n d  t a s k 2  w as se t to  t r u e .  All o th e r  ta sk s  h ad  th e  p a ra m e te r  se t to  f a l s e .  F o r th e  

w o rk loads w ith  T  =  10, all ta s k s  h ad  an  ACTIVE p a ra m e te r  value o f t r u e .  O th e r  im p o r ta n t  

p a ra m e te r s ,  such  a s  th e  ta s k  p e rio d , ta sk  dead lin e , a n d  th e  d u ra t io n  o f  th e  e x p e rim e n t, 

w ere defined  as fu n c tio n s  o f  th e se  c o n s ta n ts . W ith  th is  te ch n iq u e , we on ly  needed  to  ch an g e  

th e  values o f  th e se  tw o  c o n s ta n ts  an d  all p a ra m e te rs  th a t  d ep en d ed  o n  th e m  w ere chan g ed  

au to m a tic a lly .

T h e  w o rk lo ad  ta sk s  a n d  s to re s  w ere defined in  th e  DEFINITIONS sec tion . F or 

w o rk loads w ith  te n  ta s k s , te n  s e p a ra te  source  an d  d e s tin a tio n  p a irs  w ere defined. T h is  w as 

n ecessary  b ecau se  o b je c ts  on th e  sam e  p rocesso r m u s t be  defined un iquely . E x cep t fo r th e  

values o f  th e  ACTIVE a n d  PROCESSOR p a ra m e te r s , th e  o b je c t defin itions d id  n o t vary  b e tw een  

co n fig u ra tio n s . All o th e r  p a ra m e te r s  th a t  v ary  w ere rep laced  w ith  c o n s ta n ts .

T h e  fa c to rs  N  an d  P  w ere im p lem en ted  th ro u g h  th e  values fo r th e  PROCESSOR 

p a ra m e te r s  o f  th e  o b je c ts . C o n s ta n ts  w ere used  to  define th e se  values. W e fo u n d  it  m uch  

easie r to  ch an g e  th e  values w hen  th e y  w ere g ro u p ed  to g e th e r  in th e  CONSTANTS sec tio n . F or 

all o f th e  N  =  2 w ork lo ad s , th e  p ro d u c e r ta sk s  sen t m essages to  co n su m er ta sk s  lo c a te d  on  

th e  c o rre sp o n d in g  p ro ce sso r o f  th e  o p p o s ite  node. For th e  N  — 4 , T  — 1 w o rk lo ad s , th e  p ro ­

d u ce rs  sen t m essages to  th e  n e x t n o d e  in sequence , m odu lo  N . T h a t  is, p ro cesso r 6 se n t to  

p ro cesso r 8; p ro ce sso r 8 sen t to  p rocesso r 9; p rocesso r 9 sen t to  p ro cesso r 10; an d  p ro cesso r 

10 sen t to  p ro ce sso r 6 1. T h e  goal w as to  p ro d u ce  a  m ore  d is tr ib u te d  traffic  p a t te rn .  T h e  

N  = 4, T  = 1 0  w o rk lo ad s h a d  a  m ore  com plex  p rocesso r ass ig n m en t. T h e  ta s k  g ra p h  c o rre ­

sp o n d in g  to  a  p o r t io n  o f  th e  p ro ce sso r a ss ig n m en t for th e  (4 ,1 ,1 0 ,1 0 )  w ork load  is show n in 

F ig u re  7.5. T h e  p ro d u c e r  ta s k s , ta s k l* ,  on n o d e  rtc l6 , p rocesso r 1 (d e n o te d  r t c l 6 1  in  th e  

g ra p h  file) a re  show n w ith  th e ir  resp ec tiv e  d e s tin a tio n  exchanges, s to r e l* ,  a n d  co n su m er 

ta sk s , ta sk 2 * . T h e  p ro d u c e r  ta s k s  for p rocesso rs rtc l8 1 , r tc l9 1 , and  r t c l a l  h ad  e x a c tly  th e  

sam e  re la tio n sh ip  to  th e ir  d e s tin a tio n  exchanges an d  ta sk s . F or each se t o f p ro d u c e r  ta sk s  

in  th ese  w ork lo ad s , we d is tr ib u te d  th e  d e s tin a tio n  exchanges an d  ta sk s  am o n g  th e  th re e  

rem a in in g  no d es. T h e  p u rp o se  w as to  d is tr ib u te  th e  co m m u n ica tio n  lo ad  acro ss th e  sy s te m . 

T h is  version  o f  H A R T O S  does n o t su p p o r t d is tr ib u te d  clock sy n ch ro n iza tio n . T h ere fo re , it 

w as know n befo re  th e  ex p e rim e n ts  th a t  th e  m e th o d  used to  synch ron ize  th e  ro o t ta sk s  in  

th e  SW  w ould p ro v id e  loose sy n ch ro n iza tio n  a t  b es t. I t w as hyp o th es ized  th a t  th is  loose

'T h e  H A R TS nodes used in these experim ents were designated rtc!6, rtcl8 , rtc!9, and  rtclA .
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ncl6,processorl

tn ^ lc  1 r  i , K k 1 r  l.-i^k 1 ( ' t n s k l l  i n s k i  [  i n s k l 1 f| n s k l i( g |

riclA, processor 1 rtcl8, processor 1

X  store lb

X  slorelc—

X  storeT

X  storelh

X  store if-

ncl9, processor 1

X  storela | X  store Id | X  storeT

F igu re  7.5: W ork load  ( 4 ,1 ,  10, 10). P ro d u c e r  ta sk s  on RTCLG w ith  co rre sp o n d in g  consum er 
ta sk s .
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sy n c h ro n iz a tio n  m ig h t re su lt in a  re la tiv e  m isa lig n m en t o f  th e  p e rio d s  o f th e  p ro d u c e r  ta s k s  

on d iffe ren t p ro cesso rs . As a  re s u lt ,  th e re  m ig h t be h igh c o n ten tio n  fo r n e tw o rk  resou rces 

be tw een  re la tiv e ly  sy n ch ro n ized  p rocesso rs , b u t l i t t le  o r  no co n ten tio n  en c o u n te re d  by th e  

less sy n ch ro n ized  p ro cesso rs . U n d e r th e se  c ircu m stan ces , th e  varian ce  b e tw een  th e  m ean  

p e rfo rm a n c e  values m easu red  o n  th e  d ifferen t p rocesso rs  could  be  h igh . In  a n  a t t e m p t  to  

c o u n te ra c t th is  poss ib ility , we d is tr ib u te d  th e  lo ad  caused  by a  single n o d e  acro ss th e  r e ­

m a in in g  n o d es . T h e  re s u lt w as ex p ec ted  to  be a  h igher p ro b ab ility  th a t  a  g iven  node  w ould  

e n c o u n te r  co n te n tio n  from  o th e r  nodes, and  th u s  a  red u c tio n  o f th e  in te rp ro c e sso r  v ariance . 

T h e  a c tu a l  re su lts  o f  th is  d is tr ib u tio n  o f  load  is d iscussed  in S ection  7.5.

T w o  fu n c tio n s  w ere u sed  in  th is  w o rk load , f u n l ( )  a n d  f u n 2 ( ) .  f u n l O  w as th e  

p ro d u c e r  an d  f u n 2 ( )  w as th e  co n su m er. T h ese  fu n c tio n s  a re  show n in A p p e n d ix  I. T h ese  

e x a c t sam e  fu n c tio n s  spec ific a tio n s w ere used for all ex p e rim en ts . T h e  va lue  o f lo o p c o u n t  

w as ch an g ed  d ep en d in g  on  th e  value o f C  fo r th e  w ork load . S ince lo o p c o u n t  w as defined  

in th e  g ra p h  file, no  changes w ere m ad e  to  th e  fu n c tio n s file fo r th e  d iffe ren t w ork load  

co n fig u ra tio n s .

T h e  fu n c tio n  s t ru c tu re s  w ere sim ple. D uring  each in v o ca tio n , f u n l O  sen t m es­

sages to  th e  ex ch an g e  th a t  w as read  by f u n 2 ( ) .  T h e  lo o p c o u n t  c o n s ta n t d e te rm in ed  th e  

n u m b e r o f m essages sen t. M essages w ere sen t u sing  th e  s w r i t e Q  sy n th e tic  o p e ra tio n . T h e  

sy n ta x  for th is  o p e ra t io n  is s w r i te ( o u tp u t_ n a m e ,  w a i t J l a g ,  r e t r i e s ,  t i m e o u t ) .  B e­

cau se  o f  th e  sp ec ific a tio n  of th e  s to re s , th e  s w r i t e Q  o p e ra tio n  p e rfo rm ed  th e  rem o te  send  

u sing  th e  H A R T O S  r s e n d _ x ( )  call. E ach  call w as given a  tim e o u t o f 200 m illiseconds. F rom  

p re lim in a ry  m e a su re m e n ts  we d e te rm in ed  th a t  th is  w as a t  leas t tw ice th e  ex p ec ted  m a x i­

m um  value  for a  g iven call. T h e re fo re , unless th e  m essage w as lo s t, each  call shou ld  have  

co m p le ted  befo re  th e  tim e o u t. N o re trie s  w ere specified, because  we w an ted  to  m easu re  th e  

tim e  fo r a  single a t t e m p t  a t  each  call. R e tries  could in tro d u ce  a  m u ltim o d a l d is tr ib u tio n  fo r 

th e  m essage  re sp o n se  tim e ; we w an ted  to  avoid th is  possib ility . f u n 2 ( )  ex ecu ted  a  b lock ing  

read  co m m an d  w ith in  an  in fin ite  loop. I t read  as m an y  m essages as w ere received  by th e  

ex change  a n d  blocked on  th e  re a d  call if no m essages w ere p resen t.

T h e  ex p e rim e n t file defines th e  ex p e rim en ta l p a ra m e te rs . D ue to  th e  e x p e rim e n ta l 

in s tru m e n ta t io n  used fo r th is  ev a lu a tio n , we could no t use th e  m u ltip le  ru n  facility . F or 

som e u n ex p la in ed  rea so n , th e  p rocess  o f u p load ing  th e  H M O N  d a ta  a f te r  an  ex ecu tio n  o f 

th e  SW  cau sed  su b seq u en t ru n s  o f th e  SW  to  fail. H ence, we w ere req u ired  to  rese t th e  

H A R T S h a rd w a re  an d  dow n load  th e  so ftw are  betw een runs . T h ere fo re , th e  ex p e rim en ts  

w ere defined  to  have  a  single ru n . All p rocesso rs w ere to  have th e  sam e  e x p e rim en ta l 

p a ra m e te rs . T h e re fo re , th e  d e f a u l t  p rocesso r label w as used. T h e  len g th  o f each  run  w as
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b ased  on th e  loop  co u n t, n u m b e r o f  ta sk s , a n d  p e riod  o f  th e  ta s k . T h e  goal w as to  ru n  th e  

e x p e rim e n t u n til a  to ta l  o f  ap p ro x im a te ly  1000 m essages h a d  been  sen t by th e  ta s k s  on  each 

p ro cesso r.

7.5 E xperim ental R esu lts

F or each  of th e  s ix teen  fa c to r  c o m b in a tio n s , five e x p e rim e n ts  w ere ru n  an d  m e a ­

su re m e n ts  w ere m a d e . D u rin g  th e  ex p e rim en ts , th e  SW  w as th e  on ly  w ork load  e x ecu tin g  

o n  H A R T S . T h e  m o n ito r  co llected  d a ta  on  all pSO S a n d  H A R T O S  calls . It a lso  reco rded  

th e  o ccu rren ce  o f  all in te r ru p ts .  T h u s , w e w ere ab le  to  c o u n t tim e  by  n o tin g  th e  tim in g  

in te r ru p ts .  U sing  th is  in fo rm a tio n , we reco rded  th e  tim e  th a t  each  r s e n d _ x ( )  call w as 

m ad e  a n d  th e  tim e  th a t  th e  rep ly  w as received , i.e ., th e  rep ly  m a ilb o x  in te r ru p t  o ccu rred . 

B y  reco rd in g  th e  tim e  th a t  th e  rep ly  in te r ru p t  occu rred  in s te a d  o f  reco rd in g  th e  tim e  th a t  

th e  ta sk  received th e  m essage, we e lim in a ted  from  th e  re sp o n se  tim e  th e  delay  cau sed  by 

m u ltip ro cess in g  o n  th e  p ro cesso r. T h e  response  tim e  on ly  in c luded  th e  m essage  p ro cessin g  

tim e; it d id  n o t inc lude  th e  schedu ling  delay  in cu rred  by th e  ta s k . T h e  s h o r te s t  in te rv a l 

fo r th e  clock in te r ru p ts  allow ed by th e  sy s tem  w as 1 m illisecond . T h e re fo re , o u r  tim in g  

g ra n u la r i ty  w as re s tr ic te d  to  th is  value.

To an a lyze  th e  d a ta ,  we use a  m u ltip lica tiv e  m odel fo r th e  p re d ic te d  value o f  th e  

p e rfo rm an ce  in d ex  as a  fu n c tio n  o f  th e  fa c to rs . W e chose a  m u ltip lic a tiv e  m odel based  on  

th e  e x p e c ta tio n  th a t  th e  p e rfo rm an ce  of th e  sy s tem  is a  fu n c tio n  o f  to ta l  n e tw o rk  lo ad , an d  

th e  o b se rv a tio n  th a t  th e  to ta l  n e tw ork  load  is d e te rm in ed  by th e  p ro d u c t o f  th e  various 

fa c to rs . F o r ex am p le , w hen we increased  T  from  1 to  10, w e in c reased  th e  n u m b e r o f ta sk s  

o n  each p ro cesso r. T h ere fo re , th e  to ta l  load  on  th e  netw ork  w as m u ltip lied  by  10, e .g ., th e  

( 4 ,2 ,1 ,1 )  w ork load  co n ta in ed  8 ta sk s , b u t th e  (4 ,2 ,1 0 ,1 )  w ork load  co n ta in ed  80 ta sk s .

T h e  m odel we use is

—  e Q0 e 1 N * N  e Q P * r  e lI T * T  e Q C Z C  g l N P l ' N Z P  _ £ 1 N  P T C *  N x  P ^ T X C  g t s , ,  (7 1)

W h ere  yi j  is th e  value o f th e  p e rfo rm an ce  index  for th e  y'th e x p e rim e n t u s in g  th e  i th  

w ork load  co n fig u ra tio n , th e  rys a re  th e  effects of th e  various fa c to rs  an d  co m b in a tio n s  o f
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F a c to r  levels 
T , N , C , P t Si In t

1, 2 ,  1, 1 5.67 0.376 1.73
1, 2 , 1, 2 5.0 0.00019 1.61
1, 2 , 10, 1 5.05 0.359 1.62
1, 2 , 10, 2 5.13 0.0128 1.63
1 ,4 ,  1, 1 4.64 0.0662 1.53
1 ,4 ,  1 ,2 4.75 0.00315 1.56
1 ,4 ,  10, 1 5.22 0.0479 1.65
1 ,4 ,  1 0 ,2 5.05 0.109 1.62
10, 2 , 1, 1 18.8 4.8 2.90
10, 2 , 1, 2 18.3 6.86 2.84
10, 2 , 10, 1 26.4 4.82 3.26
10, 2 , 10, 2 36.4 8.04 3.57
1 0 ,4 ,  1, 1 15.6 5.13 2.70
10, 4 , 1, 2 10.6 0.678 2.36
10, 4 , 10, 1 11.7 1.24 2.45
10, 4 , 10, 2 12.5 2.0 2.52

T ab le  7.1: R esu lts  for re sp o n se  tim e: m ean  7, s ta n d a rd  d ev ia tio n  s(, an d  m ean  o f  th e  
tra n sfo rm e d  d a ta  In t.

fa c to rs , E{j  is th e  e rro r , an d

( —1 if 2 nodes 

1 if 4 nodes

i —1 if 1 p rocesso r per node 

1 if 2 p rocesso rs per node

( —1 if 1 send ing  ta sk  per p rocesso r 

1 if 10 send ing  ta sk s  p e r p rocesso r 

1 if 1 call p e r  ta sk  

1 if 10 calls p e r ta sk .

If we perfo rm  a  log tra n s fo rm  on th e  in p u t d a ta ,  we g e t a  no n lin ea r regression  

m odel o f th e  form

ln ( j/ ij) =  qo + <lNXN + <lpxp + q r x r  + ( i c x c  + (JNPXNXp + . . ,+<i n p t c x n x p x t x c  + E i j .  (7 .2 )

W e can easily  solve th is  m odel for th e  qs using know n tech n iq u es for non lin ear reg ression  

m odels [34],

T ab le  7.1 show s th e  re su lts  o f th e  ex p e rim en ts  for th e  response  tim e , t. T he  

reason  for th e  reo rd e rin g  o f th e  fa c to rs  will becom e a p p a re n t la te r . For each fac to r level
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E ffect V alue 90% C onfidence  In te rv a l

9o 2.22 [2.19, 2.26]

9N -0.1748 [-0.208, -0.139]

9P -0.00850 [-0.0431, 0.02G1]
q t 0.G02 [0.568, 0.G37]

<IC 0.0G84 [0.0338, 0.103]

<]NP -0.0274 [-0 .0021 ,0 .00717]

(1NT -0 .145 [-0.18, -0.11]

<INC -0.05GG [-0.0912, -0.0219]
qpT 0.00571 [-0.0289, 0.0403]

q p c 0.0537 [0.0191, 0.0883]

<ITC 0.0574 [0.0228, 0.0921]

([NPT -0.0394 [-0.074, -0.00479]

<]NPC -0.0104 [-0.045, 0.0243]

<JNTC -0 .0903 [-0 .125 ,-0 .0556]

(1PTC 0.0431 [0.00844, 0.0777]

<IN PTC 0.0144 [-0.0202, 0.049]

T ab le  7.2: E ffects for th e  m u ltip lica tiv e  m odel fo r t.

co m b in a tio n , we see th e  m ean  o f th e  response  tim e , 7, th e  s ta n d a rd  d e v ia tio n , s t , a n d  th e  

m ean  o f th e  log o f th e  response  tim e , In t. T h e  values for th e  re sp o n se  tim e  do  n o t inc lude  

th e  resp o n se  tim e  (a c tu a lly  th e  tim e o u t tim e) for calls w here th e  m essages w ere lo s t. T h e  

u n tra n s fo rm e d  values, 7 an d  s t , a re  p resen ted  for reference only. All an a ly s is  w as d o n e  w ith  

th e  tra n s fo rm e d  values.

Solving for th e  q values is done  using th e  sign ta b le  tech n iq u e  described  in  [34]. 

T h is  m e th o d  c o n s tru c ts  th e  2 k lin ear eq u a tio n s  fo r i/t , th e  p re d ic te d  value o f  y;. I t  th en  

solves th e  sy s tem  o f  e q u a tio n s  for th e  q values. U sing th is  te ch n iq u e  an d  so lv ing  for th e  

q va lues, we g e t th e  re su lts  in T ab le  7.2. T h e  90%  confidence in te rv a ls  for th e  effects a re  

a lso  g iven. If th e  confidence in te rva l co n ta in s  0, then  th e  effect is n o t s ign ifican t a t  th is  

confidence level. P lugg ing  th e  sign ifican t values in to  E q u a tio n  7.2, we g e t
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F a c to r (s )  P e rc e n ta g e

T 77.5
N 6.45
E R R O R 5.87
N T 4.49
N T C 1.74
C 1.0
T C 0.704
N C 0.683
P C 0.616
P T C 0.396
N P T 0.332
P 0.0
P T 0.0
N P 0.0
N P C 0.0
N P T C 0.0

T ab le  7.3: P e rc e n ta g e  o f t ' s  v a ria tio n  exp la ined  by each  effect.

ln ( t i j )  =  2 .22  +  0 .6 0 2 x j’ -  0.1748a;yv -  0 .1 4 5 i-/va.'r — 0.0903a:/va:7-xc 

+ 0 .0 6 8 4 x c  +  0.0574XJ-XC -  0 .0566xyv£c +  0 .0 5 3 7 x p x c  

-f-0.0431x.pX7’arc — 0 . 0 3 9 4 x j v x p x x  +  E i j  (7-3)

or equ ivalen tly ,

Uj = 9.21 x 1.83XT x  0 .840XJV x 0 .865XWXT x  0 .914IwXTXC x 1.07xc

x l .0 6 XTXc X 0 .945xwxc x 1.06xpxc x 1.04xpXT1'c x  0 .961xwxpXT

x e E'J . (7 .4 )

T able  7.3 show s th e  p e rc e n ta g e  of th e  v a ria tio n  in th e  m ean  re sp o n se  tim e  th a t

is ex p la in ed  by each  fa c to r , c o m b in a tio n  o f fa c to rs , an d  e x p e rim en ta l e r ro r . T h e  en tr ie s

are  o rdered  by level o f im p o rta n c e . T h e  fa c to r  T  is th e  m o s t im p o r ta n t.  I t  a cco u n ts  for

77 p e rcen t o f th e  to ta l  v a ria tio n . T h e  second  m o s t im p o r ta n t fa c to r is N . T h e  fa c to r  N 

an d  th e  in te ra c tio n  of N a n d  T  acco u n t for 11 p e rcen t o f th e  to ta l  v a ria tio n . All en tr ie s

labelled  as 0.0 p e rcen t a re  no t s ta tis tic a lly  sign ifican t a t  a  90 p e rcen t confidence level.

T hese  insign ifican t fa c to rs  inc lude  th e  p rim a ry  fac to r P. F a c to r  C is b are ly  sign ifican t; it 

only  ex p la in s  1.0 p e rcen t o f th e  to ta l  v a ria tio n . T h e  e x p e rim en ta l e rro r  a cco u n ts  for less 

th a n  6 p e rcen t o f th e  to ta l  v a ria tio n . T h is  level is a ccep tab le .

T h e  large  effect asso c ia ted  w ith  T , th e  n u m b er o f p ro d u ce r ta sk s  on each  p ro cesso r,
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p o in ts  to  a  b o ttlen eck  in th e  1 IA R T 0 S  im p le m e n ta tio n . Specifically , th e r e  is a p p a re n tly  

a  la rg e  q u eu e in g  delay  a sso c ia te d  w ith  th e  rep ly  and  req u es t N P  m a ilb o x  a sso c ia te d  w ith  

each  A P . T h is  conclusion  is a rr iv ed  a t  by considering  th e  re la tiv e  effec ts. T h e  p ro cesso rs  on 

a  g iven n o d e  sh a re  th e  o u tg o in g  queue for th e  ne tw ork . If  th e re  w ere s ig n ifican t c o n te n tio n  

a t  th is  q u eu e , th e n  th e  fa c to r  P  w ould h ave  h ad  a  g re a te r  effect on  th e  p e rfo rm a n c e . T h e  

fac t t h a t  P  h a d  an  in s ign ifican t effect is ev idence a g a in s t th is  h y p o th e s is . In  f a c t ,  all th e  

queues in  th e  N P  a re  sh a red  by b o th  p rocesso rs , excep t fo r th e  A P -spec ific  rep ly  a n d  req u es t 

m a ilb o x  queue an d  th e  send  m a ilbox  queue on each A P. T h e  send  m a ilb o x  q u eu e  m ay  add  

som e delay  to  th e  re sp o n se  tim e . H ow ever, th e  queue le n g th  is lim ited  to  one  becau se  

th e  q u eued  ta s k  does a  busy  w a it 011 th e  m ailbox . O th e r  ta sk s  do  n o t g e t schedu led  an d  

th e re fo re  do n o t have to  o p p o r tu n ity  to  m ak e  th e  rem o te  call u n til th e  q u eu ed  ta sk  h a s  been 

serv iced . T h e  tim e  th a t  th e  ta s k  m ay be queued  is b o u n d ed  from  ab o v e  by  th e  m ax im u m  

tim e  th a t  th e  N P  req u ires  to  e x ecu te  its  polling  cycle.

If we look m ore  closely a t  th e  effect o f N 011 to ta l  v a ria tio n , we see th a t  th e  effect, 

( ] N ,  is n eg a tiv e . T h is  can  be seen clearly  by co m p arin g  th e  7 values in T ab le  7 .3 . T h e  

re sp o n se  tim es for N  = 2 a re  h ig h er th a n  for A' =  4. T h is  is c o n tra ry  to  w h a t w ou ld  be 

ex p e c te d . I t  is ex p ec ted  th a t  m o re  nodes 011 th e  netw ork  w ould cau se  g re a te r  co n ten tio n  

fo r th e  E th e rn e t an d  th u s  h ig h e r response  tim es . I t is possib le  th a t  th is  b eh av io r is a  re su lt 

o f  th e  co m b in a tio n  o f  th e  loose m e th o d  used to  synchron ize  th e  w ork loads an d  th e  d ifferen t 

tra ffic  p a t te rn  used  in th e  fou r n o d e  ex p erim en ts . As d iscussed  ab o v e , th e  looseness o f  th e  

sy n ch ro n iza tio n  m ay  have allow ed som e processo rs to  beg in  sen d in g  m essages a t  a  signifi­

c an tly  long  tim e  before  o r a f te r  th e  o th e r  p rocesso rs. T h ese  early  an d  la te  p ro ce sso rs  w ould 

be  c o m m u n ica tin g  on an  o th e rw ise  em p ty  n e tw o rk , and  w ould su b se q u e n tly  have  low er re­

sponse  tim es . F u rth e rm o re , th e  effort to  sp read  o u t th e  lo ad  on th e  fo u r n o d e  e x p e rim e n ts , 

in  o rd e r  to  red u ce  th e  variance  in  response  tim es m easu red  on d iffe ren t p ro cesso rs  m ay  have 

ad d ed  to  th is  effect. I t m ay  be th e  case th a t  th e  early  an d  la te  p ro cesso rs  w ere d is tr ib u tin g  

th e  m essage  p rocessing  load  over a  num ber o f idle ne tw ork  p ro cesso rs , th u s  fu r th e r  red u c ­

ing th e  re sp o n se  tim e . T h e  m essages from  these  early  o r la te  p ro cesso rs  w ere n o t even 

e n c o u n te r in g  th e  qu eu in g  delays caused by o th e r  m essages from  th e  sam e p ro cesso r.

V erifying th e  e x a c t cause  o f  th is seem ingly  anom alous b eh av io r can  be  th e  su b je c t 

o f fu r th e r  in v es tig a tio n . T h e  necessary  ex p e rim en ts  will involve m e a su rin g  re sp o n se  tim e  

w ith  d iffe ren t traffic  co n fig u ra tio n s and  d ifferen t sy n ch ro n iza tio n  te ch n iq u es . S tu d y in g  dif­

fe ren t traffic  co n fig u ra tio n s will involve sim ply  chang ing  th e  p ro cesso r a ss ig n m e n ts  for th e  

d ifferen t d e s tin a tio n  ta sk s  and  perfo rm ing  th e  ex p erim en ts  ag a in . S tu d y in g  th e  effects o f 

w ork load  sy n ch ro n iza tio n  011 p e rfo rm an ce  w ould en ta il c o m p a rin g  th e  p e rfo rm a n c e  o f  th e
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F a c to r  levels 
T , N , C , P m In m

1, 2 ,  1, 1 0.01 0.0224 -0 .599
1, 2 ,  1 ,2 0.0 0.0 0.0
1, 2 , 10, 1 0.01 0.0224 -0 .599
1 , 2 , 10, 2 0.0 0.0 0.0
1 ,4 ,  1, 1 14.4 4.74 2.61
1 ,4 ,  1 ,2 2.23 1.3 0.611
1 ,4 ,  10, 1 5.87 1.31 1.75
1 ,4 ,  1 0 ,2 4.22 0.95 1.42
10, 2 , 1, 1 10.4 4.41 2.23
10, 2 , 1 , 2 14.9 11.5 2.21
10, 2 , 10, 1 10.3 3.26 2 .28
10, 2 , 10, 2 16.2 5.86 2.71
1 0 ,4 ,  1, 1 50.4 27.2 3.77
10, 4 , 1, 2 36.9 6.83 3.6
10, 4 , 10, 1 42.7 16.6 3.7
10, 4 , 10, 2 50.3 13.5 3.88

T ab le  7.4: R esu lts  for th e  p e rcen tag e  o f  lo s t m essages: m ean  in,  s ta n d a rd  d ev ia tio n  sm , an d  
m ean  of th e  tra n sfo rm e d  d a ta  In m .

S W  on  th is  version o f  IIA R T O S  a g a in s t th e  p e rfo rm an ce  o f  th e  sam e  SW  on  a  version  

o f  1 IA R T 0 S  w hich  su p p o r te d  d is tr ib u te d  clock sy n ch ro n iza tio n . Such in v es tig a tio n s  w ould 

p rov ide  no  fu r th e r  illu m in a tio n  o f th e  cap ab ilitie s  o f th e  S W G , a n d  will th u s  n o t b e  p u rsu ed  

here .

N ex t, we analyze  th e  sy s tem  based  on  th e  p e rc e n ta g e  o f  m essages lo s t. T h e  s ta t i s ­

tics  fo r m  a re  show n in T ab le  7 .4 . T h e  values for th e  m ean , m , an d  s ta n d a rd  d ev ia tio n , s m , 

a re  show n for reference p u rp o se s  only. B ased  on th e  lo g -tran s fo rm ed  values, w e ca lcu la te  

th e  effects o f th e  various fac to r c o m b in a tio n s . T h e  effects a re  show n in T ab le  7.5 along 

w ith  th e  90%  confidence in te rv a ls . If  th e  confidence in te rv a l inc ludes 0 , th en  th e  effect is 

in s ign ifican t a t  th is  confidence level. W e n o te  th a t  only  six o f  th e  fa c to r  co m b in a tio n s  an d  

th e  effects o f e r ro r  a re  sign ifican t.

T h e  p e rcen tag e  o f th e  v a ria tio n  o f m  t h a t  is caused  by each  sign ifican t fa c to r 

co m b in a tio n  is show n in T ab le  7.6. From  th is  d a ta  we g e t th e  follow ing m odel for th e  

p e rc e n ta g e  o f m essages th a t  a re  lost.

ln (n i,-j) =  1.85 +  1.2x t  +  O.SISxjv — 0 .245x/va'p  -f 0 .196x /v i'p a .'r

+ 0 .1 5 4 x /j x c ’ -  OA'Sx n x t  +  (7 .5 )
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E ffect V alue 90% C onfidence In te rv a l

9o 1.85 [1.72, 1.98]
q T 1.2 [1.07, 1.33]
(IN 0.818 [0.69, 0.946]
QNP -0 .245 [-0.374, -0.117]

<INPT 0.196 [0.0675, 0.324]

q pc 0.154 [0.0259, 0.282]

(1NT -0.13 [-0.258, -0.00185]
(IN PTC -0.11 [-0.238, 0.0183]

(In  p c 0.0978 [-0.0304, 0.226]

(JPT 0.0976 [-0.0305, 0.226]

q p T c -0.0535 [-0.182, 0.0746]
(1TC 0.0508 [-0.0773, 0.179]
qc 0.0445 [-0.0836, 0.173]

qp -0 .0439 [-0.172, 0.0842]
qN c -0 .0236 [-0.152, 0.105]

qNTC -0 .0173 [-0.145, 0.111]

T ab le  7.5: E ffects for th e  m u ltip lica tiv e  m odel for m .

F a c to r(s )  P e rcen tag e

T 54.0
N 25.1
E R R O R 14.1
N P 2.26
N P T 1.44
P C 0.89
N T 0.634
P 0.0
C 0.0
P T 0.0
T C 0.0
N C 0.0
N P C 0.0
P T C 0.0
N T C 0.0
N P T C 0.0

T ab le  7.6: P e rcen tag e  o f m 's  v aria tio n  exp la ined  by each  effect.
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o r equ ivalen tly ,

rriij = 6 .36 x  3 .32XT x  2 .2 7 XJV x 0 .783xwxp x  i , 2 1 x ”XpXT x  1 .17XpXc

x 0 .8 7 8 x" XT x  eEi>. (7 .6 )

T h e  conclusions d raw n  for m  p a ra lle l th o se  fo r t .  T h e  n u m b e r o f  ta s k s  send ing  

m essages from  each  p ro cesso r h a d  th e  g re a te s t  effect. H ow ever, fo r th is  p e rfo rm a n c e  index , 

th e  n u m b er of n o d es , N , h a d  a  g re a te r  re la tiv e  effect th a n  it  h a d  on  t .  In fa c t , th e  effect is 

po sitiv e , in d ic a tin g  an  in c reased  effect due  to  N  reg a rd le ss  o f  th e  co m m u n ica tio n  configu­

ra tio n . E x p e rim e n ta l e r ro r  h ad  a  g re a te r  effect on m  th a n  on t. F o r m ,  th e  fa c to rs  P  an d  

C w ere n o t sign ifican t a t  a  90 p e rc e n t confidence level.

Since it  is n o t know n w hy th e  sy s tem  loses m essages, th e  th re e  m o s t sign ifican t 

fac to rs  should  be  e v a lu a ted  fu r th e r . T h e  h igh e x p e rim e n ta l e r ro r  m ay  in d ic a te  th e  effects 

o f o th e r  fa c to rs  th a t  w ere n o t co nsidered  in th e  ex p e rim en ts . T h e  n a tu re  o f th ese  o th e r  

fac to rs  shou ld  a lso  be  d e te rm in ed . F or users o f  H A R T O S version  1, th e  h igh n u m b e r o f  lost 

m essages fo r heavy  w ork loads p o in ts  to  th e  need  for th e  spec ifica tion  o f  re tr ie s  fo r rem o te  

calls. T h e  average  values fo r t m ay  be  used a s  a  gauge fo r th e  tim e o u t before  a  re try  is 

a t te m p te d . R e tries shou ld  s ig n ifican tly  reduce  th e  n u m b er o f lo s t m essages.

7.6 Sum m ary and C onclusions

T h ro u g h  th e se  e x p e rim e n ts , we d e m o n s tra te d  th e  ab ility  o f  th e  S W G  an d  SW  to  be  

used  fo r ex p e rim en ta l an a ly s is  o f d is tr ib u te d , re a l-tim e  co m p u te r  sy s tem s . W e show ed how 

an SW  m ay  be specified th a t  d e m o n s tra te s  th e  p a r t ic u la r  w ork load  c h a ra c te r is tic s  requ ired  

for an e v a lu a tio n . W e show ed how o b je c t te m p la te s  m ay  be used  to  p ro d u ce  a  reaso n ab ly  

la rge  w ork load  from  a co m p ac t spec ifica tion . T h e  w orkload w ith  th e  g re a te s t  n u m b e r of 

ta sk s  an d  exchanges w as g e n e ra te d  from  a  g ra p h  file on ly  s ligh tly  d ifferen t from  th e  one 

show n in A p p en d ix  II. I t co n ta in ed  160 ta sk s  an d  80 exchanges d is tr ib u te d  over e igh t 

p rocesso rs. T h e  size o f th e  w ork load  w hich can  be specified an d  g e n e ra te d  is only  re s tr ic te d  

by th e  availab le  sy s tem  resou rces. T h e re  a re  no  lim ita tio n s  im posed  by th e  S W G . W e also  

show ed how , even w ith  a  la rg e  w o rk lo ad , by using  a p p ro p r ia te ly  defined  c o n s ta n ts , changes 

to  th e  specifica tion  w hich a re  necessary  to  in s ta n t ia te  d ifferen t w ork load  co n fig u ra tio n s  m ay  

be localized .

T h e  re su lts  o f th is  e v a lu a tio n  p rov ided  som e im p o r ta n t in s igh ts  in to  th e  p e rfo r­

m ance o f H A R T O S  version 1. T h e  p rim a ry  conclusion is th a t  th e  N P -A P  in te rfa ce  is a  

serious bo ttlen eck . F u tu re  versions o f  H A R T S a n d  H A R T O S  m u st pay  special a t te n tio n
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to  th is  issue. F u r th e r  ev a lu a tio n s  o f  IIA R T S  could be p e rfo rm ed  to  fully c h a ra c te r iz e  th e  

effect o f th is  b o ttlen eck  a t  d iffe ren t levels o f  T .  A s w ith  th e  p ro p o sed  e v a lu a tio n  o f  th e  

effects o f N ,  such  e v a lu a tio n s  w ould  use th e  sam e tech n iq u es used  in th is  c h a p te r . T h ese  

tech n iq u es h ave  a lread y  been d e m o n s tra te d . T h e  focus o f th is  c h a p te r  is d e m o n s tra t in g  

th e  cap ab ilitie s  o f  th e  S W G , n o t to  p rov ide  a  full c h a ra c te r iz a tio n  of H A R T S . T h e re fo re , 

fu r th e r  ev a lu a tio n s  a re  n o t in c luded  here .

T h e  ev a lu a tio n  also  p ro v id ed  in s ig h t in to  th e  design a n d  use o f th e  S W G . F ir s t ,  

we n o ted  th a t  fo r m u ltip ro ce sso r w ork loads, it w as m o re  co n v en ien t to  h av e  th e  p ro cesso r 

a ss ig n m en ts  fo r all ta sk s  in a  single lo ca tio n  in th e  in p u t files. T h is  o b se rv a tio n  su g g ests  

th a t  a  new  “p ro cesso r a s s ig n m e n t” sec tion  be  added  to  th e  g ra p h  file an d  all a ss ig n m en ts  be 

lo ca ted  th e re . Such a  fe a tu re  w as p rev iously  suggested  by a n o th e r  re sea rch e r in re a l-tim e  

sy s tem s [43]. I t  will be inc luded  in fu tu re  versions o f  th e  SW G .
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CHAPTER 8

CONCLUSIONS

W e have desc rib ed  a  co m p le te  sy s tem  fo r g en e ra tin g  SW s for d is tr ib u te d  rea l-tim e  

sy s tem s . T h e  design w as in fluenced  by th e  d es ire  to  a ccu ra te ly  re p re se n t re a l-tim e  w ork­

lo ad s , to  s u p p o r t th e  p rocess  o f  e x p e rim e n ta l e v a lu a tio n , an d  to  be flexible, co m p a c t, an d  

easy  to  use. T o achieve th e se  g o a ls , we defined a  w ork load  m odel w hich describes a ll a sp ec ts  

o f a  re a l-tim e  w o rk lo ad . T h e  m o d e l is based  on n o ta t io n s  used to  specify  rea l so ftw are . I t  

co n ta in s  user-spec ifiab le  p a ra m e te r s  to  desc rib e  th e  sy s tem  specific a sp e c ts  o f th e  w ork load . 

T h is  m odel is th e  basis  for S W S L , a  lan g u ag e  for specify ing  SW s. SW SL  includes a  n u m b er 

o f  fe a tu re s  to  im prove  its  a b ility  to  specify  SW s an d  to  su p p o r t  e x p e rim e n ta l eva lu a tio n .

T h e  SW S L  sp ec ific a tio n  of an  SW  is com piled  by an  SW G  to  p ro d u ce  an  ex ­

ecu ta b le  SW . T h e  SW  uses a  d riv e r w hich p rov ides d is tr ib u te d  co n tro l an d  s u p p o r t  for 

e x p e rim e n ta tio n . W e d e m o n s tra te d  th a t  th e  SW  can accu ra te ly  re p re se n t a c tu a l w ork loads 

an d  th a t  SW S L  could be  used  successfu lly  for ex p e rim en ta l e v a lu a tio n .

8.1 Research C ontributions

O u r w ork  c o n ta in s  a  n u m b e r of c o n tr ib u tio n s  to  th e  field. W e recognized  (w h a t 

should  be an  o bv ious fa c t)  th a t  th e  w ork load  is com posed  of th e  a p p lic a tio n  so ftw are  w hich 

is ex ecu tin g  on  th e  sy s tem  an d  m odeled  o u r  SW  accord ing ly . O u r m odel specifies th e  s t ru c ­

tu r e  o f  th e  w ork load  u sin g  a  n o ta t io n  based  on  s t ru c tu re d  an a ly s is  an d  ra p id  p ro to ty p in g  

n o ta tio n s . W e ad d ed  a  n u m b e r o f p a ra m e te rs  in  o u r  m odel to  desc rib e  th e  sy s te m -d e p e n d e n t 

reso u rce  req u irem en ts  o f  th e  w o rk lo ad . W e also  re jec ted  th e  s ta n d a rd  firing  ru les defined 

for da taflow  m odels in favor o f  a  m odel w hich specifies th e  in v o ca tio n  a n d  in te ra c tio n s  o f  

ta sk s  based  on th e ir  schedu ling  p a ra m e te r s  an d  on  th e  o p e ra tio n s  th e y  execu te .

W e w ere th e  first to  define a  high-level lan g u ag e  to  specify SW s a n d  im p lem en t 

an  SW G  to  com pile  i t .  T h e  on ly  o th e r  lan g u ag e  for w hich th e  ex is tence  o f  a  com piler 

is m en tioned  is A P E T  [4], b u t A P E T  resem bled  a sim ple jo b  co n tro l lan g u ag e . I t  was
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ex tre m e ly  lim ited  in  its  c ap ab ilitie s  an d  w as th e re fo re  n o t c o m p a ra b le  to  SW S L .

A n im p o r ta n t c o n tr ib u tio n  to  th e  specifica tion  o f  S W s is o u r  sp ec ific a tio n  o f  o b ­

je c t  te m p la te s . T h e  co n cep t o f p ro d u c in g  m u ltip le  in s tan ce s  o f  an  o b je c t fro m  a  co m m o n  

te m p la te  can  b e  tra c e d  b ack  to  th e  ea rlie s t SW s. I t  is one  o f  th e  p r im a ry  m ech a n ism s for 

a b s t ra c t in g  a  w ork load  u sin g  a  c o m p a c t n o ta t io n . O ur im p le m e n ta tio n  e x te n d s  th is  b asic  

id e a  to  allow  full s u p p o r t  o f  th e  o b je c t te m p la te s  w ith in  th e  ta s k  g ra p h . O b je c t te m p la te s  

m a y  be  u sed  to  specify  m u ltip le  in s tan ces  o f sing le  o b je c ts , o r  th e y  m ay  be  co m bined  to  

specify  m u ltip le  in s ta n c e s  o f  e n tire  su b g rap h s . T h e  sy n ta x  fo r specify ing  th e  in p u ts  a n d  

o u tp u ts  o f  o b je c t te m p la te s s  a llow  th e  g rap h  co n n ec tiv ity  to  be d esc rib ed  ex p lic itly . In  

a d d it io n , a b b re v ia te d  sy n ta x  is av a ilab le  for som e com m on c o m b in a tio n s  o f  te m p la te s . T h e  

S W G  will a u to m a tic a lly  e x p an d  th ese  a b b re v ia te d  defin itions a cco rd in g  to  a  know n se t  o f  

co n n ec tio n  ru les.

W e have a lso  iden tif ied  a  n u m b er o f fe a tu re s  req u ired  to  s u p p o r t  e x p e rim e n ta tio n  

using  th e  S W . T h e  m o s t im p o r ta n t o f th ese  is th e  m u ltip le  ru n  facility . A n o th e r  com es from  

th e  o b se rv a tio n  th a t  an  in te ra c tiv e  u se r in te rfa ce  is n o t a c c e p ta b le  fo r SW s fo r re a l- tim e  

sy s tem s . T h e re fo re , all ru n - tim e  p a ra m e te rs  a re  specified in  SW SL  a n d  com piled  in to  th e  

S W . T h e n , th e  SW  m ay  be  d ow n loaded  to  th e  ta rg e t em b ed d ed  sy s te m  an d  e x e c u te d . I t  

will ex h ib it th e  specified  b eh av io rs  w ith o u t u se r in te rfe ren ce . T o th e  sam e  e n d , we defined  

th e  ex p e rim e n t file w hich c o n ta in s  th e  p a ra m e te rs  for th e  e x p e rim e n t. T h e se  p a ra m e te r s  

m u s t a lso  b e  com piled  in to  th e  S W .

A n u m b e r o f c o n tr ib u tio n s  a re  ex h ib ited  in th e  fu n c tio n s  file. T h e  m o s t useful is 

th e  co n cep t o f  p lug-in  fu n c tio n s . T o su p p o r t these  fu n c tio n s , we defined tw o sy n th e tic  o p e r ­

a tio n s , s r e a d ( )  an d  s w r i t e O ,  w hich use th e  in fo rm a tio n  p rov ided  by th e  S W G  d esc rib in g  

th e  co n n ec ted  o b je c ts  to  select w hich sy s tem  call to  use to  perfo rm  th e  req u ired  read  o r  

w rite  o p e ra tio n .

W e in tro d u c e d  th e  id ea  o f  th e  v e rb a tim  code seg m en ts  w ith in  th e  fu n c tio n s . By 

allow ing  th e  u se r to  specify  th e  func tion  using  b o th  sy n th e tic  o p e ra tio n s  an d  ex ac t co d e , 

we in crease  th e  flex ib ility  o f  SW SL .

W e w ere th e  firs t to  con sid er th e  s ta tis tic a l p ro p e r tie s  o f  th e  S W . W e defined 

a  n u m b er o f  p a ra m e te r s  th a t  ta k e  th e ir  values a t  ru n - tim e  from  ra n d o m  n u m b e r g e n e ra ­

to rs . C o n tro l c o n s tru c ts  w ith  s to c h a s tic  beh av io r a re  defined in fu n c tio n s  to  m odel d a ta -  

d e p e n d e n t b eh av io r o f th e  ta sk . W e base  all s to c h a s tic  a c tiv itie s  on s e p a ra te  ra n d o m  n u m b e r 

g e n e ra to r  s tre a m s  to  im prove  th e ir  s ta tis tic a l independence . W e also  p rov ide  th e  cap ab ility  

to  specify th e  seeds for th e  ran d o m  nu m b er s tre a m s  and  to  decide w h e th e r  o r  n o t to  re se t 

th e  s tre a m s  to  th e  specified seed betw een  ru n s . T h is  fe a tu re  im proves th e  rep ro d u c ib ility
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o f  ex p erim en ts .

F ina lly , we defined th e  n ecessary  fe a tu re s  o f an  S W  d riv e r fo r a  d is tr ib u te d  rea l­

tim e  sy s tem . I t  m u s t h ave  d is tr ib u te d  co n tro l, s u p p o r t fo r e x p e r im e n ta tio n , a n d  shou ld  

s im u la te  te rm in a to rs .

8.2 Future D irections

SW SL  w as designed  to  p ro v id e  a  full ra n g e  o f c ap ab ilitie s  fo r specify ing  sy n th e tic  

w ork loads fo r d is tr ib u te d  re a l-tim e  sy s tem s . In th e  p rocess o f  w ritin g  th e  SW  specifica tions 

fo r th e  ev a lu a tio n s  in C h a p te rs  6 an d  7, we d iscovered  a  few p laces w here th e  lan g u ag e  

could be  ex ten d e d  o r m od ified . T h e  ro b o t co n tro l so ftw are  in  C h a p te r  6 w as fa irly  com plex. 

SW SL  c a n n o t define p ro ced u re s  to  be ca lled  from  sy n th e tic  fu n c tio n s . T h e re fo re , all code 

for a  ta sk  m u s t be w rit te n  in o n e  fu n c tio n  specifica tion . SW SL  w ould benefit from  th e  

ab ility  to  specify p ro ced u res u sin g  th e  S W SL  fu n c tio n  sy n ta x . I t  w ould  p rov ide  th e  user 

w ith  th e  ab ility  to  specify com m on ly  ex ecu ted  segm en ts  o f code in a  single p ro c e d u re  in s tead  

o f  hav ing  to  d u p lic a te  th a t  code th ro u g h o u t th e  fu n c tio n . In  a d d it io n , recu rsive  p ro ced u res 

shou ld  be  s u p p o r te d . W ith in  each  recu rsive  p ro ced u re , th e  decision  o f  w h e th e r  o r no t 

to  recurse  w ould be decided  p ro b ab ilis tic a lly , because  th e re  a re  n o  d a ta  values in SW SL  

upon  w hich th e  decision can  be b ased . T h e re fo re , th e  n u m b e r o f levels o f recu rsion  will be 

a  ran d o m  value w ith  a  d is tr ib u tio n  d e te rm in ed  by th e  p ro b a b ility  th a t  a  g iven level will 

recurse . A lth o u g h  p ro ced u res  t h a t  recu rse  a n  u n p re d ic ta b le  n u m b e r o f  tim es a re  genera lly  

considered  in a p p ro p r ia te  for h a rd  re a l-tim e  sy s tem s , th e y  m ay  b e  used  in soft rea l-tim e  

sy s tem s. T h ere fo re , SW SL  shou ld  be  ab le  to  specify recu rsive  p ro ced u res  w hich m ay  be 

used  to  ev a lu a te  soft re a l-tim e  sy s tem s .

T w o  m od ifica tions to  S W S L  w ere su g g es ted  by th e  req u irem en ts  o f th e  ev a lu a tio n  

in  C h a p te r  7. F ir s t is th e  ab ility  to  specify  th e  p rocesso r ass ig n m en ts  o f  th e  SW  o b je c ts  in a  

single lo ca tio n  in th e  in p u t files. T h is  fe a tu re  w as d iscussed  p rev iously . T h e  second  fe a tu re  

is th e  ab ility  to  specify o b je c t te m p la te s  such th a t  m u ltip le  in s tan ce s  o f  th e  o b je c t ex is t on 

th e  sam e p rocesso r. Such a  fe a tu re  w ould have  reduced  th e  size o f  th e  g ra p h  specification  

in A p pend ix  11 to  only  tw o tra n s fo rm a tio n  defin itions (one  for th e  p ro d u ce r an d  one for 

th e  co n su m er) and  one s to re  d e fin ition . If m u ltip le  in s tan ces  o f  th e  sam e o b je c t could 

ex is t on th e  sam e p ro cesso r, th e n  th e  SW SL  specifica tion  of INPUTs an d  OUTPUTS w ould 

have to  inc lude  a  specifica tion  o f  w hich copy o f th e  o b je c t on each  p rocesso r. A dd ing  th is 

in fo rm a tio n  to  th e  specifica tion  w ould m ak e  th e  specification  o f  INPUTs an d  OUTPUTS m ore 

com plex. A n a lte rn a tiv e  is to  ch an g e  th e  specifica tion  o f INPUTs an d  OUTPUTS to  use an
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in d ex in g  n o ta t io n . T h e  various in s tan ces  o f  an  o b je c t w ould b e  lo c a te d  on  th e  p rocesso rs 

in  th e  PROCESSOR p a ra m e te r  sp ec ific a tio n . A given p ro cesso r labe l cou ld  be  lis ted  m u ltip le  

tim es  in th e  PROCESSOR p a ra m e te r  lis t, in d ic a tin g  m u ltip le  in s tan ce s  o f  th e  o b je c t on th a t  

p ro cesso r. T h e  p o sitio n  o f  th e  p ro cesso r labe ls in th e  lis t w ould  p rov ide  an  index  by  w hich 

th e  v arious o b je c ts  could  be re fe renced . T h e  INPUT an d  OUTPUT spec ifica tions could use th is 

in d ex  to  specify  co n n ec ted  o b je c ts . S h o rten ed  n o ta tio n s  w ould allow  th e  u se r to  specify  flows 

b e tw een  in s ta n c e s  o f o b je c ts  by in d ic a tin g  th e  re la tiv e  p o sitio n s  o f th e  in s tan ce s  in  th e  list.

T h e se  m o d ifica tio n s to  th e  lan g u ag e  w ould im prove  th e  convenience w ith  w hich 

th e  lan g u ag e  m a y  be u sed , b u t th e y  w ould  n o t a d d  any  m odeling  pow er to  th e  language . 

S W SL  is su ffic ien tly  pow erfu l a s  defined. W e found  no s i tu a tio n  w here  it  w as n o t ab le  to  

specify  th e  req u ired  p ro p e r tie s .

T h e  m o d ific a tio n s  listed  above a re  m in o r changes to  th e  ex is tin g  SW SL. T h e re  is a t 

le a s t one  a re a  w here  m o re  sign ifican t research  could  be ap p lied . SW SL  could be  m odified 

to  define t r a n s fo rm a tio n s  w ith  m u ltip le  th re a d s  o f  co n tro l. O u r w ork load  m odel defines 

ta s k s  w ith  s ing le  th re a d s  o f  co n tro l. A n u m b e r of c u rre n t e x p e rim e n ta l re a l-tim e  o p e ra tin g  

sy s tem s s u p p o r t  m u ltip le  th re a d s  o f co n tro l w ith in  ta sk s . W ork lo ad s th a t  ex ecu te  on such 

sy s tem s m u s t b e  ch a rac te riz ed  an d  th e  a p p ro p r ia te  changes m ad e  to  th e  w ork load  m odel 

an d  SW SL . A m o re  ex ten s iv e  ch an g e  w ould  be to  explore th e  use o f th e  o b jec t-o rien ted  

so ftw are  p a ra d ig m . T h e  p a r t ic u la r  ch a rac te ris tic s  o f  o b je c t-o r ie n te d  w ork loads should  be 

s tu d ie d . T h e  find ings could  be in c o rp o ra te d  in to  th e  w ork load  m odel, o r, if necessary , a  

new  w ork load  m odel cou ld  be developed .

A n o th e r  a re a  fo r fu tu re  research  is th e  s tu d y  o f th e  use o f  S W s. W e fram ed  o u r 

d iscussion  o f S W s in th e  c o n te x t o f tw o ty p es  o f ev a lu a tio n s : th o se  th a t  use SW s th a t  a re  

re p re se n ta tiv e  o f  a c tu a l ap p lic a tio n s , an d  th o se  th a t  use SW s th a t  p ro d u ce  specific , user- 

co n tro lled  re so u rce  d e m a n d s , b u t a re  n o t necessarily  re p re se n ta tiv e  o f any  specific w ork load . 

C u rre n tly , m an y  resea rch e rs  a re  in te re s ted  in SW s for th e  first ty p e  o f  ev a lu a tio n . T h ey  w an t 

to  show  th a t  th e i r  e x p e rim e n ta l sy s tem  m ee ts  th e  req u irem en ts  o f a  rea l-tim e  ap p lica tio n . 

W hile  re p re se n ta tiv e  S W s are  g o o d  for d e m o n s tra tin g  th is fa c t, th ese  ev a lu a tio n s  do no t 

necessarily  p ro v id e  a  q u a n ti ta t iv e  m easu re  o f th e  p e rfo rm an ce  o f  th e  sy s tem . A collection 

o f  re p re se n ta tiv e  SW s allow  th e  u ser to  m easu re  th e  sy s tem  w hile it execu tes  a  few sam ple  

w o rk loads , b u t  th e y  do n o t p ro v id e  a. rigo rous c h a rac te riz a tio n  o f  th e  sy s tem .

T h e  second  ty p e  o f ev a lu a tio n  is in ten d ed  to  p ro d u ce  th is  rigo rous c h a ra c te r iz a ­

tio n . T hey  a llow  th e  u se r to  m easu re  th e  system  u nder various co m b in a tio n s o f w orkload 

c h a ra c te r is tic s  an d  m ake s ta tis tic a lly  valid eva lua tions o f th e  sy s tem  based  on th ese  m ea­

su re m e n ts . W e consider th ese  ev a lu a tio n s  to  be th e  m ore im p o rta n t app lica tio n  o f  th e  SW .
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T o  s u p p o r t th e se  ev a lu a tio n s , fu r th e r  re sea rch  shou ld  b e  p u rsu e d  to  im p ro v e  th e  ab ility  o f 

SW S L  to  specify th e  reso u rce  d e m a n d s  o f  th e  SW . T h e  re so u rce  d e m a n d s  a re  p ro d u ced  

p rim arily  by th e  sy n th e tic  o p e ra tio n s  in  th e  lib ra ry . C o n tin u ed  resea rch  sh o u ld  be focused 

o n  c re a tin g  a  lib ra ry  o f o p e ra tio n s  th a t  co n ta in s  a  w ide v a rie ty  o f m o n o reso u rce  sy n th e tic  

o p e ra tio n s  w ith  o r th o g o n a l reso u rce  req u ire m e n ts . U sing  m o n o reso u rce  sy n th e tic  o p e ra ­

tio n s sim plifies th e  p ro cess  o f  spec ify ing  an  SW  w hich c o n ta in s  th o se  o p e ra tio n s . I f  th e  

sy n th e tic  o p e ra tio n s  p e rfo rm  com plex  fu n c tio n s , th en  th e  u se r m u s t sp en d  a  g re a t  deal o f 

tim e  se lec tin g  th e  p ro p e r  o p e ra tio n  a n d  th e n  choosing  th e  p ro p e r  p a ra m e te r s  w ith  w hich to  

invoke th e  o p e ra tio n . If each  sy n th e tic  o p e ra tio n  exercises a  single re so u rce , th e n  th e  u ser 

can  se lec t ex ac tly  th e  o p e ra tio n  req u ired . If th e  reso u rce  re q u ire m e n ts  o f  th e  o p e ra tio n s  

a re  o r th o g o n a l, th e n  on ly  a  sing le  o p e ra tio n  will exercise  a  g iven re so u rce  in a  p a r tic u la r  

m a n n e r . T h e  u ser will n o t h ave  to  decide  betw een  m u ltip le  choices w hen  se lec ting  w hich 

o p e ra tio n s  to  use, a n d  c o n s tru c tin g  S W s will becom e m uch  s im p le r. I f  m ore  com plex  b e ­

h av io rs  a re  req u ired  fo r o p e ra tio n s , th e n  th e  u se r should  m odel th e  com plex  o p e ra tio n  using  

a  se p a ra te  tr a n s fo rm a tio n  w ith  th e  b eh av io r specified as th e  tr a n s fo rm a t io n ’s <f> fu n c tio n . 

T h e  fu n c tio n  can  th e n  be a rch ived  a n d  used as a  p lug-in  fu n c tio n  for o th e r  SW s w here  th e  

sam e  b eh av io r is req u ired .

T h e  c rea tio n  of an  a rch ive  o f  p lug-in  fu n c tio n s m ay  be  th e  so lu tio n  to  th e  p rob lem  

o f  how to  b u ild  re p re se n ta tiv e  S W s. In C h a p te r  6, we d e m o n s tra te d  th a t  th e  SW G  is cap ab le  

o f  g en e ra tin g  re p re se n ta tiv e  S W s. We w ere ab le  to  m ake  th is  d e te rm in a tio n  becau se  we had  

a n  ex is tin g  re a l-tim e  w ork load  th a t  we could  use  as th e  basis o f th e  SW  specifica tion . T h en  

w e could co m p a re  th e  p e rfo rm an ce  o f  th e  SW  w ith  th a t  o f th e  w ork load  to  d e te rm in e  th e  

re p re se n ta tiv e n e ss  o f th e  S W . T h is  a p p ro ach  to  c rea tin g  a  re p re se n ta tiv e  SW  is n o t usually  

possib le  in  p rac tic e . O ften , re sea rch e rs  desire  a  re p re se n ta tiv e  S W  because  th e y  have  no real 

a p p lic a tio n . I f  th e y  h ad  a  rea l a p p lic a tio n , th e y  w ould use it  fo r th e  ev a lu a tio n . W ith o u t 

a  real ap p lic a tio n , th e  re p re se n ta tiv e n e ss  o f an  SW  can n o t be verified. H ow ever, we m ay 

b e  ab le  to  c o n s tru c t re p re se n ta tiv e  S W s w ith o u t hav ing  a  co m p le te , rea l ap p lica tio n  w ith  

w hich to  co m p are .

W e h y p o th es ize  th a t  a  re p re se n ta tiv e  SW  could be c o n s tru c te d  from  p lug-in  func­

tio n s w hich have  been  verified to  be re p re se n ta tiv e  o f in d iv id u a l fu n c tio n s  in rea l w ork loads. 

T h is  h y p o th es is  is based  on o b se rv a tio n s  o f th e  tre n d  to w ard  reu sab le  so ftw are  in th e  field 

o f  so ftw are  eng inee ring . S o ftw are  eng inee rs a re  a tte m p t in g  to  bu ild  new  so ftw are  sy s tem s 

based  on co m p o n en ts  developed  for p rev ious so ftw are  sy s tem s . If re a l-tim e  so ftw are  fol­

lows th is  tr e n d , th e n  rea l-tim e  w ork loads will be com posed  o f severa l reused  co m p o n en ts  to  

perfo rm  s ta n d a rd  fu n c tio n s an d  c u s to m -w ritte n  co m p o n en ts  to  perfo rm  all o th e r  func tions.
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SW s to  m odel th e se  w o rk lo ad s  cou ld  be c o n s tru c te d  from  arch ived  p lug -in  fu n c tio n s  w hich 

have b een  verified to  re p re se n t th e  reu sed  co m p o n en ts . T h e  u se r w ould on ly  have  to  w rite  

th e  S W SL  fu n c tio n s  to  m o d e l th e  b eh av io r o f  th e  cu sto m  co m p o n en ts  in th e  w o rk lo ad . T h e  

se lec tion  o f  a rch iv ed  an d  cu s to m  co m p o n en ts  could b e  based  on a  h igh-level spec ifica tion  o f 

th e  w ork lo ad  such  as th e  re q u ire m e n ts  m o d e l o r  th e  s t ru c tu re d  an a ly s is  sp ec ifica tion . SW s 

c o n s tru c te d  in  th is  m a n n e r  sh o u ld  closely a p p ro x im a te  th e  b eh av io r o f th e  rea l w ork load . 

F u r th e r  resea rch  m u s t be  c o n d u c te d  to  confirm  o r  re fu te  th is  h y p o th e s is .
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APPEN DIX  A

SWSL GRAM M AR

T h e  fo llow ing is th e  B N F  for th e  g ra m m a r  w hich d escrib es S W S L . W e give th e  

g ra m m a rs  for th e  g ra p h  file, th e  e x p e rim en t file, and  th e  fu n c tio n  file. T e rm in a ls  e ith e r  

rep re sen t keyw ords o r specific sym bo ls  an d  a re  show n as th o se  keyw ords in u p p e rc a se  o r  as 

th e  sym bo ls. T h e  reg u la r ex p ressio n s used to  define som e te rm in a ls  a re  in  th e  e x a c t fo rm a t 

as in th e  lex ical a n a ly se r g e n e ra to r  in p u t file. N o n te rm in a ls  a re  show n in low ercase. T h e  

em p ty  te rm in a l is d e n o te d  w ith  a n  epsilon , £.

A .0.1 Graph File G ram m ar

p ro g ram

g rap h

d ec la ra tio n s

G R A P H  g rap h

d e c la ra tio n s  D E F IN IT IO N S  obj_defs 

e x te rn s  c o n s ta n ts  O B JE C T S  o b j.d ec ls

ex te rn s

ex te rn d e fs

e x te rn .d e f

ex te rn _ ty p e

e x te rn .n a m e

E X T E R N S  ex te rn d e fs  

E X T E R N S  

£

e x te r n - d e f ; 

e x te rn d e fs  e x te rn .d e f  ; 

e x te rn - ty p e  e x te rn .n a m e  

e x te rn .d e f  , e x te rn .n a m e  

iden tif ie r 

id en tif ie r

c o n s ta n ts

cons

::=  C O N S T A N T S  cons 

| C O N S T A N T S  

| £

::=  co n st ;

98
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const

co n s .n am e

o b je c t .d e c l.l is t

o b j.d e c l

ob jec t_ n am e

o b jec t_ ty p e

o b je c t .d e f J is t

o b j.d e f

p a ra m e te r J is t

p a rm

p a ra m e te r

p a ram e te r_ n am e

io _ p aram ete r

io .p a ra m e te r .n a m e

io J is t

flow . ty p e

s rc .d s t .n a m e

lo ca tio n

processo r_nam e

io .n u m b er

cons co n st ; 

c o n s .n a m e  =  ex p r 

id en tif ie r

o b j.d e c l ;

o b je c t .d e c l . l is t  o b j.d e c l ; 

o b je c t - ty p e  o b je c t .n a m e  

o b j.d e c l , o b jec t_ n am e  

id en tif ie r 

id en tif ie r

o b j .d e f  ;

o b je c t .d e f .l is t  o b j.d e f  ; 

o b jec t_ n am e  [ p a ra m e te r J is t  ] 

p a rm  ;

p a ra m e te r J is t  p a rm  ; 

p a ra m e te r  

io .p a ra m e te r  

p a ra m e te r .n a m e  =  ex p r 

p a ra m e te r  , ex p r 

iden tif ie r

io _ p aram ete r_ n am e  =  io J is t

IN P U T  

O U T P U T

src_dst_nam e lo ca tio n  flow .ty p e  

io J is t  | io .n a m e  flow .ty p e  

: id en tif ie r 

c

iden tif ie r

. p rocesso r_nam e io .n u m b er 

e

id en tif ie r

c

. n u m b er
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ex p r e x p r +  ex p r 

e x p r  -  ex p r 

e x p r  * ex p r 

e x p r  /  ex p r 

— e x p r 

( e x p r  ) 

value

d is tr ib u tio n .n a m e  ( p a rm lis t )

value

p a rm lis t

iden tifie r

n u m b e r

s tr in g

e x p r

p a rm lis t , ex p r

d is tr ib u tio n _ n a m e :=  iden tifier

iden tif ie r

s tr in g

n u m b er

in teg e r

float

[ a - z A - Z _ ] [ a - z A - Z 0 - 9 _ ] *

n [ ~ n ] + n

in teg e r

flo a t

"Ox"?  [ 0 - 9 ]  +

[ 0 - 9 ] + " . " [ 0 - 9 ] *

A .0.2 Experim ent File G ram m ar

p ro g ram

ex p e rim en t

e x p .d e fin it io n .l is t

e x p .d e fin itio n

E X P E R IM E N T  ex p erim en t

c o n s ta n ts  P A R A M E T E R S  e x p .d e fin it io n .l is t

exp_defin ition  ;

e x p .d e fin itio n .lis t ex p .d e fin itio n  ; 

exp_nam e [ e x p .p a ra m e te r J is t  ]
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e x p .n a m e  

e x p .p a r a m e te r  J i s t  

e x p .p a r a m e te r  

ex p _ p a ra m e te r_ n a m e

A .0.3 Function

p ro g ra m

fu nc t ion s

fu n c t io n -c o d e

f u n c t io n J i s t

func t ion

io .d e c la ra t io n s

io .d e c la ra t io n

f u n c J o J i s t

fu n c .f lo w .ty p e

f u n c J o . n a m e

code

s tm t l i s t

s t a te m e n t l i s t

s t a te m e n t

lo o p .s ta t e m e n t

: :=  identif ier

: :=  e x p .p a r a m e te r  ;

| e x p .p a r a m e te r  J i s t  e x p .p a r a m e te r  ;

: :=  e x p _ p a ram e te r_ n am e  =  expr

| e x p .p a r a m e te r  , ex p r

::=  identif ier

File Grammar

: :=  F U N C T IO N S  func t io ns

::=  e x te rn s  c o n s ta n ts  fu n c t io n .co d e

::=  C O D E  func t ion .l is t

fun c t io n . l i s t  funct ion  

| func t ion

::=  identif ier  { io .d ec la ra t io ns  code } ; 

: :=  io .d e c la ra t io n  ;

| io .d ec la ra t io n s  io .d e c la ra t ion  ;

: :=  i o .p a r a m e t e r j i a in e  =  f u n c J o J i s t

| io .d ec la ra t io n  , f u n c J o J i s t

: :=  f u n c J o . n a m e  func .f low .type

::=  : identif ier

identif ier

: :=  B E G IN  s tm t l i s t  E N D  ;

: :=  s ta te m e n t l i s t

| €

::=  s t a te m e n t l i s t  s t a te m e n t  ;

| s t a t e m e n t  ;

: :=  lo o p .s ta te m e n t

| sw i t c h . s ta t e m e n t

| s im p le .s ta te m e n t

::=  L O O P  lo op bo un d  { loo p .body  }
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lo o p b o u n d

lo o p Jbo dy

s w i t c h . s t a t e m e n t

c a s e J is t

case

s im p le . s t a t e m e n t

: :=  e x p r  

| F O R E V E R

s ta te m e n t l i s t

: :=  S W I T C H  { c a s e J is t  } 

c a s e J i s t  case ;

| case ;

: :=  value  : { s t a te m e n t l i s t  } 

::=  identif ier  ( p a rm lis t  )
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A P P E N D I X  B

ROBOT CONTROL SW SPECIFICATION: GRAPH FILE

G R A P H

E X T E R N S

F U N C  server_func;
FU N C  periodic.func;
PR O C  expos;

C O N S T A N T S

AuxClock_.ELEMENT.SIZE =  4; 
adc .board .in .E LE M E N T.S lZE  =  4; 
adc.board_in.rate =  2; 
adc_board.out_ELEMENT.SIZE =  4; 
adc_board.out.rate =  2; 
a i .board .in .ra te  =  2; 
ai.board_in.size =  4; 
a i.board .ou t.ra te  =  2; 
ai_board.out.size =  4; 
buf.rec.size =  20; 
client.mess.size =  10; 
client.rate  =  600; 
command_ELEMENT-SlZE =  4; 
console.ELEMENT.SIZE =  4; 
console.rate =  2; 
contro l.ELEM ENT.SlZE =  4; 
dac.board .in .ELEM EN T.SIZE =  4; 
dac.board .in .ra te  =  2; 
dac .board .ou t .E LE M E N T.S lZE  =  4; 
dac .board .ou t .ra te  =  2; 
fi lesys tem .ELEM ENT.SIZE =  4; 
fi lesys tem .ra te  =  2; 
globals.ELEMENT.SIZE =  4; 
m otor.ELEM EN T.SIZE =  4; 
rt .period =  1; 
rt .priority  =  2;
sensors.ELEMENT.SlZE = 4; 
server.priority =  80; 
status.ELEMENT.SIZE = 4;

include vxvvorks.constants

O BJECTS

T R A N S server;
T R A N S rt;
STO RE ring.bufTer;
TER M  client;
TE R M  ai.board.out;
TER M  ai.board.in;
TE R M  adc.board.out;
TE R M  adc.board.in;
TE R M  dac.board.out;
TE R M  filesystem;
TE R M  console;
STO RE command-semaphore; 
STO RE dac-semaphore; 
STO RE adc_semaphore; 
STO RE sensors.semaphore; 
STO RE command;
STO RE sensors;
STO RE AuxClock;
STO R E control;
STO R E motor;
STO R E status;
STO R E globals;

D EFIN ITIO N S

/ * T R A N S * /  server [ 
SPORADIC = 0;
FUNCTION = server.funcQ; 

include server.io 
START.TIME = 1; 
PR O C ESSO R  =  expos; 
ACTIVE = true;
PRIORITY =  server.priority; 
NAME = "serv";

/ * T R A N S * /  rt [
PERIOD = rt.period;
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FUNCTION =  periodic.func(); 
START.TIME = 1; 

include rt.io 
P R O C E SSO R  =  expos; 
ACTIVE =  true;
DEADLINE =  rt.period; 
PRIORITY =  rt.priority; 
NAME = "lvlO";

/* S T O R E * /  ring.bufler [ 
name =  "queue";
T Y P E  =  depletable; 
ELEM ENT.SIZE =  buf.rec.size; 
I N P U T  =  server : discrete; 
O U T P U T  =  rt : discrete; 
P R O C E S S O R  =  expos; 
CAPACITY =  NOLIMIT;
ACCESS =  all;
POLICY =  fifo;

];

/ * T E R M */  client[
NAME =  " c l i e n t " ;
O U T P U T  =  server : discrete; 
T Y P E  =  source;
ELEMENT.SIZE =  client.mess.size; 
P R O C E S S O R  =  expos;
RATE =  client.rate;
START.TIM E =  1;

/ * T E R M */  ai.board.outf 
NAME = "ai.out";
IN P U T  =  rt : discrete;
IN P U T  = server : discrete;
TYPE = Sink;
ELEMENT.SIZE = ai_board.out.size; 
PR O C E SSO R  = expos;
RATE = ai.board_out.rate; 
START.TIME = 1;

/ * TERA 1* /  ai.board_iii[
NAME = "ai.in";
O U T P U T  = rt : continuous; 
O U T P U T  = server : continuous; 
TYPE = Source;
ELEMENT.SIZE =  ai.board_in.size; 
PR O C E SSO R  =  expos;
RATE = ai.board.in.rate; 
START.TIME = 1;

/ * T E R M * /  adc.board.out[ 
NAME =  "adc.out";
IN P U T  =  rt : discrete; 
TYPE =  Sink; 
ELEMENT.SIZE =  

adc.board.out.ELEM ENT.SIZE; 
P R O C E SSO R  =  expos; 
RATE = adc_board.out.rate; 
START.TIME =  1;

/ * T E R M */ adc.board_in[
NAME =  "adc.in";
O U T P U T  = rt : continuous; 
O U T P U T  = server : continuous; 
TYPE = Source;
ELEMENT.SIZE =  

adc.board.in_ELEMENT.SIZE; 
P R O C E SSO R  =  expos;
RATE = adc.board_in.rate; 
START.TIME =  1;

/ * T E R M * /  dac_board.out[ 
NAME =  "dac.out";
IN P U T  =  rt : discrete; 
IN P U T  =  server : discrete; 
TYPE =  Sink; 
ELEMENT.SIZE =  

dac.board_out.ELEM ENT.SIZE; 
PR O C E SSO R  = expos; 
RATE =  dac.board_out.rate; 
START.TIME = 1;

/ * S T O R E * /  command_semaphore[ 
name = "com_sem";
TYPE = DEPLETABLE; 
ELEMENT.SIZE =  0;
IN P U T  =  rt : discrete; 
O U T P U T  = rt : discrete; 
PR O C E SSO R  =  expos; 
CAPACITY =  0;
ACCESS =  exclusive;

j * S T O R E * /  dac_semaphore[ 
name = "dac_sera";
TYPE = DEPLETABLE; 
ELEMENT.SIZE =  0; 
IN P U T  =  rt : discrete; 
IN P U T  = server : discrete;
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O U T P U T  =  rt : discrete; 
O U T P U T  =  server : discrete; 
P R O C E S S O R  =  expos; 
CAPACITY =  0;
ACCESS =  exclusive;

];

/* S T O R E * /  adc_semaphore[ 
name =  "adc-sem";
T Y P E  =  DEPLETABLE; 
ELEM EN T.SIZE =  0;
I N P U T  =  rt : discrete; 
I N P U T  =  server : discrete; 
O U T P U T  =  r t  : discrete; 
O U T P U T  =  server : discrete; 
P R O C E S S O R  =  expos; 
CAPACITY =  0;
ACCESS =  exclusive;

/* S T O R E * /  sensors_semaphore[ 
name =  "sens_sem";
T Y P E  =  DEPLETABLE; 
ELEM EN T.SIZE =  0;
I N P U T  =  rt : discrete; 
O U T P U T  =  rt : discrete; 
P R O C E S S O R  =  expos; 
CAPACITY =  0;
ACCESS =  exclusive;

];

/* S T O R E * /  command[ 
name =  "comm";
T Y P E  =  NONDEPLETABLE; 
ELEM ENT.SIZE =  

command JCLEM ENT.SIZE; 
I N P U T  =  rt : discrete;
I N P U T  =  server : discrete; 
P R O C E S S O R  =  expos; 
CAPACITY =  1;
ACCESS =  all;

];

/* S T O R E * /  sensors[ 
name =  " s e n s" ;
T Y P E  =  NONDEPLETABLE; 
ELEM ENT.SIZE =  

sensors.ELEMENT.SIZE;
I N P U T  =  rt : discrete;
I N P U T  =  server : discrete; 
O U T P U T  =  server : continuous; 
P R O C E S S O R  =  expos; 
CAPACITY =  1;

ACCESS =  all;

/* S T O R E * /  AuxClock[ 
nam e =  "au x c lk " ;
T Y P E  =  NONDEPLETABLE; 
ELEM ENT.SIZE =  

AuxClock.ELEMENT.SIZE; 
I N P U T  =  server : discrete; 
P R O C E S S O R  =  expos; 
CAPACITY =  1;
ACCESS =  all;

/* S T O R E * /  control[ 
nam e =  " c o n t r o l " ;
T Y P E  =  NONDEPLETABLE; 
ELEMENT.SIZE =  

control.ELEMENT.SIZE;
I N P U T  =  server : discrete; 
I N P U T  =  rt : discrete; 
O U T P U T  =  server : continuous; 
P R O C E S S O R  =  expos; 
CAPACITY =  1;
ACCESS =  all;

/* S T O R E * j  motor[ 
name =  "m otor";
T Y P E  =  NONDEPLETABLE; 
ELEMENT.SIZE =  motor_ELEMENT_SIZE; 
O U T P U T  =  server : continuous; 
P R O C E S S O R  =  expos;
CAPACITY =  1;
ACCESS =  all;

!* T E R M * /  file_system[
NAME =  " f i l e " ;
I N P U T  =  server : discrete; 
T Y P E  =  Sink; 
ELEMENT.SIZE =  

fi le.system_ELEMENT.SIZE; 
P R O C E S S O R  =  expos; 
RATE =  fi le.system.rate; 
START.TIME =  1;

];

/* T E R M * /  console[
NAME =  "c o n s o le " ;  
I N P U T  — server : discrete; 
T Y P E  =  Sink;
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ELEM ENT.SIZE =  
console.ELEMENT.SIZE;

P R O C E S S O R  =  expos;
RATE =  console.rate;
START.TIME =  1;

];

/ * S T 0 R E * /  status[ 
name =  " s t a t u s " ;
T Y P E  =  NONDEPLETABLE; 
ELEM ENT.SIZE =  s tatus .ELEM ENT.SIZE; 
I N P U T  =  rt : discrete;
I N P U T  =  server : discrete;
O U T P U T  =  r t  : continuous; 
P R O C E S S O R  =  expos;
CAPACITY =  1;
ACCESS =  all;

/* S T O R E * /  globals[ 
name =  " g l o b a l s " ;
T Y P E  =  NONDEPLETABLE; 
ELEM ENT.SIZE =  

globals.ELEMENT.SIZE;
I N P U T  =  rt : discrete;
I N P U T  =  server : discrete; 
O U T P U T  =  rt : continuous; 
O U T P U T  =  server : continuous; 
P R O C E S S O R  =  expos; 
CAPACITY =  1;
ACCESS =  all;
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A P P E N D I X  C

R O B O T  C O N T R O L  S Y N T H E T IC  W O R K L O A D

SP E C IF IC A T IO N : E X P E R IM E N T  FILE

E X P E R I M E N T  

C O N S T A N T S  

R u n s  =  4;

P A R A M E T E R S

default[
T I M E U N I T  =  1 00 0 /60 ;  /*  60 I I z  * /

T I M I N G  =  true ;

T I M E L I M I T  =  5000;

S E E D  =  727633698, 276090261,1808217256;

S E E D _ R E S E T  =  T R U E ,  T R U E ,  T R U E ;
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A P P E N D I X  D

R O B O T  C O N T R O L  S Y N T H E T IC  W O R K L O A D

SP E C IFIC A T IO N : F U N C T IO N  FILE

F U N C T I O N S  

E X T E R N S  

D I S T  expon ;

O P E R  sw ri te ;

D I S T  in tvalue; / *  in iva lu e (x )  re tu rns  ( in t ) x  * /

O P E R  sread ;

O P E R  bool;

O P E R  trig;

O P E R  fp;

C O N S T A N T S

ra re  =  1;

fp .s ca l ing - fac to r  =  0.70; / *  Value f o r  S W 1 :  1 .0  * /

C O D E

period ic .fu iic  { 

v e r b a t i m

^ i n c l u d e  ’’p r o b e . h ” 

e n d v e r b a t i m  

i n c l u d e  r t j o
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B E G I N

verbatim
p ro b e ( l ) ;

endverbatim
sw r i te (ad c_ b o a rd _ o u t); 

sw r i te (aL b o a rd _ o u t ) ;

s rea d (c o m m a n d _ se m a p h o re ,  W A IT ) ;

L O O P  ( 1 8 + 6 )  { /*  loop co m its  a n d  express ions  in  f p ( )  calls were derived  

f r o m  the robot control so ftware * /

swrite(  c o m m an d ) ;

};

sw r i te (co m m a n d _ sem ap h o re ) ;

S W I T C H  {

ra re  : { / *  i f  s topped  * /

sread(r ing_bufler ,  NO W A IT ) ;

S W I T C H  {

1 /6 00  : { /*  i f  a m essa ge  was read  * /

S W I T C H  {

33 : { / *  grasp c o m m a n d ?  * /  

s w r i te ( s ta tu s ) ;

};

rem ain ing  : {

S W I T C H  {

0 : { / *  relative  m o ve  co m m a n d  * /  

fp ( in tv a lu e ( fp .sca l in g .fac to r  * (6))) ;

}; 

};  

}; 

}; 

}; 

};
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};
fp ( in tvalue(fp_scaling_factor  * (6 * 6 + 5 + 6 * 3 ) ) ) ;

};
rem a in in g  : {

S W I T C H  {

96 : { /*  con s ta n t  ve loc ity  * /  

sw r i te (con tro l ) ;  

sw ri te (g loba ls) ;

}; 

};

S W I T C H  {

4 / *  75 * /  : { /*  sa m e  se g m e n t?  Value f o r  SIV1: 75 * /  

sread(ring_bufFer, N O W A IT ) ;

S W I T C H  {

1 /6 0 0  : { /*  i f  a m essag e  was read  * /

S W I T C H  {

33 : { / *  grasp c o m m a n d ?  * /  

sw r i te ( s ta tu s ) ;

};

rem a in in g  : {

S W I T C H  {

0 : { /*  relative m o ve  co m m a n d ?  * /  

fp ( in tvalue(fp_scaling_factor * (6))) ;

}; 

}; 

}; 

}; 

};
S W I T C H  {

99 : { / *  n o  n e w  da ta?  * /  

sw ri te (g loba ls) ;

}; 

};

fp ( in tva lue(fp .sca ling_fac to r  * (6 * 6 + 5 + 6 * 3 ) ) ) ;

};
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rem ain in g  : { / *  in  n e w  seg m en t  * /  

S W I T C H  {

33 : { / *  decelerating?  * /  

sw ri te (con tro l ) ;

};
rem a in in g  : { 

sw ri te(g lobals) ;

}; 

}; 

}; 

}; 

}; 

}; 

};

fp ( in tvalue(fp_scaling_factor * (6 ) ) ) ;  

S W I T C H  { / *  se n so r  type * /

100 : { / *  encoder  * /

L O O P  6 { 

s read(a i_board_in , N O  W A IT ) ;  

b o o l( l ) ;

};

fp ( in tvalue(fp_scaling-fac tor  * (6 )));

};

rem ain in g  : { /*  pots  * /

L O O P  00 { 

s r ead (ad c -sem ap h o re ,  W A IT );  

s read (ad c .b o a rd _ in ,  N O W A IT ) ;  

sw ri te (ad c - se m ap h o re ) ;

} ;

fp ( in tvalue(fp_scaling_factor * (6 )));

}; 

};

fp ( in tva lne(fp -Sca ling .fac to r  * (12))) ;  

tr ig(  12);

fp(in tvalue(fp_scaling_factor * (0 ))) ;
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S W I T C H  {

100 : { / *  force  used  * /

LOOP 6 {  
s r ead (ad c_ sem ap h o re ,  W A IT ) ;  

s r e a d ( a d c _ b o a r d J n ,  N O W A IT ) ;  

sw r i te (a d c _ s e m a p h o re ) ;

};

fp ( in tva lue(fp_sca ling_fac to r  * (2 * 3 6 + 6 ) ) ) ;  

t r ig (2 ) ;

fp (in tva lue(fp_sca ling_fac to r  * (1 2 + 4 ) ) ) ;  

t r ig (2 ) ;

fp ( in tv a lue (fp_ sca l in g .fac to r  * (1 2 + 4 ) ) ) ;

}; 

};

s re a d (se n so rs js e m a p h o re ,  W A IT ) ;

LOOP 6 { 
sw ri te (sen so rs ) ;

};

sw ri te (s en so rs - sem ap h o re ) ;

S W I T C H  { / *  check  m ode  * /

100 : { / *  p os i t ion  in terpo la ted  * /

fp ( in tva lue(fp_sca ling_fac to r  * (1 2 * 4 + 6 * 5 )) ) ;  

sw r i te (a i_ b o a rd _ o u t);

};

ra re  : { / *  torque  * /

fp ( in tvalue(fp_scaling_factor  * (6*3))) ;  

LOOP 6 {
s r e a d (d a c - se m a p h o re ,  W A IT );

sw r i te (d ac_b oard _o u t) ;

sw ri te (d ac - sem ap l io re ) ;

};
sw r i te (a L b o a rd _ o u t ) ;

};

ra re  : { /*  s tan db y  * /

fp ( in tva lue (fp_sca lm g-fac to r  * (12))) ;
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}; 

};

s r e a d (a d c - se m a p h o re ,  W A IT ) ;  

sw ri te (ad c_b oard _o u t) ;  

sw r i te (ad c - sem ap h o re ) ;  

v e r b a t i m  

p rob e(2 ) ;  

e n d v e r b a t i m  

E N D ;

};

server_func { 

i n c l u d e  server J o  

B E G I N

L O O P  foi •ever { 

s read (c l ie n t ,W A IT ) ;

S W I T C H  {

0 : { / *  relative m ove  * /

S W I T C H  { 

ra r e  : { } ' , / *  i f  in  s tand by  m ode  * /  

r e m a in ing  : {

s read(g loba ls ,  N O W A IT ) ;  

s rea d (co n tro l ,  N O W A IT ) ;  

fp ( in tvalue(fp-Scaling_factor * (6 ))) ;  

s read (co n tro l ,  N O W A IT ) ;  

fp ( in tv a lu e ( fp .sca l in g .fa c to r  * (6))) ;  

sw rite(r ing_bufler);

}; 

}; 

};

33 : { /*  absolute m ove  * /

S W I T C H  { 

ra re  : {}; /*  i f  in s tandby m ode  * /  

rem a in ing  : {
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sw ri te (g loba ls) ;  

s r ead (co n tro l ,  N O W A IT ) ;  

fp ( in tva lue(fp_sca ling_fac tor  * (6 ))) ;  

s r ead (co n tro l ,  N O W A IT ) ;  

fp ( in tvalue(fp_scaling_factor  * (6 ))) ;  

swrite(i 'ing_buITer);

}; 

}; 

};

33: { /*  grippei- O P E N * /  

sw ri te(  ring_bufier);

};

33: { /*  grippei• C L O S E  * /  

sw rite(r ing_bufler) ;

}; 

}; 

};
END;

};
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A P P E N D I X  E

ROBOT CONTROL SYNTHETIC WORKLOAD  

SPECIFICATION: INCLUDED FILE 

“VXW ORKS.CONSTANTS”

O P E R A T I N G .S Y S T E M  =  "VXWORKS" ;

W A IT  =  0;
N O  W A IT  =  1;
N O L IM IT  =  50;
R U N N IN G  =  0;
A LL  =  0;
G R O U P O N L Y  =  1;
F IF O  =  0;
P R IO  =  0x80;
I N F I N I T E  =  0;
L IM I T E D  =  2;
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A P P E N D I X  F

R O B O T  C O N T R O L  S Y N T H E T IC  W O R K L O A D

SP E C IFIC A T IO N : IN C L U D E D  FILE “RT_IO”

T h is  include file co n ta in s  th e  INPUT an d  OUTPUT spec if ica tions  for th e  t r a n s fo r m a ­

tion  r t  which im p lem e n ts  th e  levelO ta sk .  T h is  file is inc luded  in to  b o t h  th e  t r a n s fo r m a t io n  

specification a n d  th e  func t ion  specification . T h e  sy n ta x  is th e  sa m e  for b o th ,  an d  using an  

include file keeps th e  specifica tions consis ten t .

I N P U T  =  r ing .bu ffe r  : d iscrete;
I N P U T  =  a L b o a r d J n  : con tinuous;
I N P U T  =  d a c -s e m a p h o re  : discrete ;
I N P U T  =  a d c . b o a r d J n  : con tinuous;
I N P U T  =  adc_sem ap ho re  : discrete ;
I N P U T  =  c o m m a n d -se m a p h o re  : d iscrete ;
I N P U T  =  se n so rs .se m ap h o re  : d iscrete ;
I N P U T  =  s t a tu s  : con tinuous;
I N P U T  =  globals : con tinuous;
O U T P U T  =  d a c .b o a r d .o u t  : discrete ;
O U T P U T  =  dac_sem aphore  : d iscrete;
O U T P U T  =  a i .b oa rcL ou t  : discrete ;
O U T P U T  =  adc_board_out : d iscrete;
O U T P U T  =  adc_sem aphore  : discrete ;
O U T P U T  =  co m m a n d -se m a p h o re  : discrete ;
O U T P U T  =  c o m m a n d  : d iscrete;
O U T P U T  =  senso rs -sem aph ore  : d iscrete ;
O U T P U T  =  sensors : discrete;
O U T P U T  =  s ta tu s  : discrete;
O U T P U T  =  globals : d iscrete;
O U T P U T  =  control : d iscrete;
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A P P E N D I X  G

R O B O T  C O N T R O L  S Y N T H E T IC  W O R K L O A D

S P E C IF IC A T IO N : IN C L U D E D  FILE “SERVER_IO ”

T h is  inc lude  file co n ta in s  th e  INPUT an d  OUTPUT specifications for t h e  t r a n s fo r ­

m a t io n  s e r v e r .  T h is  file is inc luded  in to  b o th  th e  t r a n s fo r m a t io n  specification  a n d  th e  

func t ion  specifica tion . T h e  s y n ta x  is th e  sam e  for b o th ,  and  using a n  inc lude  file keeps th e  

specifications cons is ten t .

I N P U T  =  client : d iscrete ;
I N P U T  =  a L b o a r d J n  : con tinuous;
I N P U T  =  a d c . b o a r d J n  : con tinuous;
I N P U T  =  d a c js e m a p h o re  : d iscrete ;
I N P U T  =  adc_ sem aph ore  : discrete ;
I N P U T  =  sensors  : con tinuous;
I N P U T  =  con tro l  : con tinuous;
I N P U T  =  m o to r  : con tinuous;
I N P U T  =  globals : con tinuous;
O U T P U T  =  console : d iscrete ;
O U T P U T  =  d a c - b o a r d .o u t  : d iscrete;
O U T P U T  =  dac_ sem ap h ore  : d iscrete;
O U T P U T  =  a i - b o a r d .o u t  : d iscrete;
O U T P U T  =  adc_ sem ap h ore  : d iscrete;
O U T P U T  =  r in g .bu ffe r  : d iscrete ;
O U T P U T  =  c o m m a n d  : discrete ;
O U T P U T  =  sensors  : d iscrete ;
O U T P U T  =  A u xC lock  : discrete ;
O U T P U T  =  co n tro l  : discrete ;
O U T P U T  =  f i le .sy s tem  : d iscrete ;
O U T P U T  =  s t a t u s  : d iscrete ;
O U T P U T  =  globals : d iscrete ;
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A P P E N D I X  H 

W O R K L O A D  (4,1,10,10): G R A P H  FILE

G R A PH dest2.10 =  rtcl91;

E X T E R N S source3 =  rtcl91;
dest3.1 =  rtclAl;

F U N C  fun2; dest3.2 =  rtclOl;
FU N C  fun 1; dest3.3 =  rtcl81;
PRO C rtclGl; dest3.4 =  rtclAl;
PRO C rtclSl; dest3.5 =  rtclGl;
PRO C rtcl91, rtclAl; dest3.0 =  rtcl81;

dest3_7 =  rtclAl;
C O N ST A N T S dest3.8 =  rtclG 1;

dest3.9 =  rtcl81;
num.tasks =  10; dest3.10 = rtclAl;
loopcount =  10;
peri =  loopcount * num.tasks +  1; source4 = rtclAl;
deadl =  peri - 1; dest4_l =  rtclOl;
source.priority =  20; dest4.2 =  rtcl81;
dest.priority =  10; dest4.3 =  rtcl91;

dest4.4 =  rtclGl;
sourcel = rtclGl; dest4.5 =  rtclSl;
d estl.l =  rtcl81; dest4_G = rtcl91;
destl.2 =  rtclOl; dest4.7 =  rtclOl;
destl.3 = rtclA 1; dest4_8 =  rtcl81;
destl.4 = rtcl81; dest4.9 =  rtcl91;
destl_5 = rtclOl; dest4.10 = rtclOl;
destl.6 = rtclAl;
destl.7 = rtclS 1; in c lu d e  psos.constants
destl_8 =  rtcl91;
destl.9 =  rtclAl; OBJECTS
destl.10 =  rtclS 1;

T R A N S task 1;
source2 = rtcl81; STO R E storel;
dest2.1 = rtcl91; T R A N S task2;
dest2.2 = rtclAl; T R A N S taskla;
dest2.3 = rtclOl; STO RE storela;
dest2.4 = rtc!91; T R A N S task2a;
dest2.5 = rtclAl; T R A N S task lb;
dest2.6 =  rtclOl; STO RE storelb;
dest2.7 =  rtcl91; T R A N S task2b;
dest2.8 = rtclAl; T R A N S tasklc;
dest2_9 = rtclOl; STORE storelc;
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T R A N S  task2c;
T R A N S  taskld;
ST O R E  storeld;
T R A N S  task2d;
T R A N S taskle;
ST O R E  storele;
T R A N S  task2e;
T R A N S  tasklf;
STO R E storelf;
T R A N S  task2f;
T R A N S  tasklg;
STO R E storelg;
T R A N S  task2g;
T R A N S  tasklli;
STO R E storelh;
T R A N S  task2h;
T R A N S  taskli;
ST O R E  storel i;
T R A N S  task2i;

D E FIN IT IO N S

/ * T R A N S */  taskl[
PERIOD = peri;
F UNCT ION =  fiml();
START.TIME = 1;
PRIORITY = source.priority;
O U T P U T  = storel : discrete; 
P R O C E SSO R  = sourcel, source2, source3, 

sourced;
ACTIVE = true;
DEADLINE =  deadl;

/ * S T O R E * /  storel[
TYPE = depletable;
ELEMENT.SIZE =  10;
IN P U T  =  taskl : discrete;
O U T P U T  = t;isk2 : discrete; 
PR O C E SSO R  = d estl.l, desP2.1, dest3.1, 

dcstd.l;
policy = prio;

];

/ *  T R A N S * /  task2[
SPORADIC = 0;
FUNCTION = fun2();
START.TIME = 1;
PRIORITY = dest.priority;
IN P U T  = storel : discrete; 
P R O C E SSO R  = d estl.l, dest2.1, dest.3.i, 

destd.l;
ACTIVE = true;

];

/ * T R A N S * /  taskla[
PERIOD =  peri;
FUNCTION =  funl();
START.TIME =  1;
PRIORITY = source.priority;
O U T P U T  = storela : discrete; 
P R O C E SSO R  = sourcel, source2, source3, 

sourced;
ACTIVE =  true;
DEADLINE = deadl;

l * S T O R E * /  s torela[
TYPE = depletable;
ELEMENT.SIZE =  10;
IN P U T  = ta sk la  : discrete;
O U T P U T  = task2a : discrete; 
PR O C E SSO R  = destl.2, dest2.2, dest3.2, 

destd.2;
policy =  prio;

];

/*  T R A N S * /  task2a[
SPORADIC = 0;
FUNCTION = fun2();
START.TIME =  1;
PRIORITY = dest.priority;
IN P U T  = storela : discrete; 
PR O C E SSO R  = destl.2, dest2.2, dest3.2, 

destd_2;
ACTIVE =  true;

/ * T R A N S * /  tasklb[
PERIOD =  peri;
FUNCTION =  funl();
START.TIME =  1;
PRIORITY =  source.priority;
O U T P U T  =  s tore lb  : discrete; 
P R O C E SSO R  =  sourcel,  source2, source3, 

sourced;
ACTIVE = true;
DEADLINE =  deadl;

];

/* S T O R E * /  storelbf 
T Y P E  =  depletable;
ELEMENT.SIZE =  10;
IN P U T  =  task lb  : discrete;
O U T P U T  =  task2b : discrete;
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P R O C E SSO R  =  destl.3, dest2.3, dest3.3, 
dest4_3;

policy =  prio;

/ * T R A N S * /  task2b[
SPO RA DIC =  0;
FUNCTION =  fun2();
STAR T.TIM E =  1;
P R IO R ITY  =  dest.priority;
I N P U T  =  s to re lb  : discrete; 
P R O C E S S O R  =  des t l .3 ,  dest2.3, dest3.3, 

dest4.3;
ACTIVE =  true;

];

/ * T R A N S * /  tasklc[
PE R IO D  =  peri;
FUNCTION =  funlQ;
S TART.TIM E =  1;
P R IO R ITY  =  source.priority;
O U T P U T  =  storele  : discrete; 
P R O C E S S O R  =  sourcel, source2, source3, 

source4;
ACTIVE =  true;
DEADLINE =  dead l;

/ * S T O R E * /  storelc[
T Y P E  =  depletable;
ELEM EN T.SIZE =  10;
I N P U T  =  ta sk lc  : discrete;
O U T P U T  =  task2c : discrete; 
P R O C E S S O R  =  des t l .4 ,  dest2.4, dest3.4, 

dest4.4;
policy =  prio;

];

/*  T R A N S * /  task2c[
SPO RA D IC  =  0;
FUNCTION =  fun2 ( ) ;
START.TIM E =  1;
PR IO R ITY  =  dest.priority;
I N P U T  =  storele  : discrete; 
P R O C E S S O R  =  d es t l .4 ,  dest2.4, dest3.4, 

dest4_4;
ACTIVE =  true;

];
/*  T R A N S * /  taskld[

PERIOD  =  peri;
FUNCTION =  f u n l Q ;
START.TIM E =  1;
PR IO RITY  =  source.priority;

O U T P U T  =  s tore ld  : discrete; 
P R O C E S S O R  =  sourcel, source2, source3, 

source4;
ACTIVE =  true;
DEADLINE =  deadl;

];

/* S T O R E * j  storeld[
T Y P E  =  depletable;
ELEMENT.SIZE =  10;
I N P U T  =  ta sk ld  : discrete;
O U T P U T  =  task2d : discrete; 
P R O C E S S O R  =  des t l .5 ,  dest2_5, dest3.5, 

dest4_5;
policy =  prio;

];

/ * T R A N S * /  task2d[
SPORADIC =  0;
FUNCTION =  fun2();
START.TIME =  1;
PRIO RITY  =  dest.priority;
I N P U T  =  s to re ld  : discrete; 
P R O C E S S O R  =  des t l .5 ,  dest2.5, dest3_5, 

dest4_5;
ACTIVE =  true;

];
/* T R A N S * /  taskle[

PERIOD =  peri;
FUNCTION =  funlQ;
START.TIME =  1;
PRIO RITY  =  source.priority;
O U T P U T  =  storele  : discrete; 
P R O C E S S O R  =  sourcel, source2, source3, 

sourced;
ACTIVE =  true;
DEADLINE =  deadl;

1;

/* S T O R E * /  storele[
T Y P E  =  depletable;
ELEMENT.SIZE =  10;
I N P U T  =  task le  : discrete;
O U T P U T  =  task2e : discrete; 
P R O C E S S O R  =  des t l .6 ,  dest2.6, dest3.6, 

dest4.6; 
policy =  prio;

];

/* T R A N S * /  task2e[
SPORADIC =  0;
FUNCTION =  fun2();
START.TIME =  1;
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P R IO R IT Y  =  dest .priority;
I N P U T  =  storele  : discrete; 
P R O C E S S O R  =  destl .6 ,  dest2.6, dest3.6, 

dest4.6;
ACTIVE =  true;

];
/ * T R A N S */  tasklf[

PERIOD =  peri;
FUNCTION =  fun 1 ();
START.TIM E =  1;
PR IO R IT Y  =  source.priority;
O U T P U T  =  s to re lf  : discrete; 
P R O C E S S O R  =  sourcel,  source2, source3, 

sourced;
ACTIVE =  true;
DEADLINE =  deadl;

];

/ * S T O R E * /  storelf[
T Y P E  =  depletable;
ELEM ENT.SIZE =  10;
I N P U T  =  ta sk lf  : discrete;
O U T P U T  =  task‘2f : discrete; 
P R O C E S S O R  =  d e s t l . l ,  dest‘2.7, dest3.7, 

dest4-7;
policy =  prio;

];

/ * T R A N S * / task2f[
SPO RA DIC =  0;
FUNCTION =  fun2();
START.TIM E =  1;
P R IO R ITY  =  dest.priority;
I N P U T  =  s to re lf  : discrete; 
P R O C E S S O R  =  dost 1.7, dest2.7, dest3.7, 

dest4.7;
ACTIVE =  true;

];

/* T R A N S * /  tasklg[
PERIOD  =  peri;
FUNCTION =  fn n 1 ();

START.TIM E =  1;
P R IO R ITY  =  source.priority;
O U T P U T  = st.orelg : discrete; 
P R O C E S S O R  =  sourcel, source‘2, sourcc3, 

sourced;
ACTIVE =  true;
DEADLINE =  deadl;

/ * S T O R E * /  storelg[ 
TYPE = depletable;

ELEMENT.SIZE =  10;
I N P U T  =  ta sk lg  : discrete;
O U T P U T  =  task2g : discrete; 
P R O C E S S O R  =  destl_8, dest2.8, dest3.8, 

dest4_8;
policy =  prio;

];

/ * T R A N S * /  task2g[
SPORADIC =  0;
FUNCTION =  fun2();
START.TIME =  1;
PRIO RITY  =  dest.priority;
I N P U T  =  s to re lg  : discrete; 
P R O C E S S O R  =  des t l .8 ,  dest2.8, dest3.8, 

dest4_8;
ACTIVE =  true;

];
/ * T R A N S * /  ta sk lh [

PERIOD =  peri;
FUNCTION =  fun lQ ;
START.TIME =  1;
PRIORITY =  source.priority;
O U T P U T  =  s to re lh  : discrete; 
P R O C E S S O R  =  sourcel, source2, source3, 

sourced;
ACTIVE =  true;
DEADLINE =  dead l;

/* S T O R E * /  storelh[
T Y PE  =  depletable;
ELEMENT.SIZE =  10;
I N P U T  =  task lh  : discrete;
O U T P U T  =  task2h : discrete; 
P R O C E S S O R  =  des t l .9 ,  dest2.9, dest3.9, 

dest.4_9;
policy =  prio;

1;

/ * T R A N S * /  task2h[
SPORADIC =  0;
FUNCTION =  fun2();
START.TIME =  1;
PRIORITY =  dest.priority;
I N P U T  =  s to re lh  : discrete; 
P R O C E S S O R  =  des t l .9 ,  dest2.9, dest3.9, 

destd.9;
ACTIVE =  true;

];
/ * T R A N S * /  task 1 i[

PERIOD =  peri;
FUNCTION =  funl();
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START.TIM E =  1;
PR IO R ITY  =  source.priority;
O U T P U T  =  storeli  : discrete; 
P R O C E S S O R  =  sourcel, source2, source3, 

source4;
ACTIVE =  true;
DEADLINE =  deadl;

/* S T O R E * /  st.oreli[
T Y P E  =  depletable;
ELEMENT.SIZE =  10;
I N P U T  =  ta sk li  : discrete; 
O U T P U T  =  task2i : discrete; 
P R O C E S S O R  =  dest l .10 , dest2_10, 

dest3.10, dest4_10; 
policy =  prio;

];

/*  T R A N S * /  task2i[
SPORADIC =  0;
FUNCTION =  fun2();
START.TIME =  1;
PR IO RITY  =  dest.priority;
I N P U T  =  storeli  : discrete; 
P R O C E S S O R  =  destl .10 , dest2.10, 

dest3.10, destd.lO;
ACTIVE =  true;
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A P P E N D I X  I

WORKLOAD (4,1,10,10): FUNCTION FILE

FUNCTIONS

EXTERNS 
OPER sread;
OPER swrite;

CONSTANTS

CODE

f u n l  {
O UTPUT = y: DISCRETE; 
BEGIN
LOOP loopcount 
{

sw ri te (y ,  W A IT ,  0, 200);

};
END;
};

fun2 {
INPU T = x : DISCRETE; 
BEGIN  
LOOP forever 
{

s re ad (x ,  W A IT ,  N O L IM IT ) ;

};
END;
};
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A PPE N DIX  J 

WORKLOAD (4,1,10,10): EXPERIM ENT FILE

E X PE R IM E N T

CONSTANTS

/ * C O N S T A N T * /  R u n s  =  1;

PA RAM ETERS

/ * P R O C E S S O n * /  d e f a u l t !
T IM E U N IT  = 210;
TIM IN G  = true;
TIM ELIM IT = 1000/(loopcount*num_tasks) * peri;
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