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A bstract

So f tware  engineer ing  in a  d i s t r ib u te d ,  he te rogeneous  en v i r o n m e n t  is faced with a, n u m b e r  of  

chal lenges .  W i t h  d i s t r ib u t io n  comes  the  need for sy nchron isa t io n ,  t ra n s a c t i o n s ,  a nd  fault-  

to le rance  while s u p p o r t  for different  o p e r a t i n g  s y s te m s  also has t o  be ta ken  in to  account .  

I 'he d i s t r ib u te d  and d y n a m i c  n a t u r e  of  appl i ca t io ns  in such an e n v i r o n m e n t  also imposes  

special  rec |ui rements  in t e r m s  of  adap ta b i l i ty :  c o m p o n e n t s  be ing a d de d  to  or  remov ed  from 

th e  sy s te m  ma y recpiire appl ica t ion s  to  a d a p t  themselves  to  th e  changed  e n v i ro n m e n t .  

i )evelo| )inent  should moreover  not be res t r ic ted to  one  pa r t ic u la r  p r o g r a m m i n g  language .

Il soon becomes  a p | ) a r en t  t h a t  a large a m o u n t  of  effort in the  deve lopment  of  d i s t r ib u t ed  

app l ic a t io ns  is s]>ent on th e  S])ecihcation and im p le m e n ta t i o n  of  these  non- func t iona l  re

qu i r em en t s .  .Moreover, th e  ac tua l  func t iona l  p a r t s  of  th e  a])pl icat ion become m ore  and 

inor('  in te r twi ned  with and  de pendent  on th e  [)arts that,  deal  with t h e  fulfi l lment of  non- 

i 'unctional reciuirement.s. As a consequence ,  lit t le cha.nges in th e  design of  an aj)])lication 

may I'esult in the  modif ica t ion  of  large a m o u n t s  of  code throughout ,  th e  sys tem.

In or de r  to  tackle  these  proble ms mo de rn  sof tware  engineer ing  is clearly a d v a n c in g  to

w ard s  mid dle ware  and coni]>onent based sys te m s  such as t h e  C o m m o n  O b je c t  Hecpiest 

Broker .Archi tecture (C 'ORB A).  Ent e rp r i s e  .Java Beans  (H!.]H) and  th e  S ys te m  Objec t  

.\lf)del (S O M ) .  T hese  sy s te m s  define a  | ) l a t form- independent  o b j e c t  model ,  usual ly wi th  

s u p p o r t  for d i s t r i bu t io n ,  persi s tence  a nd  t ra n sa c t i o n s ,  which allow th e  rap id  develo])m('ut  

of  ap pl ic a t io ns  in a  he te rogeneous ,  d i s t r ib u t ed  e n v i r onm en t .

However ,  the se  . systems a re  pr imar i ly  t a rg e te d  t o w a r d s  t h e  d e ve l op m ent  of  bus iness  ap])li- 

c a t io ns  a n d  can hard ly  be employed  for th e  deve lopment  of  low-level, p e r fo rm a n c e  cri t ical  

a | )p l icat ions  such as o p e r a t in g  s y s t e m s  a nd  e m b e d d e d  sys t em s .  Moreover ,  com merc i a l  sys 

te m s  a r e  ’c lo sed’ in t he sense that, users do  not  have di rec t  contro l  over  th e  im p l e m e n t a t i o n  

of th e  various  facilities t h a t  they  | ) ro \ ide  and can ,  in general ,  not provide  cus t om is ed  or  

a.dditional sei'vices. .‘Vdai:)tat.ion and  cus to m is a t io n  a re  however desira.l)le ]:>i'opei’t ies in 

or de r  to  keej) pace wi th evolving and chang ing  e n v i r o n m e n ts  t h a t  a re  c ha ra c te r i s t ic  of  

<list I'ibutefI sys t ems .
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( 'oin] )uta tioi ia l  reflection a nd  ineta-level  a r ch i te c tu re s  offer an a l t e rn a t i v e  a p p r o a c h  t o 

w ards  t h e  deve lo])ment of  comple x  sys te m s  in t h a t  t hey  provide a clean s e pa ra t io n  of  

conce rns  a n d  a  s t r u c t u r e d  a p p r o a c h  of  m a k in g  i m p le m e n ta t i o n s  more  open .  In order  to  

provide  generic  la n g u ag e  s u p p o r t  for  d i s t r ib u te d  c o m p u t i n g  as well as th e  ad v a n ta g e s  of  

coni|:>onent based progi ’a m m i n g ,  we have deve loped  a c o m p o s a b l e  a nd  ex tensible  meta-U'vel 

a r c h i t e c t u re  for a  compiled ,  ob jec t -or ien t ed  p r o g r a m m i n g  language .  T h e  model  p roposed  

offers a high degree  of  flexibility and  can be used to  ex te nd  obj ec t -o r i en ted  p r o g r a m m i n g  

languages  to  su | ) p o r t  a  varie ty of  a p p l i c a t i o n - in d e p en d e n t  behav iour s  such as d i s t r ib u 

tion.  pers is tence,  t r a n s a c t i o n s  and  faul t - to le rance .  I ' h e  main  c o n t r ib u t i o n s  of  the  work  

described in th i s  thesi s  cons is t  of  th e  provision of  a  reflective ob j ec t -m o d e l  t h a t  is

•  Co n ip os abl e :  We provide  a  m ech an is m  t h a t  allows th e  au to m a t i c  com pos i t i on  of 

ind ividual ly  defined o b je c t  behaviours .  If th e  de fau l t  s em an t ic s  does  no t  yield the  

desi red  behav iou r ,  user  defined com])Osition rules can  be applied manual ly .

•  D yn am ic ;  l i u n n i n g  appl i ca t io ns  can dyn am ic a l ly  swi tch be tween  di fferent  o b j e c t  

models ,  a l lowing ob je c t s  to evolve in changing  en v i r o n m en ts .  T h is  kind of  f un c t i on 

al i ty could ])reviously only be achieved in i n te rp re ted  p la t forms .

•  Efficient: I5y choosing a compiled l ang uag e  we achieve p e r fo rm a n c e  a d v a n t a g e s  over  

in te rpr e te d  languag es  and  present  an  a r ch i te c tu re  t h a t  is su i ta b le  for ap| ) l icat ion 

d o m a i n s  such as legacy sys te ms ,  o ])e ra t iug  s y s t e m s  and  e m b e d d e d  sys tems .

As an o u t c o m e  of ou r  work we in t ro du ce  t h e  concept  of  a nieta-tt jpf  . Meta- ty] )es  provide  

a fu r t he r  level of  a b s t r a c t i o n  t h a t  e n c a p s u la t e  mo s t  of  th e  func t io na l i t y  offered by the  

leflective la ngua ge  ex tens ion .  In a n u m b e r  of  case s tud ies  we have applied  t h e  reflective 

p i o g r a m m i n g  mod(' l  in oixler to va l ida te  o u r  claims.
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In trod u ction

R E F L E C T I O N ,  n .  An ac t ion  of  th e  mind whereby  we o b ta in  a  c learer  \ ' iew 

of our  relat ion to  the  th ings  of  y es te rday  and  a re  able to  avoid th e  |)erils t h a t  

we shall no t  again encou nte r .  A m b ro se  Bierce. The D evil 's  DictioiKirij.

.Modern sof tware  engineer ing has  to  keep pace wi th  ever evolving r u n t i m e  cnvi r oun ien ts  

th a l  place new d e m a n d s  on th e  d ev e lo pm en t  of  c o m p u t e r  a])plicat ions.  Since the  ad- 

\ e n t  and  popular i ty  of  the  In te rne t ,  for example ,  a comple te ly  different | ) r og ramm in g  

en \  ii 'onmen1 has emerged ,  int i 'oducing a f lemand foi' d i s t r ibu ted  and con cur r en t  a])i)lica- 

l ions.  I .ong-i 'unning s y s t e m s  such as o] )e ra t ing s ys te m s  a re  moreover  faced wi th dy n am ic  

ch an ges  ta k in g  |)lace at run- t ime ,  wi th  coni | )onents  being added  to  or  removed from the  

( ' i ivironment ,  recpiiring the  sys tem to  ada|)t, i tself to  the  changed  s u r roundi ng s .  .As sys

t e m s  grow larger and  become increas ingly complex ,  the  ques t ion  arises as to  w h a t  ex tent  

a  p r o g r a m m i n g  language  can assist develoj iers in th e  task  of  deve loping  such appl ica t ions .

O n e  ai^proach is to  | jrovide d irect  snp])ort  for som e e lement  of  d i s t r ib u te d  c o m p u t i n g  

IVom witliin th e  | ) rog ram m ing  language .  I']xam])les of  those  languages  inc lude  ( '**  [Tay93, 

\ ' ( ' (1P93],  I'Jiierald [.)LI1B88] and .Java [CJ.IS96]. C'** is an ex tens ion  of  C++ and  |:>rovides 

I  l u '  a|) | )l ication p r o g r a m m e r  with su | )por t  for persi stence,  d i s t r ib u t io n ,  and  t ra n sa c t i o n s ,  

hj i ieraki  provides  object,  m igra t ion  and  an ex te nded  except ion  handl ing  me cha n is m  to 

rf'cover from par t ia l  failures [Hut9()]. .Java on th e  o th e r  hand fe a tu re s  built-in supi )or t  for 

m ul t i - th r ead in g  and s t a n d a r d  l ibraries for re mo te  m e t h o d  invoca t ion ,  m a k in g  the  deve l 

o p m e n t  of  c o n c u r r e n t , d i s t r i b u t ed  appl ica t i ons  easier.

These  languages  m ay  | )rovide a  ta i lored solut ion for one  individual  p r o g r a m m i n g  e n v i ro n 

ment  but a re  l imited in th e  sense t h a t  t h e  comb in a t io n  of  multi])le facilities is not possible.  

T h e  des igner  of  a  | ) r ogr am m in g l ang uag e  is therefore  faced wi th t h e  d i l e m m a  of  decid ing  

which conc ept s  a re  to  be directI) '  s u p p o r t e d  by th e  language  and  which a re  not .  I‘'ach
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s u p p o r t e d  f ea tur e  usual ly recpiires a  specific s y n t a x  a n d / o r  run - t im e s u p p o r t ,  m a k in g  th e  

la nguag e  more  comple x  and  difficult to  im plem en t .

A different ap p ro ach  t h a t  addresses  these  pr obl em s is exemplif ied by c o m p o n e n t - b a s e d  

sy s te m s  such as S u n ’s Ent e rp r i s e  J a v a  B eans  (E J B )  [MicOl], th e  C o m m o n  O b j e c t  Recpiest  

Broker A rch i te c tu re  ( C O I i B A )  [Gro95] an d  I B M ’s S ys te m  O b j e c t  Model  (S OM ) [Lau94],  

f hes e  sy s t e m s  provide  a  p l a t f o r m - in d e p e n d en t  f r am ew o rk  for bui lding ap pl ic a t io ns  in a 

d i s t r ib u t ed  en v i r o n m e n t  and  usual ly c om e  w'ith buil t-in s u p p o r t  for d i s t r i b u t i o n ,  persi s

tence  a nd  t r ansa c t i ons ,  f^ r og ramme rs  s imply  select  o r  deploy a  pre-defined c o m p o n e n t  

into the i r  aj^plication. s u b j e c t  to  so me p r o g r a m m i n g  convent ions  t h a t  one  has  t o  obey.

However ,  these  s y s t e m s  are pr imar i ly  t a rg e te d  to w a r d s  th e  d e ve lopm en t  of  bus iness  appl i 

c a t ions  and can hard ly  be employed for t h e  deve lopm en t  of  low-level, p e r f o r m a n c e  crit ical 

appl ica t i ons  such as o p e r a t i n g  s y s te m s  a nd  e m b e d d e d  sys tems .  Moreover ,  these  s y s te m s  

a re  'c losed’ sys tems ,  m ean in g  t h a t  users do  not  have d i rec t  contro l  over  the  i m p l e m e n t a 

t ion of  th e  var ious facilities and  can in genera l  not  provide cus to mis ed  services.  S u p p o r t  

for di lferent  o p e r a t i n g  sys tems ,  a m a j o r  prerecpiisite for t h e  de v e lo p m e n t  in a he te ro ge 

neous.  d i s t r ib u te d  en v i r o n m en t ,  might  also no t  a lways be available.  Interopera.bi l i ty be

tween these sy s t e m s  does  exis t  to som e e x te n t ,  for exam])le.  in t h e  form of  C 'O R B A - C O M  

briflges. but these  come  a t  t h e  price of  increased complex i ty  and  i n t r od uc e  com| )a t ib i l i ty  

problems.

Since th e  provider of  a sof tware  c o m p o n e n t  can in general  not foresee all poss ible usage 

scenar ios  and  sys te m recpiirements,  a  new p r o g r a m m i n g  model is needed t h a t  is in som e 

seiis(' "open"  and  does  not restrict, i ts users by the  decisions m a d e  by its designei ’s.

1.1 Open Im plem entation

The t rad i t i ona l  black-box  model  of  sof t wa re  engineering  is a imed a t  j j roviding users  wi th 

sof tware  c o m p o n e n t s  t h a t  have so me well-defined be hav iou r  while a t  the  s a m e  t im e  shield

ing th e m  from comp lex  or  i rrelevant  im p le m e n ta t i o n  de tai ls .  Kiczales | ) roposed an a l t e r 

na t ive  model  of  a b s t r a c t i o n  for sof tw are  engineering known as th e  o p tn  im pl e in ent u t io u  

model  [Kic91, KI.M' '"93, K1AV92, KL9-3]. T h e  basis o f  t h e  open i m p le m e n ta t i o n  model  

is the  a rg u m e n t  t h a t  while th e  t i 'adi t iona l  black-box  model  of  a b s t r a c t i o n  shie lds  cl ients 

fi'om having  to  know th e  de ta i l s  o f  how a  p a r t ic u la r  c o m p o n e n t  is im p le m e n te d ,  it also 

prevents  th em  from a l te r ing  tho se  de ta i l s  when desirable .  An oj)en i m p le m e n ta t i o n  t h e r e 

fore exhib i t s  so me  (but  not, all) in ternal  de ta i l s  to  its users,  al lowing th e m  to  cu s to m is e  

c o m p o n e n t s  if recpiired.
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I'he open  ini]) lenientat ion a p p ro a c h  sliould no t  be seen as a  con t ra d ic t io n  to  th e  cla.ssicai 

l)lack box ap])roach.  Ins tead,  it should be u n d e r s to o d  as an ex tens ion  to  the  former .  

a d \ o c a t i n g  a  fairer  t rade -o f f  be tween pe r for m ance  on the  one ha nd  a nd  a b s t r a c t i o n  on 

th e  o t he r ,  l a k e  th e  Unix sys t em  call m a d v i s e  as an exampl e .  It allow's ] ) rogramn)ers  to 

‘a d v is e ’ th e  unde r ly ing  v i r tua l  m e m o r y  m a n a g e r  a b o u t  th e  usage  p a t t e r n  of  a  block of  

m e m o r y  m a p p e d  into the  a p p l i c a t i o n ’s add re ss  space .  It  therefore  exposes  so m e  h idden 

func t iona l i ty  of  t h e  unde r ly ing  o p e r a t i n g  sys t em  to  t h e  user,  resu l t ing in a more  efficient 

in i | ) l ementa t ion .

However ,  thi s  ex am p le  can merely be regarded  as an ad hoc a p p ro a c h  to  oj)en i m p le m e n 

ta t i o n s  and  only al lows very res t r ic ted access to  the  o p e r a t i n g  s y s t e m ’s inte rna ls .  W h a t  

is t herefore needed is a  m e th odo lo gy  t h a t  al lows a  more  r igorous and  s t r u c t u r e d  access to  

a c o m p o n e n t ’s internals .  C o m p u t a t i o n a l  reflection, as described in th e  fol lowing sect ions,  

can serve as an under ly ing  technology  for bui lding open ini ]) lementa t ions in t h a t  it equips  

a c o m p u t a t i o n a l  sy s t em  with a  se j ia ra te  r ep re sen t a t ion  of  itself.

Inevi tably,  a  n u m b e r  of  issues arise,  name ly  to  w h a t  e x t e n t  in te rna l  im p le m e n ta t i o n  de ta i l s  

should or  can be exposed  to  the  user a nd  how th e  e r ro ne ous  or  de l ib era te  misuse of  such 

informat ion  can be | )revented.  T he se  issues will follow us th r o u g h  thi s  thesis  and  will be 

d('alt wi th  more  th or o u g h ly  as they  arise.

1.2 In tr o d u c t io n  to  R e f lec t io n

' fh i s  sect ion in t ro duces  som e of  the  main  conc ept s  and  te rm inolo gy  used th ro u g h o u t  the  

r em a in d e r  of  t his thesis.  In m o s t  cases th e  co ncept s  and  te rmino log y  presen ted  here a re  

not. specific to the  a u t h o r ’s view and  a re  widely used in th e  reflection c o m m u n i t y  a t  large.

I nfoi ' t  unately,  t h e r e  is no t  co m p le te  consens us  on t h e  use of  all of  t h e s e  t e r m s  even w i t h i n  

t h e  I ' cf lect ion c o m n u i n i t y .

1.2.1 C o m p u ta t io n a l  R ef lec t ion

C o m p u t a t i o n a l  reflection, or  reflection for sh or t ,  was described  by [Mae87] as “th e  |>rocess 

of reasoning  a b o u t  a n d / o r  ac t ing  upon  onese l f” . In a  non-technica l  sense,  h u m a n s  “reflect" 

when t hey reason ab ou t  the ir  own s t a t e  o f  mind ,  leading  to  insights a b o u t  the i r  exis tence,  

and  inadve r t ed ly  gen e ra t i n g  new knowledge  that,  in t u r n  migh t  feed back and  c ha ng e  

thei r  s t a t e  of  mind .  W h e n  Descar tes  s t a t e s  "1 th ink ,  therefore  I a m ” [I)es37], he reflects 

and ca|:>tures his own s t a t e  of  mind ("I t h i n k ’’), l eading to  th e  rea lisat ion of  his own 

I 'xistence ("thei ' efore 1 a m " ) .  A l th oug h thi s  exam| ) le  is only u.sed in a me ta ph or ic a l  sense.
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it i l lus t ra tes  som e of t h e  f ea tur es  t h a t  a re  charac te r i s t ic  o f  a  reflective sy s t em ,  namely:

I n t r o s p e c t i o n :  Int rospect ion  is the  process of  observ ing  o n e ’s in te rna l  s t a t e  or  s t r u c 

ture .  Kor a s ys te m  to  be able to  int rospec t  and  reason a b o u t  i tself it needs  a se l f  

repre.se n ta tion .

S e l f  r e p r e s e n t a t i o n :  In th e  ex am p le  above , ’I ’ repre sen ts  De scar tes  himself,  his not ion 

of  himself.

C a u s a l  c o n n e c t i o n :  A c o m p u t a t i o n a l  sys te m conta ins  an in te rna l  r epr e sen t a t io n  of  

so m e  ])art of  t h e  ex te rna l  world,  its dom a in  (for ex am p le  in form of  d a t a  a n d  code) .  

A sy s te m is said to  be causal ly  connec ted  to  its d o m a in  if t h e  in te rna l  s t r u c t  ures and 

t he do m a in  th ey  represen t  a re  l inked in such a  way t h a t  if one of  t h e m  changes ,  thi s 

leads to  a cor r e spon di ng  effect upon  the  o t h e r  [Mae87].  A reflective s y s t e m  is one  

whose sel f-re | )resen ta t ion is causa l ly  connec ted  to  itself, or  which is self-referential .  

Again ,  as Desca r t es  deduces  “therefore  I a m ” , he ge ne ra te s  new knowledge  which in 

tu rn  feeds back into his se l f - represen tat ion in a causa lly connec ted  way.

Reflection can be divers  and  occurs  in m a n y  different do ma ins .  So how does  t h e  above  

re la te  to  ob je c t -o r ie n ted  |)rogi’amiriiiig languages?  An ob jec t -o r i en ted  p r o g r a m m i n g  lan 

gu age  ( o o i ’ l ) provides  couce |) t s such as classes,  inher i tance ,  m e t h o d  invoca tion an d  s t a t e  

acc('ss. Ap|) l i ca t ions wr i t t en  in such a language  coiice]>tually consist  o f  a set o f  ob je c t s  

exchang in g  messages  and pe r forming  com]Mitat ions u])on recept ion of  messages.  In a  re- 

flec'tive p r o g r a m m i n g  language,  introsj^ection enables  ob je c t s  to  qu e ry  the i r  own s t a te ,  

for ex am p le  to hnd o u t  about  the i r  class,  the  m e t h o d s  and  a t t r i b u t e s  th ey  ])rovide, e tc . '  

.Moi'co\'er, th e  self r ep re se n t a t io n  m ay  also provide  a  descri])t ion of  th e  o b j e c t ' s  behaviour ,  

i.e.. code  t h a t  describes  the  o b je c t  sjjccific se m a n t i c  of  message  send in g/ rece iv in g ,  m e t h o d  

d is | )a tching,  etc.

1.2.2 Reif icat ion

.Any OOl 'L s u p p o r t s  a  n u m b e r  of  f ea tu re s  such as o b je c t  c rea t ion ,  m e t h o d  invocat  ion, s t a t e  

access and  inher i tance .  A p r o g r a m m i n g  langu age  t herefore provides a  s y n t a x  t h a t  is used 

l)y the  |>rogrammer  to  express  a  par t ic u l a r  conce])t  as  well as a  se m a n t i c  t h a t  descr ibes  

how the  concejj t  is in terpi ’e ted  or  executed .  In t rad i l ionaJ  OOPLs  the  s y n t a x / s e m a n t i c s  

relat ionshi])  is fixed, me ani ng  th a t  there  is no (easy) way for a | ) rogram nier  t o  modify  the

‘ 'I’his i iifoniiatioii  iiiigfit n o t  a lw ays be  a |>parent,  esj)pcialfv if (he  language  is not ty p e d  o r  if it featii i 'es 
(iyiiainic typing.
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s y n t a x  of  t h e  language  or  to  modi fy th e  way a  specihc  langu age  c o n s t r u c t  is in te rpr e te d .  

lk:iJication  refers to  th e  process  of  m a k in g  th e  implementa. t ion of  these  f ea tu re s  ex|)licit. 

wi th i n  th e  language  so t h a t  th ey  can  be reflected upon .  In pa r t icu la r ,  reif icat ion allows 

th e  i m p le m e n ta t i o n  of  these  f ea tur es  to  be modified f rom wi th in th e  language .

1 .2 .3  S t r u c t u r a l  v e r s u s  B e h a v i o u r a l  R e f l e c t i o n

S t r u c t u r a l  reflection is t h e  abil i ty of  a  l a ngua ge  to  provide a  com pl e te  reificat ion of  bo th  

the  pr o g ram  c u r r en t ly  be ing  executed  as well as com pl e te  reificat ion of  its a b s t r a c t  d a t a  

tyi)es (e.g. its classes) [DM95].  l i ehavioura l  reflection on th e  o th e r  hand  is t h e  ability' 

of  th e  l angu age  to  |)rovide a coni]>lete reification of  its semant ics .  13ehavioural reflection 

requi res  a me chanism to  in te rvene in t h e  execut ion  of  t h e  c u r r e n t  p r o g ram  in o rd e r  to 

( 'xecute so me reflective code  t h a t  will an.alyse or  modify th e  course  of  events.

1 .2 .4  B a s e - M e t a  L e v e l  S e p a r a t i o n

In general  we can d is t inguish be tween t h e  base-level of  a sy s te m and  its meta-leve l .  'I'he 

base-level co n ta in s  th e  code  and d a t a  concerned  with the  ap])l icat ion do m a in  while the  

nu' ta-level  conta ins  the  code  and  f lata concerned  wi th the  base-level.  We can ta lk  ai)out  

a s y s t em  execut ing  at th e  base-level when  per forming  domain-spec if ic c o m p u t a t i o n  and  

ex ecu t in g  at th e  meta- level  when  c a r ry i ng  ou t  com])u ta t ion  a b o u t  t h e  base-level.  'Fhus 

1 h(' ( se lf -) re | ) resentat ion of  the  base-level exis ts  as th e  d a t a  of  t he meta-leve l and  reflective 

com| )Uta t ion  is per fo rmed  when e xe cut in g  at th e  meta- level .  T h e  t r ans i t i on  f rom p e r 

forming  do m a in  c o m p u t a t i o n  to | )e r forming reflective c o m p u t a t i o n  is c ha rac te r i s ed  as a 

t i a n s i t i o n  from base to  meta- level  execut ion .

1 .2 .5  M e t a o b j e c t s  a n d  M e t a o b j e c t  C la s s e s

In a I'eflective OOIM,, a nietaobjert  (also known as a  ni( ta- level  objcrt) is an object,  th a t  

liolds in fo rmat ion  a b o u t  th e  im p le m e n ta t i o n  and  i n t e rp re ta t i o n  of  so me  o b j e c t  [Mae87].  

r i ie set of  n ie ta o b je c ts  t h a t  represent  a p a r t ic u l a r  o b j e c t  t o g e th e r  form i ts incia-level.  

T h e  set of  m e t a o b j e c t s  represe n t ing  all t h e  base-level o b je c t s  t h a t  m ake  up  an a]j|)lica1ion 

t o g e th e r  form th e  ap | ) l i c a t i on ’s rneta-level.

In general ,  we can d is t inguish  be tween  s t ruc tur a l  Awd behavioural  m e t a o b je c ts .  S t ru c l i i ra l  

m e t a o b j e c t s  a re  tho se  whose  only | )ur | )ose is to  s t o re  in forma t io n  a b o u t  the  o b j e c t s  t h a t  

tii('y represen t .  I'br example ,  s t r u c t u r a l  n i e t a o b je c ts  miglit  be used to  s t ore  th e  ide n t i ty  

t)f an ol.)ject 's class, th e  list of  t ypes  t h a t  it im ple me nts ,  t h e  identifiers of  its m e t h o d s ,  or
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even th e  code of its m e th o d s .  On the  o th e r  hand ,  behavioura l  n ie ta o b je c ts  a r e  used to 

im p le m e n t  var ious  asi )ect s of  an o b j e c t ’s behaviou r .  For  example ,  behaviou ra l  m e t a o b j e c t s  

mi gh t  be used to  im|>lement  o b je c t  c rea t ion  or  m e th o d  invocat ion.

1.2.6 M e t a o b j e c t  P r o to c o l

M e t a o b j e c t s  | )rovide th e  necessary  func t iona l i ty  to  cont rol  and  re]>resent base-level ob jec t s .  

C o m m u n i c a t i o n  be tween  base  and  meta-leve l  ob je c t s  t akes  ])lace t h r o u g h  a  well defined se t  

o f  inter face func t ions .  'Fhe set o f  these  inter face func t ions  is referred to  as t h e  m etnob jec t  

protocol  [KP96],  or  M O P  for shor t .

1.2.7 M eta c la s se s

So me  objec t -o r ie n ted  p i 'ogran iming  en v i r o n m en t s ,  includ ing  Sma l l t a lk  and  S O M .  provide 

nu tar lasses  as the  n a tu r a l  base of  the i r  ob jec t  model:  me tac lasses  a re  classes whose  in

s ta nces  are themselves  classes.  I 'h e y  define tlie c o m m o n  |>ro])erties t h a t  all classes should 

proN'ide. for exairi|)le. how met hods  a re  d i spa t che d .  In Sma l l t a lk  t he re  is a  fixed one - to-o ne  

re la t ionsh ip  be tween a class and i ts  metac lass ,  every  metacla,ss is defined by th e  Sm al l ta lk  

ru n- t im e envii-onnuMit a nd  ca nnot  be a l te red  by th e  a]:>plication ]>rogrammer.  S O M  on th e  

o th e r  hand allows th e  (levelojMnent a nd  compos i t ion  of  i n d e p e n d e n t  metacla.sses [l' ' l)M!)4].

1.3 R eflective P rogram m in g  Languages

R a t h e r  th an  s u p p o r t i n g  a fixed se t  of  facilities for a specific p r o g r a m m i n g  e n v i r o n m e n t ,  

F('liective i i r og ramm in g  languages  a re  des igned so t h a t  the ir  im p lem en ta t i o n  is m ore  open ,  

al lowing a d a p t a t i o n  of  t he la ngua ge  to  varying ,  non - func t iona l  reciuirements .  In a  reflective 

| ) rograni in ing  language ,  p r o g r a m m e r s  can  a l te r  t h e  s y n t a x  and  s em an t i c s  of  th e  la nguage  

itself and  t hereby adjust  t he be havi our  of  the  language  c o n s t r u c t s  to  build a  | ) ro g ra m m in g  

env i ron ment  th a t  best fits the i r  needs.  For  exampl e ,  if the  la nguage  does  no t  have  buil t-in 

support ,  foi', le t ' s  sa\'. d i s t r ib u t i o n ,  it can be ex t e n d e d  to allow th e  invocat ion of  r e m o te  

m e t h o d s  by modi fying  th e  s e m a n t i c s  of  a norma l  m e t h o d  call.

I.isp for exani])le is a func t iona l  p r o g r a m m i n g  language  wi th reflective facilities: func t ions  

a re  first class en ti t i es  t h a t  can  be mani |Milated as  can any o th e r  values.  T h is  is achieved 

by the  (piot ing mechanis m where  a func t ion  is s imply represen ted  as a q u o t e d  list of  

ins t ruc t ions .  1’he c|uoted ex|)re.ssion can then  be eva lua ted  by an in te rp re te r ,  the  f va l  

funct ion.
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1.4 Aim s and O bjectives

( i e i i e r a l ly  s j^eaking,  we  w a n t  t o  e x t e n d  t l i e  e x i s t i n g  o b j e c t - m o d e l  o f  a  p r o g r a m m i n g  l a n 

g u a g e  ill such  a w ay  t h a t  it is pos s i b le  t o  i n t r o d u c e  new  o b j e c t  s e m a n t i c s  to  t h a t  l a n g u a g e .  

I 'his ex t e n s i o n  s h o u ld  ( f rom t h e  a p p l i c a t i o n  p r o g r a m m e r ’s ])oint  o f  v iew)  be:

•  I ' r a n s p a r e n t :  t h e  r ef l ec t ive  e x t e n s i o n  s h o u l d  be  a s  t r a n s p a r e n t  a s  poss ib le ,  w i t h o u t  

t h e  need for  a p p l i c a t i o n  p r o g r a m m e r s  t o  exp l i c i t ly  invok e  m e ta - l e v c l  c o m p u t a t i o n .

•  C ' om po sa b le :  it s h o u l d  be  po ss i b le  t o  c o m b i n e  a n d  a u g m e n t  o b j e c t  b e h a v i o u r s  in 

a  m e a n in g f u l  way,  so  for  e x a m p l e  to  a l low t h e  c o n s t r u c t i o n  o f  b o t h  p e r s i s t e n t  a n d  

r e m o t e l y  access ib le  o b j e c t s .

•  D y n a m i c :  t h e  o b j e c t  m o d e l  s h o u ld  be  a b l e  t o  evo lve  o v er  t i m e ,  e n a b l i n g  o b j e c t s  to  

a d a p t  t h e m s e l v e s  to  a  c h a n g i n g  e n v i r o n m e n t .

•  K x tens ib le :  t h e r e  s h o u ld  be  no  f ixed s e t  o f  o b j e c t  b e h a v i o u r s .  I t  s h o u ld  b e  poss ible  

to  de v e lo p  new oi' m o d i f y  e x i s t i n g  o b j e c t  mod e l s .

[DM9.5] de s c r ib e s  w h a t  an  ideal  r ef l ec t ive  l a n g u a g e  s h o u ld  offer:

" Idea l ly ,  a r ef l ec t ive  l a n g u a g e  s h o u l d  s u j ) p o r t  a m e t h o d o l o g y  o f  r e ( l e c t i \ e  

c o m p u t a t i o n s  g iv in g  i t s  u se r s  a s  m u c h  f lexibi l i ty  a s  poss ib le ,  it s h o u l d  be 

|)0ss ible  to  m o d i f y  t h e  b e h a v i o u r  o f  s o m e  co n s t  ruct  for  t he w h o le  ex ecu t  ion of  

a p r o g r a m ,  o r  for  s h o r t  pe r io d  o f  ( e x e c u t i o n )  t i m e .  It s h o u l d  a l so  be | )ossible 

t o  m o d i f y  t h e  b e h a v i o u r  o f  s o m e  c o n s t r u c t  for  all t h e  p r o g r a m  o r  on ly  for  s o m e  

o f  i t s  s u b p a r t s .  N o n e  o f  t h e  l a n g u a g e s  c u r r e n t l y  p r o | ) o se d  a.chieves th i s  level 

o f  ffexibi l i ty"

M a i n l y  b e c a u s e  o f  eff iciency re a so n s ,  p r o v i d i n g  all o f  t h e  f u n c t i o n a l i t i e s  a s  d e s c r i b e d  a b o v e  

m a y  not  be  feasil)le.  W e  t h e r e f o r e  ha v e  t o  f ind a g o o d  c o m p r o m i s e  b e t w e e n  f u n c t i o n a l i t y  

on t h e  o n e  h a n d  a n d  p e r f o r m a n c e  on t h e  o t h e r  h a n d .

1.5 Iguana

As a n  a | ) p r o ac h  t o w a r d s  p r o v id in g  full s u p p o r t  for  r ef l ec t ive  | ) r o g r a m m i n g ,  p r e v i o u s  r e

s ea rch  h as  r e su l t ed  in t h e  deve lo ] )m en t  o f  I g u a n a  [ ( iow 97] ,  a r ef lec t ive p r o g r a m m i n g  m o d e l  

for o l ) j e c t - o r i e n t e d  l a n g u a g e s .  It w a s  f irs t  de v e l op e t l  a s  a n  o u t c o m e  o f  r e s e a r ch  i n t o  a d a p t 

ab l e  o p e r a t i n g  s y s t e m  s o f t w a r e  a n d  is t a r g e t e d  t o w a r d s  a p p l i c a t i o n  d o m a i n s  t h a t  a r e  f aced
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with evolving run - t im e en v i r o n m en ts ,  requi r ing  t h e  appl ica t ion  to  a d a p t  itself to the  mnv 

en v i r o n m en t ,  such as o p e r a t i n g  s y s te m s  a n d  middleware .

A design principle t h a t  has been inf luencing the  Ig u an a  model  to  a  g r e a t  e x t e n t  was  the  

idea of  a  coni | ) lete decom]:)osition of  t h e  unde r ly ing  o b je c t  model ,  al lowing a  very fine 

gra ined  cont ro l  over the  reification of  l a nguage  fea tures .  However ,  in pract ica l  t e r m s  thi s 

ap | ) roach has been foujid as to  be to o  com pl ic a te d ,  lead ing to  an overspec ia l isa t ion of 

MOl ' s  [Pa,w98]. T h e  following is a c r i t ique  t h a t  s u m m a r i s e s  th e  main deficiencies of  the  

Ig u an a  model  in its pi 'evious version:

•  Co mp lexi ty :  T h e  model was  to o  complex ,  con f ron t in g  th e  user  wi th a  n u m b e r  of 

fea tu res  whose  se m an t ic s  were no t  fully u n d e r s t o o d  a n d / o r  prac t ica l .  It  also requi red 

a  knowledge  of th e  intr insic m e c h a n is m s  of  t h e  hos t  p r o g r a m m i n g  language  which 

defea ted  language  in dep en den ce  and  ease of  use.

•  Safety and  robustness :  M a n y  issues concern in g  safe ty  and  robu s t ness  in reflective 

p r o g r a m m i n g  ha.d not  been ad dr e ss ed  sufficiently. O p e n in g  up  a  langu age  a nd  ;il- 

lowing the  p r o g r a m m e r  to  in te rcede  with t h e  under ly ing  o b je c t  model recpiii'es a 

profound u n d e r s ta n d in g  of  th e  l a n g u a g e ’s intr insic mec hani sm s .  Users of  a reflective 

sy s te m not onl>’ h a \ e  to  m a k e  sure  t h a t  th e i r  base-level appl ica t ion  is se m ant ic a l ly  

cori 'ect .  they  must  also ensui 'e t h a t  t h e  code  at. th e  meta-level  is consis ten t .  T h e  

tho ug h t le ss  use of  reflection can easily affect t h e  en t i re  sy s te m and  makes  d e b u g g in g  

( ' \ en hai'd('r as e r rors  can occur  at b o t h  th e  base and  meta-level .

•  r ians])arei icy:  The | )revions version did no t  se ] )a rate  sufficiently be tween  base and  

me ta - l e \ ’el cotie and exposed  too  m a n y  i m p le m e n ta t i o n  de ta i l s  to  the  api^licjiticin 

| ) rogram me r .  .'Vgain, th is  raises th e  issue as to  w h a t  e x te n t  an im]) lementa t ion  can 

be o| )ened up without  l eading t,o an over load of  accessible fea tures .  Moreover ,  it was  

not possible to  use reflective and  non-re flec tive  o b j e c t s  in te rchangeably .

•  Im pl em ent a t io n :  Only  a  par t ia l  i m p le m e n ta t i o n  existed .  'Flie feasabi li ty and  aj jpl i-  

cabi l i ty of  the  Iguana  model  in prac t ica l  t e r m s  still had  to  be proven.

1.6 Contribution of this Thesis

Wit hin th e  cont ex t  o f t  his thesis  we u n d e r t o o k  a  su b s t a n t i a l  re-design a nd  re - implement a t ioi i  

of  the  Iguana  model .  T h e  focus was on sim])lifying th e  model in o rde r  to m ake  it m o r e  

accc'ssible t(j meta-level  and a | jpl ica t ion  j ) ro g ram m ers  alike.
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T h e  cha llenge  was  to m a in t a in  th e  flexibility originally envisaged  and  to  find a  user in

te r face which is a t  th e  s a m e  t im e  s imple,  r ob us t  and  expressive.  As  an o u t c o m e  of our  

work we in t rod uc e  th e  c oncep t  of  a  meta- t ype  as such an inter face t h a t  se rves o u r  purpose ,  

' f i l e m e t a - t y p e  of  an o b j e c t  cha rac t e r i se s  its o b je c t  model  and  as such its non - func t iona l  

i jehaviour .  For example ,  a  meta- ty] )e Persistent  might  cor re spond to  an ob je c t - m o d e l  

si ip])ort ing o b je c t  j^ersistence while a  different  m e t a - t y p e  Remote  mi ght  s u p p o r t  r em ot e  

m e th o d  invoca t ion .  We also provide  a s em ant ic  for com bin ing  mult i | )le m e t a - t y p e s  by a 

mechan ism simila r to  class inher i tance .  .4s will become c learer  later ,  meta-ty]>es differ 

from ine tac lasses  as descr ibed  above  in t h a t  we allow' m e t a - t y p e s  to  be dy n am ic a l l y  se

lected by ins tances  of  po ten t ia l ly  an y  class,  s u b je c t  to  a few res tr ict ions .  M e tac la sses  on 

th e  o t h e r  hand  define th e  beha vio ur  of  a  class and  th e reb y  th e  beha vi ou r  of  all  in s tances  

of  th a t  class.

By app ly i ng  tlie I g u a n a  model  to  a  com|)i led language ,  in th is  case C+ + , we also d e m o n 

s t r a t e d  t h a t  compiled p la t fo rm s  can exhibi t  a  flexibility c o m p a r a b l e  to  inter]M'eted lan

guages ,  while at th e  sa m e  t i m e  in t r o d u c in g  only l i t t le or  no overhead  when t h e  reflective 

fea tures  a re  not used.

We have chosen C++ as a  hos t  l a ng uage  for a  couple  of  reasons.  F i r s t ,  it is wide ly used. 

Second,  it allows low-level access and  is highly p e r f o rm a n t ,  bo th  crucial  p r op e r t ie s  for th e  

de\-elo|)inent o f  o | )e r a t ing  s y s te m s  and  emi^edded sys tems .  T h e  ,A.pertos o | ) e r a t in g  sys t em  

as (h'scribed in [’N'KI.94, LYil9-5] for exani])le uses reflection as an under ly ing  design pr in

ciple'. i'lfliciency has been recognised as a m a j o r  concern.  Su[)|>orting r u n - t i m e  I'eflection 

in a coiii|)iled language  can advance  the  research in th a t  a rea  by providing a d eve lo pm en t  

p la tform for efficient and  low-level | ) rog rammi ng .

It should l>e noted  however th a t  t h e  ] ) rog rammin g model  descrii)ed in th is  thes is  is in tended  

t(j be language  indei )endent  and  not. res t r ic ted  to  C++ in ] )art icular.  In fact ,  c u r r e n t  work 

is invest iga t ing  t he implement  a t ion  of  the  I g u a n a  model  in .Java [RCOO]. M ore  specifically, 

we addressed  the  follow'ing issues in our  im p le m e n ta t i o n  of m e ta - ty pes :

M e t a o b j e c t  c o m p o s i t i o n :  I g u a n a ’s m o d u l a r  design al lows th e  com pos i t io n  of  m e t a 

level o b je c t s  in orde r  to comb ine  two or m ore  behaviours .  ,‘\ s  a  new fea ture ,  we provide  

a u t o m a t i c  m e t a o b j e c t  coni | )os it ion.  If t h e  defau lt  s em an t i c s  does  not. yield t h e  desired 

beha\ ' iour .  user defined com|)Osit ion rules can be appl ied easily.

D y n a m i c  m e t a - t y p i n g :  D y n a m ic  m e ta - ty p in g  allows individua l  o b j e c t s  to  d y n a m i 

cally switch be tween different meta- leve l  represen ta t io ns .  T h is  f ea tu re  im pos es  s]>ecial 

reciuirements in t e r m s  of  t h e  compat ib i l i ty ,  sa fety and  r obus t ne ss  of  such t r ans i t i on s .  .A-S
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a s igni ficant  i m p r o v e m e n t  to earl ie r versions  of  Iguana ,  we now provide a safe t r a n s i 

t ion be tween  di fferent  meta-leve l conf igura t ions ,  accompl i shed  by a  c o m b in a t i o n  of  s ta t ic  

s u b - ty p in g  rules a nd  ru n - t im e  m e t a - t y p e  ciiecking.

U n d e r s t a n d i n g  m e t a - l e v e l  p r o g r a m m i n g :  in c o n t r a s t  to  ob je c t - o r ie n ta t io n ,  reflec

t ion remains  a r a t h e r  esoter ic  p r o g r a m m i n g  p a r a d ig m  and  has no t  found  its way  into 

ex ist ing  compiler  tecluiologies.  In a  n u m b e r  of  case s t ud ie s  we show how meta-level  p ro

g r a m m i n g  can provide  a  gener ic f r am ew o rk  for bui lding  cer ta in  t ypes  of  appl ica t ions ,  for 

exam])le,  sy s te m s  t h a t  need to  d y nam ic a l ly  a d a p t  to  changin g  recjuirements.

O p t i m i s a t i o n :  T h e  flexibility ga ined by ex te n d in g  th e  la ng uage  a nd  giving th e  users

liie o p p o r t u n i t y  to a d a p t  t h e  l ang uage  to the i r  needs  usual ly incurs  s u b s t a n t i a l  in te r pre

ta t iv e  overhead .  Al thougi i  thi s  issue has been addressed  by a n u m b e r  of  researchers ,  it 

has not  sufficiently been solved in a  way t h a t  it would have increased th e  accei:>tance of  

rellective | :)rogramming.  We identify | )rofi table t a r g e t s  and  technic[ues for o]) t imisa t ion .  

al lowing a m ore  efficient im]) lementa1ion of  the  reflective p r o g r a m m i n g  f ea tures .  Prac t ica l  

exper iences  with using reflection as a  tool  for p rovid ing  pro])ert ies such as fau l t - t o l e r ance  

and  group-l . iased d is t r i b u te d  s y s te m s  however  have shown t h a t  th e  cost s  du e  to  th e  use 

of  a i i ietaol)ject  ])rotocol a re  negligible with respect  to  t h e  execut ion cos t s  o f  t h e  nieta-  

Ini ict ioual  | )ro|)ert ies [I' 'P98].

1.7 R oadm ap

.After t his in t ro duc t io n  to reflection a nd  its t e rminology  we will in t he next c h a p t e r  ex am in e  

and re\ ' iew a n u m b e r  of  reflective ex tens ions  to  ob j ec t -o r ie n ted  p r o g r a m m i n g  languages .  

.Since th is  thesi s is p r imar i ly  concerncd  wi th  C++ as a  t a r g e t  l anguage,  we will only briefly 

review .lava-ba.sed p la t forms .  In c h a p t e r  3 we will the n  describe  th e  Iguana  reflect ive pro- 

g i ' amin ing model  and  tlie ra t iona le  behind its design.  C h a p t e r  -1 the n  describes  a concre te  

im p lem en ta t i o n  of  the  Ig uan a  model  for C+ + . In chaj^ter 5 we present  a n u m b e r  of  p ro

g r a m m i n g  exa.ni]>les in orde r  to fully d e m o n s t r a t e  t h e  a]>])lication of  th e  var ious reflective 

fea tures of  Iguana .  1 'he p e r fo rm a n c e  of  I g u a n a / C + +  is then  eva lua ted  in cha]) te r (i, while 

c h a p t e r  7 s u m m a r is e s  the  work  presen ted  in th i s  thesi s  and  out l ines  fu tu re  d i rec t io ns  in 

this  a rea.
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R eflective , O b ject-O r ien ted  P rog ra m m in g  
L anguages

R E V I E W ,  v . t .  To  se t  y o u r  wisdom (holding not  a do ub t  of  it.

A l th ou gh  in t r u t h  t l ie re ' s  ne i ther  bone  nor  skin to  it)

At work u])on a book ,  and  so read out  of  it 

r i ie  ( |ualit ies t h a t  you have first read into  it.

Atiibro.‘<f Hie i r f .  I'hf D e v /T s  J) ir t ionari / .

W ith t ra d i t iona l ,  o l) jec t-orien ted languages ,  th e  deve lo |)ment  of  s y s te m s  th a t  a re  c h a r 

acter ised by a  st rong in te rd e p e n d e n cy  of func t ional  and  non- func t iona l  re q u i r em en ts  can 

lesult in code where p a r t s  deal ing  wi th  the  func t iona l  as pec ts  of  th e  a |)pl icat ion a re  to  a 

large extent  in te r twined  with p a r t s  th a t  deal with the  non-func t iona l  as | )ects .  Ta k e  r em ot e  

me thod  invoca t ions  as an e xam ple .  I m p le m ent in g  r em ot e  ob je c t s  using an a r c h i t e c tu re  

such as C 'O Rl iA  requires t h a t  a r g u m e n t s  to  r em ote  m e t h o d s  a re  w r a p p e d  in special  wrap-  

pei- o b j e c t s ' .  A l though much of t h e  func t ion a l i ty  under ly ing  r e m o te  ob je c t s  can  be h idden 

by using normal  class in her i tance ,  th e  appl ica t ion  now co n ta in s  cocie to  w r a p  and  unwraj )  

a r g u m e n t s  and  re turn  values of  r e m o te  m e th o d s .

Reflective p r o g r a m m i n g  lan guage s  |)rovide an a l te rn a t iv e  a|:)|:)roach in t h e  deve lo | )ment  of 

such s y s te m s  in t h a t  th ey  allow th e  imj^lementat ion of  th e  hos t  l a n g u a g e ’s ob je c t  model 

to  be m a d e  moi’(' o| )en.  a llowing di fferen t  o b je c t  models  to  be s u p p o r t e d  s im ul ta neou s ly  

within a  single language.  In a  reflective a r ch i te c tu re ,  code  deal ing wi th  t h e  funct ional  

I 'cquirements resides a t  t h e  base-level wh e re as  code dea ling wi th  non- func t iona l  recpiire- 

ments,  such as |X’rsistence a nd  d i s t r ib u t i o n ,  resides a t  a  s e p a r a t e  meta-leve l.  Com rnu-

' Til ls i.s e.specially tlie case wlien using  a  s t ro n g ly  ty p e d  l an g u a g e  such  as J a v a  since J a v a  does  not. 
a u lo n ia t l r a l ly  perfor in  a  type-cas t  from n a t iv e  d a t a  ty|,)es to  th e i r  equ iva len t  C O R B A  types .
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nicatioi i  be tween  base  and  meta- leve l  is achieved by inte rced ing  wi th  th e  execu t io n  or 

in te r | ) r e ta t io n  of  l a nguage  ope ra t io ns .

However,  de sp i te  i ts  obvious  ad v an ta g es ,  reflective p r o g r a m m i n g  r em ai ns  to  be a  r a th e r  

neglec ted |>rograniming  p a r a d ig m  and  h a s n ’t  found its way  into m a i n s t r e a m  so f tw a re  de

sign and  im p le m e n ta t i o n  techniciues.  T hi s  lack of  p o p u la r i ty  s te m s  f rom th e  fact  t h a t  with 

t lie add i t io na l  func t iona l i ty  comes  complexi ty ,  l eading  to tlie percept ion  t h a t  nieta-level  

]:>rogramming is ha rd  and  co mpl i ca ted .  In fact ,  ou r  view is t h a t  meta-leve l p r o g r a m m i n g  

is no t  t r ivial  and  requi res a  th o r o u g h  u n d e r s t a n d i n g  of  th e  se m an t ic s  of  b o t h  t h e  un d e r 

lying o b j e c t  model  a nd  th e  non- func t iona l  requ i r em ent s  t h a t  a re  to  be e m b e d d e d  into th e  

l a n g u a g e ’s o b j e c t  model.  On th e  o t h e r  hand ,  once  thi s  s e pa ra t io n  has been ach ieved,  the  

le.ss exper ienced  base-level p r o g r a m m e r  can gain f rom th e  clean se p a ra t i o n  of  con ce rns  and 

should be able to  app ly  t h e  e x t e n d e d  o b je c t  be hav iou r  w i t h o u t  o the rwise  be ing concerned  

ab o u t  th e  ex is tence  of th e  meta-leve l  arcl i i tecture.

W h a t  is therefo re  needed is a  new level o f  a b s t r a c t i o n  t h a t  e n capsu la te s  m o s t  o f  t h e  ini])le- 

mei i ta t ion  de ta i l s  o f  reflective pi’o g r a m m i n g  for bot h th e  base  and meta-leve l j i r og ra m m er .  

I'o d r a w  an analogy,  th e  conce])t  of  in he r i ta nce  in OOPLs provides a powerful  tool  for en 

c a p s u la t i n g  and  comb in in g  sof tw are  co m p o n e n ts .  I nher i ta nce  as a conce| )t  would no t  have 

been successful  if p r o g r a m m e r s  w e r e n ’t  sufficiently shielded f rom its i m p le m e n ta t i o n  de

tails.  so for exam]) le if th ey  had to  ex])licitly acce.ss attd init ialise v i r tua l  func tion tables.  

I nfort uiiately,  th i s  is exac t ly  what  a  n u m b e r  of  reflective p r o g r a m m i n g  la nguage s  reciuire. 

namely  th e  direct  anti ex])licit access of  meta-level  in format ion .

In oi'dc'r to a d d re s s  the  prol j lems descr ibed above , w’e a d v o c a t e  a  s t r o n g  se] )arat ion of  the  

roles of  base-level (or aj^plication | ) r og ra m m er )  an d  meta-leve l  p r o g r a m m e r .  T h e  l)ase-level 

p r o g r a m m e r  should  |>rimarily be conce rned  wi th th e  im p le m e n ta t i o n  of  th e  func t iona l  re

qu i r e m e n t s  of  an ap| ) l icat ion and  should  to  a  g r e a te s t  ex t en t  be u n a w a re  of  t h e  ex is tence  of 

the  I'ellective la n g u ag e  ex tens ion .  'Idie (mo re  exper ienced)  meta- leve l  p r o g r a m m e r  should 

l)e able to  provide  the  non- func t iona l  reciui rements inde | )endent  of  the  a c tu a l  base-level 

code.  . \ s  an in te r face  for bo th  the  appl ica t ion  a nd  meta- level  p r o g r a m m e r ,  we in t r odu ced  

the  c oncept  o f  a  m e ta - ty p e .  From t h e  a])plicat ion p r o g r a m m e r  po in t  of  view, m e t a - t y p e s  

enca | ) su la te  m os t  o f  the  func t io na l i t y  of  reflective p r o g r a m m i n g  and  c o n s t i t u t e  s imply  

co i iq)onents  t h a t  can be selected into an appl ica t ion .  F rom  the  exper ienced  nieta-level  

p r o g r a m m e r  p o in t  of  view, m e t a - t y p e s  build a  f ramew’ork for designing,  com| )os ing  and 

im p lem ent in g  objec t  models.  Concep tua l ly ,  m e t a - t y p e s  should be t r a n s p a r e n t ,  ex tens ib le  

and  efficient in th e i r  im p le m e n ta t i o n .

In th is  c h a p t e r  we review a  n u m b e r  of  reflective p r o g r a m m i n g  langua.ges and e x a m i n e  to  

what  extent  th e y  suppor t,  our  no tion of  m e ta - t ypes .
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2.1 General overview

Keflective facilities can be found to  a  g r e a t e r  o r  lesser e x t e n t  in m o s t  ob je c t -o r ie n te d  |>ro- 

gi 'anini ing languages.  C++ for exa m pl e  only provides  r u d i m e n t a r y  int ros | j ec t ion  in the  

i'orm of  run- t i m e  ty])e in fo rmat ion  ( i n ' T l )  [Str91],  w he reas  .Java is equippe d  w i th  a  full 

intros])ect ion AIM [Mic99]. However,  m a i n s t r e a m  [)rogra.mming langu ages  only provide 

basic reflective fea tures ,  in general  only s t r u c t u r a l  reflection, which is no t  eno ug h  to  sup-  

pcM't m e ta - t y p e s .  The refore ,  a  n u m b e r  of  ob je c t - o r i en te d  languag es  have been e x te n d e d  in 

ort ler  to  j jrovide a more  r igorous  sup])ort  for reflection.

Pi 'oviding full s t r u c t u r a l  and  behavioura l  reflection is a t a sk  t h a t  largely d e p e n d s  on 

w h e t h e r  the  under ly ing  p r o g r a m m i n g  la nguag e  is in te rp re te d  or  compi led .  In an  in te r

pre ted language  for exampl e ,  th e  i n te rp re t e r  a l r e a d y  c o n s t r u c t s  a  s u b s ta n t i a l  a m o u n t  of  

meta.-level in fo rmat i on  a b o u t  t h e  pi’o g ra m  to  be i n t e rp re te d .  E x te n d in g  th e  la nguage  to  be 

r('Ilective onl>' involves th e  expos i t ion of  thi s  meta-leve l  in format ion  and  the  in te r p r e ta t i o n  

m echa nis m to the  appl ica t ion  p r o g r a m m e r .

In a typical  compi led language  (m os t  n o ta b ly  C+ + ) on the  o th e r  h a n d  l i t t le or  no meta-  

level in form at ion  is kep t  in t h e  r un - t im e  image .  A d d in g  reflection is d o m i n a t e d  by the 

pi'oljlem of m a in ta in in g  th e  s t r u c t u r a l  in fo rm a t ion  beyond th e  compi la t ion  ])rocess and of  

( 'x tending  the  code with the  api>ropr iate hooks  to  exploit  th e  meta- level  in f ormat ion .

h'igure 2.1 de])icts the  t a x a n o m y  of reflective progran i i i i ing languages.  De | )ending on 

1 Ik' t>'pe of  p r o g r a m m i n g  language ,  compiled or  inter]>reted, we can d is t inguish  be tween 

various typ es  of  refh'ction: com|)il( ' - t ime,  r u n - t i m e  and  load- t ime reflection.

W’itii com| ) i le - t ime  reflection, t h e  comj) ilat ion ])rocess of  a p r o g ra m  is controlkxi  by a  cor- 

rc'sponding meta-level  p ro gr am .  It can be viewed as a kind o f ’s m a r t  p re- | )rocess ing'  wiiere 

th('  se m an t ic s  of  tlu'  appl ica t ion  code a re  modif ied in a  c o n te x t  sensi t ive way. Exam|) les  

of  these  a r ch i te c tu re s  a re  ( )penC++ v2 [Chi96] and  Open. Iava [Chi9-5].

H u n - t i m e  reflection allows th e  i n t e r p r e t a t i o n / e x e c u t i o n  of  l a nguage  c o n s t r u c t s  to  i)e m o d 

ified at run - t ime.  T h is  is in general  achieved by in te r ced ing  with th e  execut ion  of  l anguage  

ope i ' at ions .  R u n - t i m e  reflection offers the  h ig hes t  degree  of  flexibility bu t  usual ly inciirs 

1 he most  overhead.

W i t h  loa.d-linie reflection, code modi f ica t ions a r e  car r ied o u t  while loading th e  by tec ode  

into the  inte r | ) re te r  or  v i r tua l  machine .  E x a m p l e s  of  load- t ime reflection inc lude  .Javas- 

sist [CliiOO], Binary  C o d e  .Adapta t ion [Ral98] and  O M O S  [OLL9.5]. Bina ry  C ode

.■\da[)tation can be used to add  m e t h o d s  to c lass files in orde r  to  achieve i n te g ra t io n  and 

evolut ion of  c o m p o n e n t s  when the  source co de  is not  available.  OMO.S [OLI795] is an
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Object-Oriented 
Programming Languages

Interpreted 
(Java, Smalltalk, ABCL/1)

OpenC++ v2 
OpenJava

Compiled 
(C++, Objective C)

Compile- 
Time

OpenC++ v1 
Iguana

Metaxa
Guarana
ABCL/R
CodA

Binary Component 
Adaptation (BCA) 
Javassist

l''ign re  2.1: I 'a x a n o in y  o f re flective , ob jec t-o rie n te d  p ro g ra iiin iin g  languages.

afivanced lin k e r/lo a d e r th a t inspects m odules to  be d yn a m ica lly  linked in to  a ])])lications. 

Taking a pp lica tion  specific behav iour in to  account^, it is jiossib le  to  load specialised im 

p lem enta tions o f system  calls such as f o r k  and m a llo c .

H o a d  m a p

In the rem ainder o f th is  cha |)te r we w ill firs t b rie fly  review some o f the  m ore com m on 

o b jec t-o rien ted  ])rog ram m ing  languages and discuss the  inhe ren t re flective  features they 

pi'ovide. 'Then we w ill exam ine in t \irn  a num ber o f re flective  extensions under the  fo llow ing  

aspects:

T y p e  o f  r e f le c t io n :  Describes w he ther the |) la tfo rm  |)rovides com p ile -tim e , ru n -tim e  or 

loa d -tim e  re flection .

R e f le c t iv e  fa c i l i t ie s :  T h is  section describes which features o f the language are reified 

and how they can be accessed.

P r o g r a m m in g  m o d e l:  'This section describes the  user in te rface  ]>rovided by each lan

guage. M ore  specifica lly, it describes how the p rog ram m er can define a new m o p  

im p lem en ta tion  and how it can be a])plied to  the  ap ])lica tion .

' A |)p lira tio n -s p e c if ic  h e lia v io u r m ight inc lude  w he llie i- the  i) i'og ran i is iiu ilt it lire a c le c l o r no t.
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P e r f o r m a n c e :  In thi s  sect ion we d iscuss  t h e  p e r fo rm an ce  t rade-of fs  which a re  incur red  

with the  use of  reflection.

K n o w n  a p p l i c a t i o n s :  Descri l jes co nc re te  a j jpl icat ions t h a t  have been w r i t t en  in t h e  s pe 

cific l anguage.

S u p p o r t  f o r  m e t a - t y p e s :  13iscusses to  w h a t  e x t e n t  th e  la nguage  s u p p o r t s  th e  concept  

o f  n i e ta - types .  M o r e  specifically, we discuss  w h e th e r  t h e  reflective la ng uage  ex tens ion  

a llows to  co m p o s e  and  d y na m ic a l ly  reselect nieta-level  conf igura t ions ,  how t r a n s p a r 

en t ly  th e  ex tens ion  can be appl ied and  w h e t h e r  ty p e  or th o g o n a l i t y  is achieved.

2.2 Sm alltalk

Sm al l ta lk  [GRS.'j] was  deve loped  in th e  Xerox Pa lo Al to Research  C e n te r  and  was  first 

released in 1980. It is an inter|M’e ted,  fully ob jec t -or ien ted  p r o g r a m m i n g  language  fe a tu r in g  

weak typ ing ,  mul t iple  i nher i ta nce  a n d  a u t o m a t i c  g a r b a g e  collect ion).

Inherent  ref lect ive features

Sm al l ta lk  co nt a in s  m a n y  e lemen ts  t h a t  can only be descr ibed as reflective. I 'h i s  can lie 

s('('n from its conseciuent- unde r ly ing  p r o g r a m m i n g  pa ra d ig m :  ev e ry th in g  is an ob jec t .  

Classes in Sm al l ta lk  a r e  first, class ent i t ies ,  ins tances  of  a  subc lass  of  MetaClass.  l ivery 

metacla.ss has exac t ly  one  ins tance ,  namely  th e  class of  t h e  sa m e  name .

riie class in te rface defines a n u m b e r  of  m e t h o d s  t h a t  m ake  it very easy to  in t r o sp ec t  on 

classes and  m e th o d s ,  as  th e  fol lowing ex am p le  i l lus trates .

[01]  l i s t M e t h o d s :  t a r g e t O b j e c t
[ 0 2 ]  I c l  m I

[03]  c l  := t a r g e t O b j e c t  c l a s s .
[04]  m := c l  m e t h o d D i c t i o n a r y .
[05]  m i n s p e c t .

f igure 2 . 2 '. In t rospec t io n  in Sma l l ta lk :  t h e  funct ion  l i s t M e t h o d s  lists all m e t h o d s  of  t h e  
ob ject  t a r g e t O b j e c t .

In the  exani | )le above ,  func t ion l is tMethods  pr in t s  o u t  a  list of  all m e t h o d s  for a given
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objeci targetObject.  f i r s t ,  the class (nicta-)object  is looked u|) and stored (line [0.'3]). 

'I’lie method methodDictionary computes  an ordered collection of all methods  of t h a t  class, 

which is finally printed out  in line [05].

[l'.J89] discusses how fur ther reflective features,  such as customised method dispatching,  

could be incorporated into Smalllalk.

2.3 C +  +

('++ is an object-oriented extension of the C programming language and was designed 

l)y Bjarne St roustrup.  it was s tandardised by the  ISO C++ s t anda rds  commit t ee  in 1997. 

Because it originated from C, C++ is a hybrid language t h a t  suppor ts  the  full range of low- 

level programming, jjrocedural | )rogramming,  object -oriented programming up to  generic 

programming using temi)lates.

Inlierent  ref lective fea tures

('++ allows the redefinition or o \er loadiug of specific oi>erators. "Fhe new o |)erator  for 

instance is a special method that is called whenever a new object is to be created on the 

lu'a|). Its task is to allocate the appio |)r ia te amount  of raw memory to contain the  ol)ject's 

att riliutes. 'I’iie delete o|>eratoi' on the o ther hand is invoked when an object is deletf'd in 

O l d e r  to free the memory held by the object .

Ov('rloadiiig t h e  new/dele te o|)erator can be viewed as reifying the  memory m a n a g e m e n t  

of objects  and provides a means  of interceding in the  creat ion/dele t ion mechanism of 

ol)jects. riiis can l>e useful to im|)lement garbage collection or to allow objects  to be 

l o c a te d  at  specific addresses in memory.  Choices [MKIC'92] for example is a framework 

loi' c o n s t r u c t i n g  object-oriented o | ) e r a t i n g  systems th a t  uses a reified heap m a n a g e r  which 

can  l)e replaced in a I 'unning system.  Th e code in figure 2.3 is an example of a customised 

new o |)eralor t h a t  |)rints out a message every t ime an object  is created,  sz contains  the 

size (in bytes) of t h e  object.

RTTI

Hun-t ime t.y|>e infoi'mation (Hr ' l ' l )  is an introspective feature of C++ that  allows tlie 

(|ii('iying of an object 's  type at run- time wi thout  enter ing it to perform an operat ion 

[Str9l].  'I'he type of an object is reified l)y instances of class type.info. T he  opera to r  

typeid() can be used to I'etrieve an object ' s  type.  Ty|)e informat ion can be exploited
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to  |)ei'forin op t im ise d  o p e r a t i o n s  on obje c ts ,  to  realise ob je c t -or ie n ted  d a t a b a s e s  or  for 

d e b ugg in g  purposes .  In t h e  ex am p le  below, th e  se ria lisa tion of  a  d a t a  s t r u c t u r e  can  be 

iini)ieiriented in dif ferent  ways  if th e  ac tu a l  ty p e  of  th e  s t r u c t u r e  is known:

c l a s s  list {

/ /  in ip lem en ta t io n  o f  a list

};

c l a s s  linkecLlist : p u b l i c  list {

/ /  i in p lem en ta t io n  o f  a linked list

i n t  serial ize(l ist  *ls, o s t r e a m  *os) { / /  d u m p  a list to an  ou tpu t  s tream

c o n s t  t y p e J n f o  &ti  =  type id(* ls ) ;  / /  *ls can b( o f  type list or l in k e d J is t

i f  (ti = =  ty | )eid( l inked_l ist ) ){

/ / d o  l in ked J is t  stufj'

} e l s e  {

/ /  do list s tu f f

}

}

l ' ]\ | )loit ing t ype  in form at ion  as in th e  examj j le above  however should  be a^’oided as it 

de fea ts  t ra n s | ) a r en cy  and  inh ib i ts  sof tware  reuse.  Ins tead,  po lym orphi c  m e m b e r  func t ions  

would be b e t t e r  used to  im p le m e n t  ty|:>e si)ecific ope ra t ions .

c l a s s  Verbose  {
v o i d  *o | )e ra tor  n e w (s iz e _ t  sz){
c o u t  < <  ’’Call ing Verbose : :n ew(” < <  sz < <  ” )” < <  endl;  
r e t u r n  inalloc(sz);

}

I'^igure 2..'3: ( ) \ ' e r load ing th e  ne w-o pe ra to r  in C + + .
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2.4 Objective-C

O b je c t i v e -C '  [ P W 9 1 ]  is a n o t h e r  o b j e c t - o r i e n t e d  e x t e n s i o n  t o  C  a n d  s h a r e s  c o m m o n  c h a r 

a c t e r i s t i c s  w i t h  Smal l ta l lv.  I t  f e a t u r e s  d y n a m i c  t y p i n g  a n d  bu i l t  in s u p p o r t  for  p e r s i s t e n c e  

( se r i a l i s a t io n )  a n d  r e m o t e - m e t h o d  in v o c a t i o n s .

In h eren t  reflective  fea tu res

f  ull t y p e  i n f o r m a t i o n  ( th i s  inc lu d es  n a m e  a n d  ty]:>e i n f o r m a t i o n  o f  m e t h o d s  a n d  i n s t a n c e  

\ 'a. riables a n d  t y p e  i n f o r m a t i o n  o f  m e t h o d  a r g u m e n t s )  is a.vai lable a t  r u n - t i m e .  I ' s e r -  

de f ined  c l a s ses  in O b j e c t i v e - C  a r e  de r iv e d  f r o m  a  c o m m o n  bas e -c la s s ,  c l a s s  O b je c t .  T h i s  

c l a s s  c o n t a i n s  a  r e f e r en c e  t o  t h e  o b j e c t ’s c l a ss  de f in i t ion  a n d  def ines  a  n u m b e r  o f  m e t h o d s  

l o  i n t r o s p e c t  i t s  i n h e r i t a n c e  r e l a t i o n s h i p  ant i  i n t e r fa c e  d e f i n i t io n .  F i g u r e  2.4 s h o w s  t h e  

d e l i n i t i on  o f  c l a ss  O b je c t  a n d  i ts  int r o s p e c t i v e  m e m b e r  f u n c t i o n s .

v o i d  l i s t l ‘l e l d s ( i d  o b j ) {
C l a s s  cl =  [obj  class]:  
i n t  i;
p r i n l f ( " I n s t a n c e  v a r i a b le s  o f  c l a ss  % s " ,  c l - > n a n i e ) ;  
f o r  (i=();  i <  cl- > i v a r s - > i v a r _ c o u n t ;  i-|--|-){

]>r int f( ' ' Field:  % s  'J’y p e :  % s ” , c l - > iv a r s ~> iv a r _ l i s t [ i ] . i va . r _ n a m e ,
c f - > i v a r s - > i v a r _ l i s t [ i ] . i v a r _ t y p e ) ;

}
}

l ' ' igure 2 . 1: l n t r o s | ) e c t i o n  in O b j e c l i v e - C :  t h e  f un c t i on  hs tF ie lds  l is ts  t h e  n a m e s  a n d  l y p e s  
o f  t h e  i n s t a n c e  va r i a b le s  o f  a  g iven ob je c t  obj.

' f h e  c o d e  s e q u e n c e  in f igu re  2.4 i l l u s t r a t e s  h o w  a  list o f  i n s t a n c e  v a r i a b le s  t o g e t h e r  w i t h  a 

d e s c r i | ) t i o n  o f  t hei r  t y p e s  c a n  be  r e t r i e v ed  for  a  g iven o b j e c t .  In O b j e c t i v e - C ,  all o b j e c t s  

a r e  i n s t a n c e s  o f  a  d i s t i n c t  d a t a  t y p e  id. Id c o n t a i n s  a n  i n s t a n c e  v a r i a b le  t h a t  p o i n t s  to  t h e  

o b j e c t ' s  a c t u a l  c l ass .  L5y s e n d i n g  an  o b j e c t  t h e  class m e s s a g e  i t  is pos s ib le  to  lo o k - u p  an  

o b j e c t ’s  c l as s  de f in i t io n .
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( ^ i n t e r f a c e  O b je c t  {
Class  isa; / *  .4 p o in te r  to the in s ta n ce 's  class s truc ture  * /

}
/ *  Id en t i fy in g  classes * /
(C'lass)class;
(C'lass)superC' lass;
(M e ta Cla ss )  n ie taClass;
(cons t  cha r  *)name;

/ *  I 'es ting  object type * /
( B() ( )L)i sMctaC' lass;

- (BOOL)isC' lass;
( B()( )l . ) is l  nstance;

I'estinrj inher itance  re la tionsh ips  * /
( B()( )L) isKi iKlOf :( ( ' lass)aC' lass( )bject . ;
( B()( ) l . ) i s I \ l emberOf : (C ' lass )aCla , ssObjec t : 
(B() ()L)isKiiKlC)fCla-ssNaincd:(const  ch a r  *)aC' lassNanie;
( lK)( )L) isMei i iber () fC' lassNaniec l : (cous t  cha r  * )a Cl a ssN am e;

/ *  Testinfj class fu n c t io n a l i ty  * /
+ ( IK )( ) I , ) ins tances l^ cspondTo : (S EL)aSe l :

( B( ) ( )L) r e spon ds To ; ( SE L)aS cl :

/ *  In trospection  * /
+  ( l i \ lP ) ius ta i ic eMe lhod l ' ' o r : (SEL)aSel ;

( I .MP)inet hodFor : (SEL )aSe l ;
+  ( s t ruc t  ob jc_ ine thod -descr ip t ion  *)descr ip t io i i lH)r lns tanceMethod: (SEI , )aSe l ;

( s t ruc t  objc_niethod_descri | ) t ion *)descri ]) t ionl ' ' orMcthod:(SP"L)aSel ;
Q'end

l-'igure 2.5: In t ro spec t ive  m e m b e r  func t ions  of  class Object  in Object ive-C' .  .A m e m b e r  
funct ion preceded by a  |)his sign specifies a  func tion th a t  can be used by class ob j e c t s  
w he reas  a minus  sign s|)ecifies a func tion t h a t  can only be used by ins tance  ob jec ts .
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2.5 Java

•lava [G.IS96] is an object -oriented programming language developed by Sun Microsystems 

and was first released in f995. in common with Smalltalk it is byte-coded and in terpreted 

as well as garbage collected. It employs a s t rong type checking and except ion handling 

iriechanism and provides built-in support  for multi -threading.

Inherent  refl ec tive fea tures

With the J av a  Core Reflection API included with S u n ’s J D K  versions 1.1 (1997) and 1.2 

(1998) comes direct  sup po r t  for s t ructura l  reflection from within a mains t ream program 

ming language.  It enables Java  code to discover informat ion abou t  the  fields, method s  and 

const ructors of loaded classes. Tlie major i ty of the  methods  provided by the  Reflection 

-API are for passive examinat ion of the  s t ruc tu re  and a t t r i bu te s  of a class, method or field. 

A small number  of methods  allow a new instance of a class to be created,  a method  to 

!)(' invoked, or a field value to be altered.  It is not ])ossible a t  runt ime to create  a new 

instance of a method or field or to replace existing methods  or fields.

f  he exam]:>le shown in figure 2.6 i l lustrates the  capabilities of the  Java Reflection API to 

list all |)ublic methods  for a given object.

v o id  l i s tM e th o d s ( O b j e c t  t a rge tO bj )  {
S t r i n g  methC'lass,  met liName;
C l a s s  targetClass  =  targetObj.getCUass();
System.out .pr in t ln (” Class =  ” -f targetClass .getName()) ;
M e t h o d [ ]  t arge tMetho ds  =  t .argetCla.ss.getMetliods(); 
i n t  i =  targelMethods . length;  
f o r ( i n t  n =  0; n <  i; n-|--|-) {

inethC'lass =  targetMethods[n] .getl )eclaringClass() .ge tName() ;  
met l iName =  targetMethods[n] .getName() ;
System.out  .pr in t ln(methName -|- ” ” -|- methC'lass);

}
}

l' 'igure 2.(i: fntrospection in Java: the function listfy/lethods lists all public metho ds  (in
cluding inherited methods) of a given object.
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2.6 O p e n C + +  v l

()pen( '++ vl  is a simple run- t ime MOP t h a t  can be used to intercede with method calls 

and member variable access [C'hi95], [Chi93]. i t  was develojjed by Shigeru Chiba  a t  the 

Mas ud a [laboratory,  Ihiiversity of Tokyo, Japan .

2.6.1  T y p e  of  R ef lec t ion

In ()penC++ vl ,  metaobjec ts  exist during run time. However, declaring reflective meth- 

(xls/variables and associating a class with a metaob jec t  class is done a t  compile time, 

which means  objects cann ot  change their metaobjec t  during run time.

2.6 .2  R ef lec t ive  Facil i t ies

0 |)en( '++ vl  only reifies a subset  of the  C++ object  model,  namely d a t a  member  access, 

member  function invocation and object  creat ion/delet ion.  These aspects are represented 

by a single, predefined class called MetaObj.  Figure 2.7 shows the  specification of the 

0 | )enC++ MOl’ (excerpt).

c l as s  Meta()l)j  { 
pub l i c :

vo id  Meta_MethodCal l( ld  m e th o d J d ,  Id category. ArgPacfc args): 
vo id  Meta_-\.ssign(ld var Jd ,  Id category, ArgPacfc args); 
vo id  M e t a J l e a d ( l d  va rJ d ,  Id category,  Argi^ac& reply): 

p r o t e c t e d :
v o id  Meta_llandle!\,IethodCall(ld method_id.  .VrgPacfc args, .ArgPacfc rej)ly);
v o id  Mela_Handle. \ssign(ld va r Jd ,  .'VrgPacfe args);
vo id  Meta_llandleR.ead(Id va r Jd ,  . '\rgPac&; re])ly);
v o id  Meta_\ss ignValue(Id  var_id, ArgPac& args);
voi d  Meta_Head\ 'alue( ld  va rJ d ,  ArgPac& reply);
c o n s t  ch a r *  Meta_GetClassNa,me();
c o n s t  c h a r *  Meta_Get iVIethodName(ld methocLid);
c o n s t  c h a r *  M eta .C e tV ar N am e( ld  var Jd) ;

}:

I’igure 2.7: I'he ( ) | ) c n C + +  version 1 MOP.  Class MetaObj defines the default  behaviour 
of metiiod invocation and st-ate access. T he  behaviour can be adjus ted by deriving from 
MetaObj and by redc'fining the  handler methods.
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2.6 .3  P r o g r a m m in g  M o d e l

D e f i n i n g  a  n e w  MOP i m p l e m e n t a t i o n  T h e  m e t h o d s  defined in class M e t a O b j  imple

me n t  t h e  defau l t  (C++) beha v io ur  of  m e t h o d  invocat ion,  s t a t e  access a nd  o b j e c t  c rea t ion .  

Meta_Handlei \ / l e thodCal l( )  for in s t an ce  is called in th e  event  of  a m e t h o d  invoca t ion  on a 

l eflective o b jec t .  T h is  defau l t  be havi ou r  can be a d j u s t e d  by der iv ing  subc lasses  of  M e ta O b j  

and  by redefining tiie handl er  m e th o d s .

S e l e c t i n g  a  MOP At the  base  level, a  class can be defined as e i ther  a  n o rm a l  C'++ class 

or  as a I ' f f l e c t i v e  class. A reflective class is one t h a t  is defined to  have  7'eflect  m e t h o d s  

a n d / o r  reflect in s tance  vnriahles  and  t h a t  has a  m e t a o b j e c t  class assoc ia ted  wi th  it. T h e  

m e ta o b je c t  class con ta i ns  th e  code  t h a t  redefines how invoca t ions  of  th e  reflect m e t h o d s  

and  accesses to  th e  reflect ins ta nc e  var iables  in reflective in s ta nces  of  th e  base-level class 

a re  handled.

.Modifying the  behavio ur  of  d a t a  m e m b e r  access and  m e m b e r  func t ion  invoca t ion  is ac

compli shed  by deriving  from t h a t  class and  by assoc ia t ing  a  baselevel class wi th t h e  new 

m e ta o b je c t  class.  T h e  code  examj)le shown in figure 2.8 i l lus t ra tes  th e  defini t ion of  a class 

wi th a reflective m e m b e r  func tion.

c l a s s  Person { 
p u b l i c :

P e r s o n ( c h a r *  name ,  i n t  age);  
i n t  Age();

/ / M O P  reflect:
i n t  lnc . \ge( ) ;  / *  Th is  m e thod  is rejlective * /

p r i v a t e :
c h a r *  name;  
i n t  age;

};
/ *  A sso c ia t in g  class P erso n  with a nietaobject class * /  
/ / M O P  reflect class P erson :  VerboseClass

f ' igure 2.8: Definit ion of  a  class wi th reflective m e m b e r  func t ions  in ()pen('-t-- |-  v f .

II
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'I’lie / / M O P  reflect clirect-ive dec lares th e  m e m b e r  func t ion lncAge() as be ing  reflective.  

In s tances  of  class Person a re  assoc ia ted  wi th  m e t a o b j e c t s  o f  class VerboseClass using th e  

M O P  reflect class d irec tive .  VerboseClass has to  be a subc lass  of  th e  predefined class 

MetaObj .

The ()penC'++ compiler  t h e n  will g e n e r a t e  a  sub c l ass  of  Person,  n a m e d  refLPerson.  In

s t a n c e s  of  refLPerson a re  said to  be reflective  objects, as the i r  beha vi ou r  is cont rol led by 

m e ta o b j e c t s .  ' I 'hus it is still possible t o  c r e a te  non- re flect ive  o b je c t s  by in s t a n t i a t i n g  class 

Person directly.

Not necessari ly all m e t h o d s  and  m e m b e r  var iab les  have  to  be reflective.  Only  th os e  fol

lowed by the  / / M O P  reflect d irec t ive  will be cont ro l led  by th e  m e t a o b j e c t .

W'lienever a  reflective met hod of  class refLPerson is called (or a reflective d a t a  m e m b e r  is 

accessed) ,  the  caJI is t r a p p e d  and  t h e  flow of  cont ro l  is directed to  th e  assoc ia ted  m e ta o b -  

jec t .  'I'he m et ao b je c t  handle s  th e  a c tu a l  a r g u m e n t  list and  r e tu rn  value of  a  m e t h o d  call. 

The a r g u m e n t  list, r e tu rn  values and  t h e  values of  var iables a re  reified to  be l irst-class 

en ti t i es  at  th e  m e t a  level, a process  s im i la r  to  t h e  m ars ha l i ng  of  p a r a m e t e r s  in l{emo te  

P i 'ocedure Call s  ( H P ( ' ) .  T h e  flow of  con t ro l  is dep ic ted  in figure 2.9.

m e ta o b je c t  { V e rb o se C la ss)

T rap void M eta_M ettiodCall() { 
printf(...);
IVIeta__HandleMettiodCall():

M eta-leve l

o b je c t (refL P e j  p n )  

----------------------- int lncAge{
Call

R etu rn

B ase -le v e l

b'igure 2.9: h'low of  cont rol  o f  a reflective m e m b e r  func t ion.  T h e  invoca t ion  of  a reflective 
m e m b e r  funct ion is t rap | )ed  and  d iv er ted  to  th e  o b j e c t ’s m e t a o b j e c t .  I ’he m e t a o b j e c t  can 
per form addi t iona l  t a sk s  before  handl i ng  th e  ac tua l  invocat ion.

T h e  user  can modi fy th e  be havi ou r  of  m e t h o d  invocat ion  by redefining Meta_MethodCali ()  

of c lass MetaObj .

'I'lie exani | )le |)rogi’am shown in figure 2 .10  i l lus t ra tes  how th e  ()penC'++ MOP can be used 

to achieve t h e  ta sk  of re t r iev ing  a list of  m e t h o d  descr ip t i ons  for a  given obje c t .
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v o i d  l i s tM e th o d (  M e t a M s g R e c e i p t o r *  t a r g e t O b j e c t ) {  
i n t  i=0 ;
M e t a O b j *  meta ;
m e t a  =  t a r g e t O b j e c t - > B a s e _ G e t M e t a O b j ( ) ;  
p r in t f (” C'lass is % s” , m e t a - > M e t a _ G e t C l a s s N a . m e ( ) ) ;  
c h a r * * m e t i i o d s  =  t a r g e t O b j e c t “ >Base_Ge tM et i i od Na .m eLi s t ( ) ;  
w h i l e  (niethods[i ]){

pr in t f (” m e t h o d  %d % s” , i, methods[ i] );
i + + ;

}
1
I

I ' igure 2 . JO: In t rospec t ion  in ( ) ] ) cnC ' + +  vJ:  t h e  func tion hs tMethods  lists all m e t h o d s  of 
a  given ob jec t .

2.6 .4  K n o w n  A pp l ica t io n s

d e s c r ib e s  t h e  i j n p le i i i e n ta l io n  o f  a t o m i c  d a t a  t y p e s  us ing  t h e  ( ) p e n ( ' + +  MOP. 1 he 

e x a m p l e  is m o t i v a t e d  by t h e  f a c t  t h a t  w i t h  t r a d i t i o n a l  a p | ) r o a c h e s  a p p l i c a t i o n  c o d e  is lo  

a lai 'ge e x t e n t  i n t e r t w i n e d  w i t h  n o n - f u n c t i o n a l  c o d e  whic h  d ea l s  w'i th s y n c h r o n i s a t i o n  a n d  

lecovery.

Atomic  d a t a  ty pes  a re  assoc ia ted  wi th AtomicMetaObj ,  a  m e t a o b j e c t  class t h a t  jM'ovides 

o p e ra t i o n s  for i m p lem ent in g  local a tomic i ty .  A cus to mis ed  m e t h o d  d is | )a tcher  (a redefi

nit ion of  m e t h o d  Meta_MethodCall )  in te rcep ts  all m e th o d  invoca t ion s  and  pe r forms  a d d i 

t ional  o p e r a t i o n s  de | )ending  on th e  c a te gor y  of the  t a r g e t  m e t h o d .  Subclasses of  A to m 

icMetaObj can implement  different c o n c u r r e n c t  cont rol  schemes,  so for e x a m p le  op t imis t ic  

oi- pessimist ic  co ncur re ncy  control .

Base-level classes th a t  a re  to sui) | )ort  a to m ic i ty  can to  a large e x t e n t  be w r i t te n  as usual ,  

i.e. th e  func t iona l  code  can be w r i t t en  wi th ou t  a tomi c i ty  in mind .  However ,  it recpiires the  

base-level p r o g r a m m e r  to  ca tegor i se  m e m b e r  func t ions as e i ther  being i ru d  o r  irrife o| )er- 

ations'^. T h is  s e m a n t i c  d i s t inc t ion  is necessary  for th e  a t o m ic  m o p  to  accpiire a p p r o p r i a t e  

locks before each op e ra t io n .

f h e  inabi l i ty  of  t h e  0| )enC'++ MOi> to  dy nami ca l ly  assoc ia te  ob je c t s  wi th  n i e t a o b je c ts  has

^OpeiiC++ provides a niechanisin that, allows the annota t ion  of lueiriber functions and  d a ta  nieiuhers 
with iisei' defined categories.
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been ment ioned by the author s  as a major  limitation.  On the  positive side, C)penC'+ + 

allows a clean separat ion of concerns: different, schemes can be int roduced separately.

2.6 .5  P e r fo rm a n ce

.An evaluation of the OpenC+ + M O P  ])resented in [CM93] reveals t h a t  a  method call carried 

out via the meta-level is about  6 -8  t imes slower than  an C++ vi rtual  function call. The 

overhead increases in ])roportion with the  number  of argumen ts  since all a r gumen ts  are 

copied separately via an ArgPac object .  Compared to a non-vi rtual  function call OpenC+ + 

is about JO t imes slower. Access to member  variables is abo ut  35 t imes slower.

2 .6 .6  S u p p o r t  for M e t a - T y p e s

Reflection in OpenC++ vl  is not t ranspa ren t  as the progr ammer  has to explicitly create 

reflective objects.  Although it is possible to create both reflective and non-reflective objects  

of the  same tv])e, they can not be t rea ted  interchangeably.

.As mentioned al.)ove, it is also not possible to dynamically rebind an object  to another  

iiK'taobj('ct a t  run t ime since this connection is established during compilation.

r i i ( '  comliinatioii of multii)le. independent ly develo])ed m o p s  can indirectly be achieved by 

ari 'anging metaobject  classes in a reflective tower where each in termediate level pi'0 | )agates 

lh(' o])eration to the immedia te >i]>per meta-level. This approach has been exercised in the 

develo|)ment of a fault-tolerant. M O P  [FP98]. In this examj)le, a three meta-level model 

was defined with separa te levels implement ing fault-tolerance,  secure communication and 

g ro u p- b ased d i st. ri b u t i o n .

2.7 O penC  +  +  v2

The ()penC++ v2 M O P  provides control  over the  compi lat ion proce.ss of ap])lication code. 

It was also wri tten by C'higeru Ch iba  a t  the  Masuda Laboratory,  Ihiiversity of Tokyo, 

. lapan.

2.7.1 T y p e  o f  R ef lec tion

\'ei'sion 2 of t he ()penC++ coni])iler is a compile-t ime architect ure t h a t  is similar to a ]^arse- 

t ree t rans lator;  'I'he |)arse-tree of the  (ba.se-level) source-code is generated ,  traversed and
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t r a n s f o r m e d .  T h e  n o d e s  o f  t h e  p a r s e - t r e e  a r e  m e t a o b j e c t s  t h a t  c a n  be  c u s t o m i s e d  in o r d e r  

to  c o n t ro l  t h e  t r a n s l a t i o n  of,  for  i n s t a n c e ,  a  m e t h o d  i n v o c a t i o n  o r  a  c l a ss  d e c l a r a t i o n .

2.7.2 R ef lec t ive  Faci l i t ies

The O p e n C + +  m o p  p r o v i d e s  coj i t ro l  o v e r  t h e  c o m p i l a t i o n  o f  c l a ss  def i j i i t ion,  m e m b e r  

access ,  v i r t u a l  f u n c t i o n  in v o c a t i o n  a n d  o b j e c t  c r e a t i o n  [C'hi95]. T h i s  is ac h ie v ed  by re i fy ing  

t h e  c o m p i l e r ’s p a r s e  t r e e  a s  a  col l ec t ion  o f  o b j e c t s .  T h e  s o u r c e - t o - s o u r c e  t r a n s l a t i o n  o f  t h e  

p r o g r a m  as  well a s  s t r u c t u r a l  a s p e c t s ,  su ch  as  t y p e  i n f o r m a t i o n ,  a r e  reif ied by e i t h e r  of  

t h e  fo l lowing m e ta - l e ve l  c l asses:

•  Class m e t a o b j e c t s :  A s  well a s  r e p r e s e n t i n g  c l a ss  de f in i t io ns ,  t h e y  c o n t r o l  t h e  so ur ce -  

t o - s o u r c e  t r a n s l a t i o n  o f  t h e  p r o g r a m .

•  Ptree m e t a o b j e c t s :  I ' h e y  r e p r e s e n t  t h e  p a r s e  t r e e  o f  a  p r o g r a m .  T h e  p a r s e  t r e e  is 

in i ] ) leniented as  a n es te d - l i n k e d  list .  M e t h o d s  o f  c l a s s  Ptree a r e  used  t o  m a n i ] ) u l a t e  

t h e  list.

•  Typelnfo m e t a o b j e c t s :  T h e y  r e p r e s e n t  ty])es  t h a t  a p p e a r  in t h e  j ) ro g r a m .

•  Environment m e t a o i ) j e c t s :  ' I ' l iey re])resent  b i nd in g s  b e t w e e n  nanu 'S  a n d  tv | ) e s  a n d  

a r e  a l so  used t o  i n s e r t  d e c l a r a t i o n s  in t h e  t r a n s l a t e d  p r o g r a m .

N'ersion 2.3 i n t r o d u c e s  2 m o r e  me ta - l e ve l  cl asses,  n a m e l y

•  Member m e t a o b j e c t s :  t h e y  p r o v id e  a  m o r e  a b s t r a c t  v i ew o f  m e m b e r  f u n c t i o n s  a n d

a l low t h e  use r  to  o b t a i n  i n f o r m a t i o n  a b o u t  a m e m b e r  o f  a  c l a ss  su c h  as  i t s  s i gn a t  ui'e.

n a m e  o r  w h e t h e r  it is v i r tu a l  o r  no t .

•  Walke r  m e t a o b j e c t s :  c a n  be  used t o  t r a v e r s e  a p a r s e  t r e e  a n d  t o  call  a use r  def ined

f u n c t i o n  each  t i m e  a n o d e  o b j e c t  is v i s i t ed .

M e t a o b j e c t s  o f  t y p e  Class p lay  t h e  key role in t h e  M O l^  as  t h e y  r e p r e s e n t  c l a ss  de f i n i t i o n s  

a n d  co n t ro l  t h e  s o u r c e - t o - s o u r c e  t r a n s l a t i o n .  A n  o ve r v ie w  o f  t h e  f u n c t i o n a l i t y  p r o v id e d  by 

c l as s  Class is g ive n  in f igu re  2.11.  M e t h o d s  such  as  TranslateMemberCal l ( )  a n d  Translate-  

New()  pr o v id e  a  w ay  to  t r a n s l a t e  e x p r e s s i o n s  inv o lv ing  t h e  c l a ss  a n d  t h e r e b y  a l low t h e  use r  

to  c h a n g e  t h e  b e h a v i o u r a l  a s p e c t s  o f  m e t h o d  i n v o c a t i o n  a n d  o b j e c t  c r e a t i o n .  I n t r o s p e c t i o n  

is sup | ) l i ed by m e t h o d s  such  as  N am e()  a n d  N th M e m b er N a m e ( )  w'hich r e t u r n  t h e  n a m e  o f  

a c l as ses  a n d  i ts  n - th  m e m b e r  fu nc t io n  I 'espectively.
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c l a s s  Class { 
p u b l i c :

/ /  Protocol f o r  In trospection:
Ptree*  Nam e( ) ;
P t r ee*  BaseClasses( ) ;  / /  R e tu rn s  the base-classes fie ld
Pt ree* Menibers ( ) ;  / /  T he  body o f  the class declaration
Ptr ee*  Defiii i t ion();  / /  R e iv r n s  the whole clas de fin i t ion
Class* N t l iB a s e C la s s (E n v i r o n in e n t  *eiiv, i n t  n);

/ /  R e tu rn s  the n-th  base class 
P t ree*  N t l i M en ib e rN a i i i e ( i i i t  n);

/ /  Protocol fo r  Transla tion:
Pt ree*  Tra ns la te Cl a ssNa i i i e (Env i ro ni ne i i t *  env,  P t r e e *  keyword,  P i r e e *  name) ;  
I’tree* T rans la te Se l f (Envi ronn ie u t *  env);
P t r ee*  T ra n s l a t e M e n i b e r F u  net  ion Bo dy  (...);
P t r ee*  I ' r a n s l a t e N e w (...);
P t ree*  Trans lateMeniberCa. i l ( . . . ) ;

};

l-'igure 2. 1 1: 'Flie ( ) p e n C + +  v 2  m o p .  M e t a o b j e c t s  o f  t ype  Class repre sen t  class def ini t ions 
a n d  cont rol  the  sonrce- to-source  t r ans la t io n .

2.7 .3  P r o g r a m m in g  M o d e l

I m p l e i n e i i t i i i g  a  n e w  m o p  is acconi])lished by der iving f rom class Class and  by redefining 

th e  app ro | ) r ia te  m e m b e r  func t ions t h a t  cont rol  th e  source  t r an s l a t i o n .  'Fhe new M O P  

im]) lementa t ion  is then  compi led  by tl ie ( )penC++ compi le r  to  prod uc e  a modified version 

of  itself. T h e  new compiler  is subseciuent ly used to  t r a n s l a t e  base-level p ro g ram s .

S e l e c t i n g  a  W(;p

■A base-level class can select  a m e t a o b j e c t  class e i ther  by a  metaclass d e c la r a t io n  or  by 

reg i s t r a t in g  a new keyword.  Se lect ing a  M O P  is done  on a per  class basis,  i.e. once  a  class 

is assoc ia ted  with a  m o p ,  all ins tanc es  will be  modified by it.

The m e th o d o lo g y  for im]) lement ing a  l ang uag e  ex tens ion  consis t s  of  t h r ee  s teps :

1. Decide w h a t  the  base-level p r o g r a m  should  look like.

2. Decide how it should be t i ’an s la ted
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3. W r i t e  a  n ie t a- l evel  p r o g r a m  to  p e r f o r m  t h e  t r a n s l a t i o n  a n d  w r i t e  t h e  r u n - t i m e  s u p 

p o r t  r o d e ,  if r equ i r ed .

I'lie fo l lowing  is a v a r i a n t  o f  t h e  v e r b o se  m e t h o d s  e x a m p l e  used t o  exe rc i se  t h e  s t e p s  al)ove:

m e t a c l a s s  A c c o u n t  : P r i n t M e t h o d C a l l s ;  / / i n e ta c la s s  declaration  

c l a s s  A c c o u n t  { 

p r o t e c t e d :

M o n e y  ba l anc e ;

p u b l i c :

A c c o u n t . N r  g e t A c c o u n t N u m b e r ( ) ;  

v o i d  c r e d i t ( ) ;

};

' I' lie metaclass  d e c l a r a t i o n  a b o v e  a s s o c i a t e s  t h e  c l as s  Account  w i t h  t h e  m e t a c l a s s  Print

MethodCalls .  The n e x t  s t e p  is to  d ec id e  h ow  t h e  base- leve l  | ) r o g r a m  will be  t r a n s l a t e d  so 

t ha t  a  m e s s a g e  will be  | ) r in t ed e v e r y t i m e  an  Account  m e t h o d  is ca l led .  O n e  w a y  t o  d o  th i s  

is to  t r a n s l a t e  ev e r y  ex pr es s io n  c o n t a i n i n g  a  m e t h o d  call  on an  Account  o b j e c t  so  t h a t  it 

| ) r in t s  o u t  a, m e s s a g e  befcjre a c t u a l l y  ca l l ing t h e  m e t h o d .  F o r  e x a m p l e ,  if m yA cc ou nt  is an 

Account  o b j e c t ,  t h e n  t h e  s t a t e m e n t s :

my. 'Vccount . g e t A c c o u u t N u m b e r ( )  

my. 'Vccount . cred i t  0

can  be  t r a n s l a t e d  in to:

( put  s ( ” g e t A c c o u n t . N 'u m b e r ( ) ' ' ) , m y  A c c o u n t . g e t  . ' \ c c o u n t N u m b e r ( ) )  

( | ) u t s ( ” c r e d i t ( ) ” ) , m y A c c o u n t . c r e d i t  0 )

T h i s  e x a m p l e  d o e s  no t  need  a n y  r u n - t i m e  s u p p o r t  c o d e ,  so  t h e  n e x t  ste j )  o n ly  involves  

w r i t i n g  t h e  m e t a c l a s s  PrintMethodCalls .  PrintMethodCall s is su b - c l a s s e d  f r o m  t h e  d e f a u l t  

m e t a c l a s s  Class a n d  o ve r r id es  t h e  de f au l t  TranslateMemberCall  m e t h o d  t.o t r a n s l a t e  e x p r e s 

s ions  invo lv i ng  t l i e Account class.
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c lass  P r i n t M e t h o d C a l l s  : p ub lic  C l a s s  { 

public:

P r i n t M e t h o d C a l l s ( P t r e e *  d,  P t r e e *  m )  : C l a s s ( d , n i )  {}

P t r e e *  T r a n s l a t e M e i n b e r C a l l ( E n v i r o n i n e n t * ,  P t r e e * ,  P t r e e * ,  P t r e e * .  P t r e e * ) ;

};

P t r e c *  P r i n t M e t J i o d C a l l s  :: l Y a n s l a t e M e i n b e r C a l l ( E n v i r o n m e n t *  eiiv,

P t r e e *  o b j e c t ,  P t r e e *  op ,  P t r e e *  m e m b e r , P t r e e *  a rg l i s t )  { 

r e tu rn  P t r e e ; : M a k e ( ” ( p u t s ( ” % p ( ) ” ) , % p ) ” , m e m b e r ,

C l a s s : : l ’r a n s l a t e M e m b e r C a l l ( e n v ,  o b j e c t ,  oj), m e m b e r ,  a r g l i s t ) ) ;
\
I

' Fhe TranslateMethodCall  t a k e s  an  ex|M'ession such  as  myAccount .credi t ( )  a n d  r e t u r n s  t h e  

t r a n s l a t e d  ver s ion .  As  m e n t i o n e d  ab o v e ,  i t  is a c t u a l l y  | ) ar se  t r e e s  t h a t  a r e  | ) e r fo r m t h e  

t rai i .slat ion.  l iot  h t h e  g iven ex | ) r es s ion  a n d  t h e  t r a n s l a t e d  o n e  a r e  r e | ) r e se n t ed  as  j^arse 

t r ees .  Ptree is t h e  d a t a - t v | ) e  which  r e p r e s e n t s  a p a r s e  t r e e  a n d  Ptree::Make()  is a m e t h o d  

to  c o n t r u c t  a ne w  | ) ar se  t r ee .

r i ie  a u t h o r s  a d m i t  t h a t  w r i t i n g  a  m e ta - l e v e l  i^ rogram us i ng  a  c o m p i l e  t i m e  M O l ’ is a  

di f f i cul t  t a s k ,  a s  t he use r  h a s  t o  dea l  w i t h  t h e  i n te r n a l  w o r k i n g s  o f  t h e  p a r s e  t ree,  t r a n s f o r m  

it a n d  p r o d u c e  d i f f e ren t  c o d e .  H o w ev er ,  ve rs ion 2.3 o f  t h e  ( )penC'++ c o m p i l e r  [Chi] is 

sa id  t o  o v e r c o m e  s o m e  o f  t h e  p r o b l e m s  m e n t i o n e d  alcove by ] ) roviding b e t t e r  s u p ] ) o r t  for  

i n t r o s p e c t i o n .

f ' i gu re  2 .12  o u t l i n e s  t h e  s t e p s  involved in w r i t i n g  a n  a p p l i c a t i o n  in 0 ]>e nC+ +.  .As m e n 

t io ne d  a b o v e ,  t he m e ta - l e ve l  p r o g r a m  wri t , t en by t h e  use r  is f i rs t  t r a n s l a t e d  by t h e  0 | ) e n C +  + 

coni]) i ler  a n d  l inked w i t h  i t se l f  t o  genera . t e  an e x t e n d e d  ve r s ion .  C o m p i l i n g  a  base- l eve l  

] ) r ogr am  in ( ) p e n C + +  v2 c o n s i s t s  o f  t h r e e  s t a g e s :  p r e p r o c e s s in g ,  s o u r c e - t o - s o u r c e  t r a n s l a 

t ion  f r o m  O p e n C + +  t o  C++ a n d  t h e  com| ) i l e r  b a c k e n d .

2.7.4 P e r f o r m a n c e

I m p l e m e n t i n g  new o b j e c t  b e h a v i o u r  such  as  p e r s i s t e n c e  o r  d i s t r i b u t i o n  is n o t  involved  

wi th  r u n - t i m e  o v e r h e a d  d u e  t o  t h e  M O P  i tself ,  a s  t h e  m e t a o b j e c t s  on ly  in se r t  a d d i t i o n a l  

c o d e  t h a t  is n ee de d  to  s u p p o r t  t h e  de s i r e d  f e a tu re .
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F igu re  2.12: W r it in g  an ap |)lica tion  in Open C'-|--|- v2.

2.7.5 K n o w n  A p p l ica t io n s

.As w ith  version 1, useful a ])p lica tions  inc lude language extensions fo r C++ to  support fea

tu res sucli as ])crsist,ence, d is tr ib u tio n  and concurrency. For exam ple [K Y K ‘'‘ 99] describes 

a MOP-implemcntation using O peiiC ++ v2 su p p o rtin g  persistence in C++ and exp la ins in 

g re a t de ta il the  lin g u is tic  issues invo lved in o b jec t checkpo in ting . As re flection  o idy  takes 

place a t co m p ile -tim e , i t  is d if f ic u lt  to  achieve the  f le x ib ility  offered by ru n -t im e  a rch itec- 

t u I'es

As described in [1 \F1^G ('98], the 0 ])enC ++ com p ile r was used to  in i]) lem en t a MCI’ s u p p o rt

ing  fa u lt to lerance. The requ irem ents fo r a fa u lt to le ra n t o b je c t system  using rep lica tion  

stra teg ies inc lude the co n tro l over

•  o b jec t c re a tio n /d e le tio n : o b jec ts  have to  be created in m u ltip le  copies over d iffe ren t 

nodes (re jilicas) and to  subscribe to  a com m un ica tion  g roup . W hen an o b je c t is
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deleted,  all replicas have to be removed from t h a t  group.

•  object  invocation: all invocations on a fault to lerant  object  have to be broadcas ted 

to the  re]>licas and the  order of the  messages has to be maintained in order to ensure 

replica consistency. Replicas must  also be able to handle multiple copies of the  same 

message and to synchronise themselves after the  execution of the  method.

•  object  s ta te  access: the  evolution of an ob j ec t ’s s t a t e  has to be propagated to the 

sys tem to ensure consistency among the copies. Under certain ci rcumstances,  objects  

have to be s tored on stable s torage periodically in order to retrieve their s t a t e  after 

a sys tem failure.

In order to t r ap  all method invocations to an object ,  the  OpenC++ compiler was used to 

rename all methods ,  including const ructors  and des tructors .  An invocation is t rapped by 

an additional method with the  original name th a t  forwards the call to the  metalevel.  For 

example,  a method methodl is renamed into reaLmethodl and a wrap| )er  function,  now 

called methodl is added to the  class definition. Figure 2.13 shows the  modified code for a 

class declaration.

Original Class Translated Class
c l a s s  Base -[

BaseO ;
"Base ( ) ;
vo id  m e th o d l0 ;
vo id  m e t h o d 2 ( i n t ) ;

>;

c l a s s  B a se ’ {
BaseO ; / /  Trap 
"BaseO ; / /  Trap 
vo id  m e t h o d l O ;  / /  Trap 
vo id  m e t h o d 2 ( i n t ) ; / /  Trap 
/ /  o r i g i n a l  methods: 
vo id  r e a l _ S t a r t u p ( ) ; 
vo id  r e a l _ C l e a n u p ( ) ; 
vo id  r e a l _ m e t h o d l 0 ;  
vo id  r e a l _ m e t h o d 2 ( i n t ) ;

>;

Figure 2.13: Code modifications performed by the O p e n C + +  M O P  in order to t rap  invo
cations on an object.

2.7 .6 S u p p o r t  for M e t a - T y p e s

.As a compile t ime archi tecture,  0|)enC'++ v2 natura lly lacks the  flexibility of run t ime 

archi tectures,  m o p s  control the t rans lat ion of whole class definitions, thus  it is neither
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possible to  a d j u s t  t h e  be hav io ur  of  individua.l ins tances  of  a  class,  nor  to  dynamic a l l y  

modi fy  th e  beh av io u r  of  ob je c t s  a t  run t ime.

2.8 CodA

'i"he C'odA meta- level  a r c h i t e c tu re  is based  on an o p e ra t i o n a l  decompos i t io n  of  m e t a 

level be hav io ur  into o b je c t s  a nd  th e  provision of  a  f r a m e w o rk  for m a n a g i n g  the  re su l ta n t  

com])onents  [McA95b],

2.8 .1 T y p e  of  R ef lec tion

C'odA is a reflective ex tens ion  of  S m a l l t a lk  and  as such is a  ru n - t i m e  meta- level  a rch i tec 

ture .  It p rovides behavioura l  reflection by in te rceeding wi th a n u m b e r  of  events  t r iggered 

by th e  a])plicat ion obje c ts ,  such as s end in g/ r ec e iv in g  messages  or  accessing s ta te .  C o d A  

uses a modifit 'd v i r tua l  m achine  in o rde r  to  in te rcep t  events .

2.8.2 R ef lec t ive  Facil i t ies

In C'odA. t h e  meta- level  is decomj^osed into seven so-called m e t a - c o m p o n e n t s  t h a t  reify 

d il feren t a sp e c ts  of  o b j e c t  be hav io ur  such as s end in g / r ece iv in g  a  message,  execu t in g  a 

m e t h o d  or  accessing s ta te .  F'igiire 2.14 depi c t s  the  events  an d  m e t a - c o m p o n e n t s  involved 

in t he sendi ng  of  a message  M from o b j e c t  A to  object  I).

O b j e c t  be hav io ur  is modified by expl ici t ly assoc ia t ing  m e t a - c o m p o n e n t s  wi th  an ob je c t .  

The role of  th e  m e t a - c o m p o n e n t s  is as follows;

S e n d  r i i e  main role of  th e  Send meta-com]:>onent is to  m a n a g e  th e  send ing  of  a mes

sage  to an ob jec t .  'I 'his can involve su])ervision of  th e  t r an sm iss io n  of  th e  message,  

syn ch ro n is a t io n  of  the  sende r  and  th e  receiver,  | )rotocol  negot ia t ion  and  resource  

m a n a g e m e n t .

A c c e p t  r i i e  .Accept meta- compo nent ,  defines how th e  receiver of  a message in te ra c t s  with 

the  message  sender .  I t  therefore  also has to  deal  with synchr on is a t io n  a nd  protocol  

negot ia t ion .  It also de te rm in e s  if t h e  message is valid and  how th e  message should 

be handled ,  t ha t  is, whet  her t h e  message  should  be cpieued for p rocessing or  w h e th e r  

it should  be ])rocessed immediate ly .

Q u e u e  organises  and  holds messages  which have been acce pt ed  but  no t  ye t  received or  

])rocessed.



2.8 CoclA 41

Queue
Protocol

2 iiccept; M

Accept
Send

Receive Executioi

I send: M 4 rece iv e

7 ex ecu te ; m eth o d

I ' i g u r e  2 .14 :  S a m p l e  me ta - l e v e l  c o n f i g u r a t i o n  in C-odA.  S e n d i n g  a  m e s s a g e  b e t w e e n  tw o  
o b j e c t s  is i m | ) l e m e n t e d  by a n u m b e r  o f  m e t a - c o m | ) o n e n t s  t h a t  r e p r e s e n t  d if fe rent  s t a g e s  
( h i r ing  t h e  ]>rocessing o f  t h e  m e ss ag e .

R e c e i v e  The Rece ive  m e t a - c o m | ) o n e n t  is r e s | )ons ib le  for  f e t c h in g  t h e  n e x t  m e s s a g e  t o  be  

l>roce.ssed. ' I 'his m a y  invo lve t h e  se lec t ion  o f  a  m e s s a g e  f ro m  o n e  o f  a n u m b e r  o f  

m e s s a g e  q u e u e s  a c c o r d i n g  t o  spec if i ed  c o n s t r a i n t s .

P r o t o c o l  T h e  P r o t o c o l  m e t a - c o m p o n e n t  is r e s | )ons ib le  for  m a p p i n g  a m e s s a g e  to  be p ro 

cessed  o n t o  a m e t h o d  to  i)e e x e c u t e d .  T h i s  recpiires t h e  spe c i f i c a t i on  o f  ho w m e s s a g e s  

a n d  m e t h o d s  c a n  be  m a t c h e d  (for  e x a m p l e ,  by us ing  s i m p l e  n a m e  m a t c h i n g ) ,  a nd  

t h e  s | )ec if i ca t ion  o f  t h e  se a rc h  p r o c e s s  (for  exami ) l e ,  w h e t h e r  s ingle  o r  mul t i ] ) le  in

h e r i t a n c e  is to  be  use d) .

E x e c u t i o n  ' I ' he I '^xecution m e t a - c o m p o n e n t  specif ies  h o w  an  o b j e c t  i n t e r a c t s  w i th  t h e  

s y s t e m  in o r d e r  to  e x e c u t e  o n e  o f  i t s  m e t h o d s .  F or  e x a m p l e ,  i t  d e t e r m i n e s  w h e t h e r  

t h e  m e t h o d  s h o u ld  be  e x e c u t e d  in d e b u g  m o d e  o r  no t .  I t  a l so c o n t r o l s  w h e r e  a n d  

w h e n  a m e t h o d  is e x e c u t e d ,  a n d  is r e s p o n s i b le  for  a c t u a l l y  e x e c u t i n g  t h e  m e t h o d .

S t a t e  The S t a t e  m e ta - c o i i i | ) o n e n t  o r g a n i s e s  a n d  m a i n t a i n s  i n f o r m a t i o n  a b o u t  t h e  o b je c t  

s t a t e ,  t h a t  is, i t s  i n s t a n c e  va r i ab les .  It def ines  w h a t  i n s t a n c e  va r i a b le s  an o b j e c t  has  

a n d  ho w  t h e s e  i n s t a n c e  va r i a b le s  c a n  be accessed .

T h e  s e t  o f  m e t a - c o m p o n e n t s  which  de f i n e  an  o b j e c t ’s  b e h a v i o u r  is ca l led t h e  n ie ta  o f  t hat  

o i j j e c t .
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I I I  th e  Sma l l t a lk  im])lementa, t ion of  C o d  A, each m e t a - c o m p o n e n t  is represen ted  by a  class. 

T h e  defau lt  classes ])rovide th e  func t iona l i ty  assoc ia ted  wi th  its role. For  example ,  the  

Send c o m p o n e n t  provides m e t h o d s  for s ending  a  message to  a  base-level ob jec t ,  the  Queue 
c o m p o n e n t  allows the  en- and  d e q ue u ing  of  messages e tc  ( [McA95a]).

2.8.3 P r o g r a m m in g  M o d e l

Defining a nd  Se lect ing a  M O P  is a.chieved by re-defining individua l  classes t h a t  p rovide  

th e  in tended  beha v io ur  an d  by rep lac ing th e m  with t h e  defau l t  m e ta - c o m p o n e n t s .  New 

c om |) on en ts  can e i ther  be selected on a  per  ob jec t ,  per class or  on a  sy s te m-w id e  basis.

I 'br exampl e ,  if an o b je c t  w a n ts  to  replace its Send c o m p o n e n t ,  it  f irst  has  to  i n s ta n t i a te  

its m e t a  level using the

Behaviour>>asExtendibleMetaFor:

m e th o d .  'I'his c r ea te s  and  instal ls  th e  o b j e c t ’s defau l t  m e t a o b j e c t .  T h e  m e ta o b je c t  is an 

ins tance  of  class CodAMeta. 'Jdie class CodAMeta j)rovides th e  necessary  func t iona l i ty  to  

install and  replace m e ta - c o m p o n e n t s .  In a  second s tep ,  the  o b je c t  ac tua l ly  has  to rej)lace 

i ts Send c o m p o n e n t  using

anObject meta componentAt: State put; myState for: anObject

This  replaces the  de fau l t  s ta t e - coni ] )on ent  with the  ob jec t  m y S t a t e .

(•'igure 2.15 dep ic t s  how th e  ( b d A  meta- leve l  a r ch i t ecu t r e  is e m b e d d e d  into Smal l ta lk  

ob jec t s .  T h e  classField slot  is a  h idden  d a t a  m e m b e r  of  every Sma l l t a lk  object  which 

points  to  th e  o b j e c t ’s class.  T h e  S m a l l ta k  v i r tua l  ma ch ine  uses thi s  in fo rm at io n  for m e t h o d  

dis])atch: for every incoming  message  an  a p p r o p r i a t e  m e t h o d  is searched  in t-he o b j e c t ’s 

class descri | ) t ion.  If t he class o b je c t  is re]:>laced by an o b j e c t  which does  no t  u n d e r s t a n d  any  

messages (as a  subc lass  of  nil for e x a m p le ) ,  every incoming  message  is t r a p p e d .  A dd in g  

message  handl er s  to  th e  in te rc ep t o r  a l lows the  individua l select ion of  m e t h o d s  t h a t  a re  

reihed and  those  t h a t  a re  no t  (by default,  no m e t h o d s  a re  reified). T r a p p i n g  a message  

causes th e  receiving o bj ec t  to  re-invoke a  reified send o p e ra t io n  f rom th e  original  sender.

2.8 .4  K n o w n  A p p l ica t ion s

Cod A has been used to ini|:ilenient a  var ie ty  of  different o b j e c t  models,  inc luding con- 

m r r e i i t ,  d i s t r ib u te d  and  ]>orted o b je c ts  [McA95c].  T h e  o b je c t  mod els  the n  have been
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send

M eta-com ponents

receive

queue

class

meta

Interceptor
c l a s s F ie ld

Base-level Object

l-'igure 2.15: Object la.yout in CodA;  the  hidden c l a s s F i e l d  slot t h a t  is par t  of every 
base-level object  |:>oints to the interceptor (a subclass of n i l ) .  Th e interceptor in turn 
points to the  ob j ec t ’s set of meta-components .

a|;|)lied to existing api^lications such as tiie 2D N-l)ody problem, an ex]>ert system and a 

moni tor ing and analysis system called Vibes [McA95b].

2.8 .5 Per form an ce

In C'odA, a fully reified send/receive cycle is said to increase the execution t ime "about 

an ortler of magn i tude” [McA95b]. McAffer claims that  in real applications,  where the 

p('rformaiice depends  on the  amount  and type of reified com|)onents,  applications tend to 

be 3 5 t imes slower than in the  absence of reflection. As an exani])le, the implementat ion 

of the 21) N-l5ody problem where concurrency and dist ribut ion was added was four t imes 

slower.

2.8 .6  S u p p o r t  for M e t a - T y p e s

Operat ions on reflective objects  in CodA are by and large t ra nspa re n t  to the  user since 

the underlying virtual  machine intercepts with the Smal ltalk message passing mechanism.  

However. CodA does not  provide an a u to m a ted  mechanism for instant ia t ing  and modifying 

meta-components,  instead,  progammers  have to explicitly ins tan t ia te  an object ' s  meta-  

level and insert those components  t h a t  implement a par t icular behaviour.  It is however 

possible to in,sert and replace individual rneta-coniponents at  run time, thereby allowing 

objects to evoh’e in changing environments.  Com|)osition of multiple,  inde|)endent meta-
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conipoiients is not directly addressed in the framework.

2.9 A B C L /R

A IK 'I . /R  [VVYS8] is a reflective extension of the object -based concurrent  programming 

language ABCL/1  [YHS86]. It was developed by Takuo W ata nabe  and Akinori Yonezawa 

at the Tokyo Ins ti tute of Technology and is based on Lisp.

2.9.1 T y p e  of  R ef lec t ion

. ' \ IK'L/H is another  example of a run- time archi tecture;  the  behaviour and s ta te  of base- 

level objects is controlled by exactl_y one metaobject.

2.9 .2 R ef lec t ive  Facil i t ies

in .AIK'L/H, an object  is an autonomous,  individual informat ion processing agent,  similar 

to t lie ac tor  model. It consists of a message queue,  an evaluator and a  set  of s t a t e  variables 

and scripts,  eciuivalent to member  variables and methods  in the C++ terminology. Mgiire 

'2.10 depicts the object  model in Objects  conimiinicate via message passing. All

message transmission is asynchronous.  Sending and j^rocessing a message is associated 

with the following set of events:

A r r i v a l :  'I'lie message arrives at the  receiver object .  Th e receiver s t ar t s  |)rocessing the 

message.

R e c e i v i n g :  I'lie receiver object en(|ueiies the  arrived message in its message (iiieiie.

A c c e p t a n c e :  Th e receiver tries to  find an a.])])opriate script for the  message by i^attern- 

niatching.  If the  receiver acce|)ts the  message, it s t ar t s  execut ing the scri])t for that  

message.

E x e c u t i o n :  'Fhe script  gets executed.

E n d  o f  P r o c e s s i n g  a  M e s s a g e :  The evaluation finishes and the  next message is |)ro- 

cessed.

In the reflective extension of .ABCL/f,  an object  is fully represented by a metaobject .  The 

nietaobject  contains  the  represent at ion of the  message cpieue, t he s ta te  memory,  t he set of 

scripts and the evaluator.  I3esides this s t ructu ra l  aspect ,  the  com])utational aspect of the
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M essage
Q ueue

Evaluator

: state 
: script

1 Arrive
M essage
Q ueue2 Receive

3 Accept

Evaluator

4 Eval.

: state 
:script

A B
I' igu ie  2.K:): Ob je c t  model  in A I K ' L / R :  an o b j e c t  coiibists of  a message  t |ueiic, an ev a lu a to r  
and  a set of  s t a t e  var iables and  scri[)ts.

ol)jecl -  arr ival ,  receiving and  acce[:)taiice of  a message  and  t h e  execut ion  of  scrij^ts, are  

reified. T h e  re la t ionsh ip be tween  t h e  base and  th e  meta- level  is dep ic ted  in figure 2 . f8 .

The s t r u c t u r e  of  ob ject  .4 is rep re se n t ed  as th e  d a t a  in th e  s t a t e  m e m o r y  of  th e  m e ta o b je c t :  

s c r i p t s e t  defines the  set o f  sc rip t s ,  s t a t e  th e  c u r r en t  c o n te n ts  o f  th e  s t a t e  variables,  

e v a l u a t o r  and  queue are  objects  def ining the  evaluator a nd  the  message  Cjueiie resp.  and 

mode repre sen ts  an ob je c t s  m o d e  (e i ther  d o r m a n t  or  ac t ive) .  T h e  behav iou ra l  as])ects of  

an o b j e c t  - arr ival ,  receiving and  acce]) tance of  messages  as well as t.he execut ion  of  scri | ) ts  

a re  described by th e  s c r ip t - pa r t  ( m e th o d s )  of  t h e  m e t a o b j e c t .

2.9 .3  P r o g r a m m in g  M o d e l

T h e  e x a m p le  | ; rogram in figure 2.17 shows a s imple objec t  defini t ion in . \ B C ' f j /R .  In thi s 

rase,  we in s t a n t i a t e  the  o b j e c t  a n O b j e c t  t hat, co n ta in s  two s t a t e  var iables  {x,  y)  and  scri])t.s 

to set and retr ieve th e  value of  th e  s t a l e  variables.

O b j e c t s  a re  ac t iva ted  by message  pass ing.  For  example ,  to  set  t h e  value of  the  field 

\ariaf)le x  one  can send t h e  message  s e t x  to  the  object  wi th  an addi t io na l  | ) a r a m e te r  as 

ill [ a n O b j e c t  <== [ : s e t x  2 3 ] ] .

IJetr ieving th e  m e t a o b j e c t  o f  a n O b j e c t  is accompl i shed  by eva lu a t in g  th e  special  form 

[m e ta  a n O b j e c t ] .  I 'h e  m e t a o b j e c t  c o n ta in s  th e  fol lowing scr i | j t s  t h a t  allow th e  d y n a m ic  

modif icat ion of  its assoc ia ted  base-level ob jec t :



46 R e f le c t iv e ,  O b je c t -O r ie n te d  P r o g r a m m in g  L a n g u a g es

[object anObject 
(state [x := 0]

[y := 0 ] )
(script

(=> ;getx !x)
(=> :gety !y)
(=> [:setx new_x] 

[x := new_x]) 
(=> [:sety new_y] 

[y := new_y])
)]

l'’igure 2.17: Example object  clefinilion in A B C L / R .  Here we define an object  with two 
s l a t e  variables x and y and scripts to set  and retrieve the  value of the  s ta te  variables.

•  [ : a d d - s c r i p t  s ] : .'\clds a new script  which is defined in s to the object .

• [:  s c r i p t  m] : Retrieves a scri])t whose message matches  ?/;.

•  [:  d e l e t e - s c r i p t  m] : Deletes a script whose message matches  m.

•  [: s t a t e ]  : l^eturns a descri|)tion of the  object  ’s s tate.

The interface described above can be used directly to look u]) scripts and to modify an 

object ' s  s ta te .  I'br example,  to add a new s ta te  variable to an object  one can retrieve and 

alter tiie o b j e c t ’s s t a t e  as in:

[ s t  := [ [ m e ta  a n O b je c t ]  <== : s t a t e ] ]

[ s t  <== [ a d d - b i n d i n g  ’ z 100]]

To modify the  default, behaviour of objects,  one can rej)lace the  scripts t h a t  are executed 

(luring the  various stages of message ])rocessing. I'br exani|:)le, to moni tor the  beginning 

of a scri|)t execution,  one can replace the : begin-scrij)t  in the  o b j e c t ’s meta-level. To 

do so. an additional level of indirection has to be overcome: since every object is fully 

represented by its metaobject ,  modifying an ob j ec t ’s metaobjec t  can only be done via its 

nieta-meta.-object.  ABCTj/ R  features a full_y reflective tower and (theoretically) allows the 

access to an infinite tower of meta-levels. This is achieved by creat ing metaob jec ts  lazily, 

i.e. when they are first accessed. Th e following code ext rac t  shows how the : b e g i n  script 

can be replaced:
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Base-Level-Object

Message
Queue

Evaluator

: state 
: script

Meta-Level-Object

Evaluator

Message
Queue

: state
scriptset
state
evaluator
queue
mode

:script 
message 
end

F igu re  2.18: R e la tionsh ip  between a base and a m eta level o b je c t in A l iC L /R :  the  baselevel 
ob jec t is fu lly  re|M-esented by its  m eta level ob jec t.

[mml := [meta [meta anObject]]] ; retrieve anObject’s meta-meta-level 
[mml <== [:add-script ‘(=> :begin ...)]] ; replace begin-script

2 .9 .4  P e r f o r m a n c e

.\s  re ])o rted  in [M M A Y 9 5 ], the  overhead in troduced  by m eta-level co m p u ta tio n s  when 

d ire c tly  using an unop tim ised  in te rp re te r is h igh, by a fa c to r o f 100 and m ore, in  order 

to  co])e w ith  th is  overhead, [M M A Y 9 5 ] describes the  deve lopm ent o f a com p ile r fram e

w ork th a t em ploys p a rtia l eva lua tion  as its  p rim a ry  o p tim s a tio n  technicpie. O p tim ised  

and com piled  a pp lica tions  are reported  to  on ly  e x h ib it an overhead o f 10 30% com pared 

to  lian d -c ra fte d  .source-code o p tin iis a tio n s  in a uon-re flec tive  language. However, th is  re

s tr ic ts  o b jec ts  to  select a m e ta - in te rp re te r on ly  a t c rea tion  tim e , dynam ic  replacem ent or 

cus tom isa tion  o f the  in e ta -in te rp e te r is no longer possible.
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2.9.5 Known Applicat ions

[WYS8] and  [MMVVY92] ou t l ines  an i m p le m e n ta t i o n  of  th e  T i m e  W a r p  synchr onis a t ion  

m echan ism .  T h e  T i m e  W a r p  mec ha n is m  is a syn ch ro ni sa t io n  pro toc ol  t h a t  is t a rg e te d  at 

d i s t r ib u t e d  event  s imula t ion  and  d is t r i b u te d  d a t a b a s e  co ncu r r enc y  contro l  [.Jef85]. In this  

scheme,  processes  c o m m u n i c a t e  v ia  messages,  each message  c o n ta in in g  a  t i m e s t a m p .  If 

confl icts a r e  de te c te d ,  i.e. messages  a r r ive o u t  of  o r der  accord ing  to  th e  t i m e s t a m p  the y  

c on ta in ,  a  rol lback is pe r form ed  res tor ing  th e  s t a t e  of  th e  process t o  the  t i m e  before th e  

confl ict  a| )])eared.  l lol lback  is pe r forme d by sending  anti-messages^  each an t i - m ess age  re

ver t s  t h e  side effect of  exac t ly  one or iginal  message .  T h e  im p le m e n ta t i o n  of  an t i - me ssa ges  

a nd  th e  rol lback m echanis m could in th i s  case be comple te ly  s e p a r a t e d  f rom th e  appl ica

t ion code.  Baselevel  o b je c t s  select  a  cus t om is ed  meta-level  i n t e rp re te r  t h a t  handles  the  

[)rocessing of  messages  and  c a p t u r e s  th e  s t a t e  of  ob je c t s  in or de r  to  allow to  I’eve r t  to  

earliei’ s tages .

2.9.6 Support for M eta -T ypes

.As an in t e rp re te d  language ,  in te r ced ing  wi th  th e  execut ion  of  l a nguage  o p e r a t i o n s  is t rans-  

pa re n t ly  carr ied out  by th e  inter]>reter a nd  meta-leve ls  for ob je c t s  a re  only c r ea ted  on 

d e m a n d .  T h e r e  is no d i rec t  sup])ort  for co m p o s i n g  th e  beha vi ou r  of  mul t iple  m e t a o b j e c t s  

in AIK'H/1^-  However,  since .ABC'L/l^ provides  t h e  (lazy) in s t an t ia t i on  of  a  theore t ica l ly  

infinite reflective towei \  compos i t ion  can indi rec t ly be achieved by bui lding mul t iple layers 

of  meta-levels ,  with each layer in te rced ing  wi th  tiie level below, s imi la r  to t h e  way as has 

l>een described for ()penC'++ \ ' l .

To ou r  knowledge,  th er e  is no m e a n s  for ob j e c t s  to  dese lect  the i r  m e ta - in te r p r e t e r .  In 

otiiei'  words ,  once th e  m e t a - i n t e r p r e t e r  of  an o b je c t  has been in s t a n t i a t e d ,  all following 

f )pera t ions  will be d iver ted  and  ob je c ts  can not  rever t  to  a  non-reflect ive c o n h g u ra t i o n .

2.10 D iscussion

In thi s  c h a p t e r  we e x am in ed  a nd  reviewed a  n u m b e r  of  reflective ex tens ions  to ob jec t -  

oi iented | :>rogramming languages .  C o m p i l e - t im e  reflection, while no t  i n t r o d u c in g  r un - t im e  

| )enalt ies,  offers the  least  flexibility as reflect ion is res t r ic ted to  th e  com pi l a t ion  phase .  T h e  

highest  flexibility is j j rovided by interpret ,ed languages  such as .‘V I K 'L / R  and  Cbd.A. I ’his 

is possible because  the  unde r ly ing  i n t e r p r e t e r  o r  \ ' i r tua l  machine  is able to in te rcede  with 

tlie execut ion  of  the  runn in g  ]>rogram a t  a ny  one t ime .  However,  in te rpr e te d  languages  do
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per se no t  per form as efficiently as compiled languages  and  a r e  hard ly  su i ta b l e  for bu ilding 

p e r f o r m a n t ,  low-level app l ic a t ions  such as o p e r a t i n g  s y s te m s  an d  e m b e d d e d  sy s te ms .

R u n - t i m e  reflection for compiled languages  falls in be tween these  two ex t r emes .  A m a j o r  

res t r ic t ion of  ex is t ing ru n - t i m e  a r c h i t e c tu re s  is the i r  lack of  flexibility co m p a r e d  t o  in te r 

pre ted  languages .  OpenC++  vf  for e x a m p le  does n o t  p rovide  a  me cha n is m  for o b je c t s  

to dy na m ic a l ly  re-select the i r  meta- leve l  repr e se n ta t io n .  Moreover ,  ty p e  o t h o g o n a l i ty  is 

not  achieved since reflective ob je c t s  have t o  be c re a te d  expl ici t ly and  can  not  be used in 

place of  t he i r  non-reflect ive c o u n t e r p a r t s .  We  therefore  conc lude  t h a t  none of  t h e  ex is t ing  

a r c h i t e c tu re s  for compiled  la ng uages  can be used to  i m p le m e n t  m e ta - ty p es .

in t he I g u a n a  reflective p r o g r a m m i n g  model  as described in t h e  fol lowing ch ap te r ,  we a imed 

at ov erco mi ng  tiie I’es t r ic t ions  im posed  by ex is t ing p la t f or m s  while keeping th e  i n t e r p r e 

ta t i v e  ov erhead  low. We are  specifically in te res ted  in provid ing  reflection for compiled 

languages  wi th  a flexibility s imi la r  t o  t h a t  found  in in te rpr e te d  languages .
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The Iguana R eflective P rogram m ing  
M odel

1’he iguana  t h a t  juin])ed from th e  high iroko t ree  

said he would |)raise himse lf  if no one else did.

N ig er ia n  P rov er b

I ' rom o u r  review of  reflective p r o g r a m m i n g  l ang uag es  in t h e  [previous c h a p t e r  we have 

identified a n u m b e r  of  s h o r tc o m in g s  in c u r r e n t  a r ch i te c tu res .  F^xisting a r ch i te c tu re s  for 

compi led  i ) r og ramm in g  languages,  as  exempli fied by ()penC'++ v l ,  a re  to o  s t a t ic  and do 

not offer enough t r a n s p a r e n c y  since reflective and  non-reflect ive ob je c t s  have to he t r ea t ed  

separa tely .  O t h e r ,  more  flexible a r c h i t e c tu re s  such as Cod.A., requi re  th e  j^ rogrammer  to 

explici t ly c r ea te  and  access meta- level  co m p o n e n t s ,  which again leads to  a  tang l in g  of  

func t iona l  and  non- func t iona l  code.

I g u a n a  in i ts  p rev ious  version [Ciovv97] suffered f rom simi la r  p rob le m s  in t h a t  it did not  

se | )a ra te  eno ugh  be tween t h e  roles of  base  and  meta- level  p r o g r a m m e r .  As a  conseciuence, 

a | )pl ica t ions  w r i t te n  in Iguana, co n ta in ed  a large a m o u n t  of  d i rec t  meta- leve l in\ 'ocat ions.  

consis t ing of, for example ,  code for inser t in g  or  rep lac ing m e t a o b j e c t s .  .A.gain, thi s  defea ts  

th e  t r a n s p a r e n t  use of  reflection and i ts claim for achiev ing a clean se j jara t ion of  concerns.

W'e therefore  u n d e r t o o k  a  su b s t a n t i a l  re-design and  re - i m p lem en ta t i o n  of  th e  Ig u an a  model.  

;Vs explained before,  ou r  aim is to  shield bo th  th e  ap])l icat ion an d  meta- level  | ) r og ra m m er  

from the  ac tua l  im p le m e n ta t i o n  de ta i l s  of  t h e  reflective p r o g r a m m i n g  features .  .Although 

this  thesis  is pr imar i ly concerned  wi th app ly ing  reflection t o  a  compiled language,  the  

conce pts  | ) resented in thi s c h a p t e r  a r e  m e a n t  to  c a p t u r e  vai’ious fe a tu re s  co m m o n ly  found 

in ex is t ing  O OPL s  in or de r  to make  t h e  model  appl icab le  to o t h e r  p r o g r a m m i n g  languages  

as well, inc lud ing  .Java [RC'OO].



3.1 G eneral O verv iew 51

3.1 G eneral O verview

I I I  Iguana ,  base-level ob je c t s  a re  assoc ia ted  wi th  a  set  of  n i e ta ob je c ts ,  each represen t in g  

or  im p le m e n t i n g  a specific l a ngua ge  con s t ruc t .  P r o g r a m m e r s  can s u b s t i t u t e  t h e  defau l t  

s em an t i c s  of  each of  the  l ang uage  co n s t r u c ts  individual ly  by provid ing  a  cus to m is ed  im

p le m en ta t io n .

•A design issue t h a t  d i s t inguishes  I g u a n a  f rom c o m p a r a b l e  p la t forms ,  is t h a t  it is d y n a m ic  

in n a tu re :  I g u a n a  offers t h e  dy n a m ic  a nd  selective reificat ion of  l a ngu age  c o n s t r u c t s  a t  r u n 

t ime,  m e a n in g  t h a t  cus tom ise d  o b j e c t  models  can evolve as th e  s y s t e m  runs.  Tl i is  is ])ar- 

t icii larly in i | Jor tan t  for bui lding aj jp l ica t ions  t h a t  a re  faced with cha ngi ng  non -func t iona l  

re ( |u i rements .  [building tho se  api) l i cat ions is inheren t ly  difficult as th e  des igner  ca n n o t  

a lways foresee every  possible usage  scenar io  a n d / o r  ru n - t im e  en v i ro n m en t .

3.2 R eification  C ategories

In Iguana ,  reification categories  r epresen t  l a nguage  c o n s t r u c t s  w'hose i m p le m e n ta t i o n  or  

in te r p r e ta t i o n  can be modified by th e  | :>rogrammer. A m o n g  the se  la nguage  c o n s t r u c t s  

a ie  s t r u c t u r a l  ca tegor ies  such as in fo rma t io n  a b o u t  classes,  m e t h o d s  and a t t r i b u t e s  and  

heliax'ioiiral ca tegor ies  t h a t  imp lemen t  for ex am p le  objec t  c rea t io n ,  delet ion or  m e t h o d  

i i i \ocat  ion.

In coiiti 'ast to  earl ier  versions  of  Iguana ,  t h e  n u m b e r  of  reification ca tegor ies  has been 

r( 'duced significantly,  from original ly 29 to  now 12. For  example .  I g u a n a  v l  p rovided  7 dif

ferent reificat ion ca tegor ies  concern ing  m e t h o d s  and  m e t h o d  invocat ion ,  nam el y  Method .  

Me th odN am e ,  MethodAddress ,  Invocation,  MethodAccess ,  MethodBefore  a nd  MethodAfter .  

T h e  main  mo t iv a t i on  behind thi s a p p ro a c h  was  concerned  wi th  per fo rma nce :  t h e  use of  

reflection should  ideally only i n t r odu ce  o verhead  where t h e  reflective fe a tu re s  a re  ex])licitly 

used.

In | )ract ical  t e rm s ,  we found t h a t  t h e  overload of  reification ca tegor ies  was  m ore  confus ing  

th an  beneficial,  leading  to an over lap  of  th e  s em an t i c s  of  t h e  var ious ca tegor ies .  Moreover ,  

I  he ideal o f  select ively reifying only th ose  language  co n s t r u c t s  t h a t  a re  of  ac tua l  in te res t  for 

the  meta-leve l  ] ) rogramme r  c a n n o t  a iways  be met .  For  exampl e ,  in or der  t o  reify m e t h o d  

invoca t ion ,  it is sure ly necessary t h a t  s t r u c t u r a l  in format ion  a b o u t  m e t h o d s ,  such as t heir  

address,  ty p e  and  s igna t ure ,  is also presen t .  T hi s  has  lead to  a  n u m b e r  of  d e pe nd enc ie s  

between different I'eification categor ies .

Ill till' revised model,  s t r u c tu ra l  in fo rm a t ion  abou t  m e th o d s ,  includ ing  th e  t ype ,  n am e .
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address and s ignature  of methods ,  is combined into only one category. We believe that  this 

reduction has lead to a cleaner design and represents a more intuit ive decomposi tion of 

object  models.  Al though dependencies between different categories still persist (see section 

•'5.2.4), they have been reduced significantly. Moreover,  the  reduction has not  lead to a 

loss of expressive power. For example,  in order to provide the  functionali ty of before/af ter 

methods,  it is sufficient to only reify method  invocation since the  implementa tion of tha t  

reification ca tegory can contain any code th a t  is executed before and after the actual 

method has been invoked.

.A discussion of the  available reification categories is presented below.

3.2.1 Structural Reification Categories

These re])resent s t ructura l  aspects of the  underlying object  model,  such as information 

about  classes, member  functions and d a t a  fields. S t ructura i  reification categories allow 

int rospect ion and build the base for most  of the  behavioural  reification categories described 
later in this section.

In the revised model.  Iguana suppor ts  five s t ructura l  reification categories,  namely:

C la s s :  contains  informat ion abou t  a  class, such as its name,  its su]:>crciasses and a 

description of its methods  and a t t r ibutes .

M e t h o d :  contains  information about a method,  such as its na.me, signature,  ty|)e and 

add ress.

A t t r i b u t e :  describes a class’s at t  r ibute (or d a t a  member) :  its name,  type  and size.

C o n s t r u c t o r  |)rovides informat ion ab o u t  a const ructor  including its name,  signature,  

and address.

A r r a y  provides informat ion about  an array,  for example,  the number  of elements in the 
array.

3.2.2 Behavioural Reification Categories

l^ehavioural reification categories define the  semantics  of a specific language const ruct,  for 

example how objects are crea. ted/deleted,  how methods  are invoked and how s ta te  vari

ables arc accessed. Currently,  Iguana suj )por ts  the  following set of behavioural  reification 

categories:
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C r e a t i o n ;  im p le m e n t s  th e  process  of  o b je c t  c rea t ion  which usua lly involves m e m o r y  

aflocatioii  for th e  o b j e c t ’s d a t a  m em ber s ,  ini t ial ising th e  o b j e c t ’s v i r tua l  func tion 

t ab le  a nd  call ing its con s t ru c to r .

D e l e t i o n :  de le t ing  an o b je c t  usual ly involves cal l ing its d e s t r u c t o r  and  freeing up  any 

m e m o r y  t h a t  th e  o b j e c t  holds.

I n v o c a t i o n :  im p le m e n ts  t h e  invocat ion of  a  m e t h o d  a t  th e  receiver side.

S t a t e R e a d :  im p le m e n ts  read ing  f rom an o b j e c t ’s d a t a  m em be r .

S t a t e W r i t e :  im p le m e n ts  wr i t ing  t o  an o b j e c t ’s d a t a  m em be r .

S e n d :  in te rcedes  wi th  a  m e t h o d  invoca t ion  on the  cal ler side, i.e. before it  is d i sp a t ched  

by th e  reveiving objec t .

D  i s p a t c h :  reifies th e  d i sp a t ch in g  of  an invocat ion  to  th e  co r rec t  m e th o d .

3 .2 .3  E x t e n t  o f  R ef lec t ion

.V relevant, design issue t h a t  has been taken  into a cco un t  is concerned  wi th th e  ex ten t  

to  which th e  reification ca tegor ies  should  be appl ied.  Should th e  reification of m e th o d  

inv(K'ation and  s t a t e  access be appl ied to  ind ividua l  m e t h o d s / a t t r i b u t e s  of  a  class or  should 

reification ap])ly to  th e  whole class? I ' h e  former  ap] )roach,  as provided by 0 ] ) e n ( ’++ v l ,  

al lows a  m ore  fine gra ined  cont ro l  over  t h e  reification of  events  and  might  resul t  in more  

efficient im p le m e n ta t i o n s .  However ,  thi s  requi res appl ica t ion  p r o g r a m m e r s  to  ind iv idua lly 

select tho se  a t t r i b u t e s  and  m e t h o d s  t h a t  a r e  s u b je c t  to  reflection, which leads to  a gr e a t e r  

d e p e n d e n c y  be tween base a nd  meta.-level code a nd  de fea ts  th e  t r a n s p a r e n t  use of  reflection. 

We there fo re  a d v o c a t e  th e  la t t e r  aj^proach whe re  all m e t h o d s  and  a t t r i b u t e s  of  a class a re  

s u b j e c t  to  reflection.

3 .2 .4  D e p e n d e n c i e s  b e tw e e n  R ei f icat ion  C ategor ie s

in genera l ,  th e  behavioura l  reificat ion ca tegor ies  can be appl ied i n de pe ndent ly  of  each 

o t her .  However ,  m o s t  of  the  reification ca tegor ies  (i.e., b o th  s t r u c t u r a l  and  behavioura l )  

de jjend on one  or more  of  the  s t r u c t u r a l  reification categor ies .  For  example ,  th e  be

havioura l  reificat ion c a te go ry  sup] )or t ing  m e t h o d  invoca t ion  requi res t h a t  th e  s t r u c t u r a l  

reification c a te g o ry  provid ing  inf o rm at io n  a b o u t  m e t h o d s  is also selected in any  M O P  in 

which it is inc luded.  F igu re  .3.1 s u m m a r i s e s  th e  I g u a n a  reification ca tegor ies  and  the ir  

dependencies .
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A ► B Class
depends on V

Structural Method Constructor Array Attribute
Reification A V >  4 ^
Categories

Behavioural

Reification Invocation Creation Deletion StateRead StateWrite
Categories ^ y

Dispatch Send

F igure  3.1: Dependencies between re ifica tion  categories in Iguana.

3 . 2 . 5  P r o t o c o l s  a n d  P r o t o c o l  S e l e c t i o n

T lip  Iguana m odel provides the  concept o f a protocol bo th  as a means o f de fin ing  a new 

MOP and o f spec ify ing  the im ])le m e n ta tio n  o f a MOP.  In Iguana, the d e fin it io n  o f a MOP 

sperihes the  set o f re ifica tion  categories to  be ap])lied to  o b jec ts  th a t select the MOP as 

well as the  set o f iiie ta o b je c t classes to  be used to  im p lem en t those re ifica tion  categories, 

fo r  exam ple , the [)i’o toco i d e fin it io n

p r o to c o l  D e fa u ltP ro to co l {

r e i f y  C la s s  : MC'lass;

r e i f y  M e th o d  : M V Ie th o d ;

r e i f y  In v o c a t io n :  M in  voca tion ;

specifies th a t s tru c tu ra l in fo rm a tio n  a b o u t a class and its  m ethods is to  be reified by in 

stances o f MClass and M M ethod  resj)ective ly. In a d d itio n , in voca tion  is reified by instances 

o f class M lnvocation.

E very p ro toco l defines a new meta-type. O b jec ts  th a t select a p a rtic u la r  p ro toco l can 

l)e said to  conform to o r implem ent  the  corres[)ond ing  m e ta -type . E ve ry  o b je c t has an 

associated m e ta -ty |)c , its  c u r r e n t  m e ta - ty p e ,  w hich can be changed d yna m ica lly . T he  

proce.ss by w hich t he m e ta -type  o f an o b je c t is specified is called protocol selection. Three  

fo rm s o f p ro toco l selection are supported  by Iguana:
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• class protocol selection;

•  (lel'ault i î’otocol selection; and

•  instance ]:>rotocol selection.

I'^ach of these forms of protocol selection is discussed in turn  below. In all cases, the 

meta-ty])e is specified using the protocol selection operator = = > .

C lass P ro to c o l S e lection

('lass protocol selection allows the meta-type of all new instances of some class to be 

s|)ecified and also defines their s ta tic  m e ta -typ e . For exani]jle, to specify tha t all new 

instances of class Car, a subclass of Vehicle, should have meta-type Persistent, the following 

class declaration is used:

class Car : p u b lic  Vehicle = = >  Persistent {

/ /  declaration of Car

}:

Class |)rotocol selections are inherited. 'I'hus, subclasses of Car inherit its |)rotocol selec
tion. ,‘\  subclass can also override the jjrotocol selection o f its superclass. However, in 

lliis  case, tlie  s|)ecified meta-ty])e must be a sub-tv|)e of the meta-type sj^ecified for the 
superclass. Foi' exam])le,

class la x i : p u b lic  Car = = >  .Atomic {
I I  declaration of Taxi

};

is only possible if  Atomic is a sub-type of Persistent.

D e fa u lt P ro to c o l Selection

Default protocol selection allows the meta-ty])e of all new instances of a set of classes 

declared in a single source file to be specified. Logically, there is a default meta-type 

associated w ith each source file. The default meta-type may be changed with a default 

pi'otoco! selection declaration.

I'Di’ example, to declare that all new instances of the classes Car and Boat should have 

meta-type Persistent, while new instances of Plane should have meta-type Atomic, where 

Car. Boat, and Plane are declared in the same file, we can write:
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defaul tProtocol  = = >  Persistent;

c l a s s  Car  : p u b l i c  Vehicle {

/ /  declaration o f  Car

};

c las s  Boat  : p u b l i c  \ 'ehicle {

/ /  declaration o f  Boat

};

r lefault l ' rotocol = = >  Atomic;

c la s s  Plane : p u b l i c  Vehicle { 

/ /  declaration o f  Plane

};

I n s t a n c e  P r o t o c o l  S e l e c t i o n

Instance |)rotocol selection allows the  nieta- type  of a single object  to be selected dynani- 

icall>’. In o ther  words, it allows the d y n a m i c  m e t a - t y p e  of an object  to be specified. 

I'oi' exarn|)le. to specify th a t  the object  s tored in variable myHouse is to liave nieta- type 

Persistent from now on, the  p rogrammer  can write

House myHouse = = >  I’ersistent;

The dynamic  meta- type  of an object  must  be a sub-type of its s tat ic meta- type .  For 

exaiii|)le,

c l as s  Car  : p u b l i c  Vehicle = = >  Pers istent {

/ /  declarat ion of Car

};

C ar  my Merc = = >  Atomic;

is onl>' po ss ib le  if A tom ic  is a  s u b - t y | ) e  o f  Persistent.
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P r o t o c o l  I n h e r i t a n c e  T h e  s e t  o f  ac t i ve  r e i f ica t ion c a t e g o r i e s  for  a  g ive n  o b j e c t  c a n  

in c re a s e  a n d  d e c r e a s e  o ve r  t i m e  by m e a n s  o f  protocol inher i tance  a n d  d y n a m i c  p ro to co l  

se l ec t io n .  F o r  in s t a n c e ,  t h e  fo l lowing  p r o t o c o l  de f in i t ion

p r o t o c o l  . \ c c e s s P r o l o c o l  : D e f a u l t P r o t o c o l  { 

r e i f y  S t a t e R e a d  : D e f a u l t R e a d ;  

r e i f y  S t a t e W r i t e :  D e f a u l t W r i t e ;

};

is d e r iv e d  f r o m  Defaul tProtocol  a n d  i n t r o d u c e s  tw o  a d d i t i o n a l  r e i f i cat ion  ca te g o r i e s ,  n a m e l y  

StateRead a n d  StateWrite.  W h e r e  a  p r o t o c o l  is d e r iv e d  f ro m  a n o t h e r  p r o to c o l ,  t h e  r e s u l t in g  

pi o to c o l  inc lu d es  t h e  full s e t  o f  r e i f i ca t ion  c a te g o r ie s  speci f i ed  by  b o t h  t h e  b a s e  a n d  de r ived  

pi ' otocol .

In t i i e c a s e  w h e r e  a r e i f i cat ion  c a t e g o r y  is r e p e a t e d  in a  d e r i v e d  p r o to c o l ,  t h e  r e su l t in g  

m e ta - ty i^ e  will i n c lu d e  m u l t ip le  i m p l e m e n t a t i o n s  o f  t h a t  r e i f i cat ion  ca te g o r y .  In o t h e r  

w o rd s ,  r a t h e r  t h a n  o v e r r id in g  o r  r e] ) l ac ing  t h e  m e t a o b j e c t  c l a s s  sp ec i f i c a t i on  in t h e  bas e  

pi’o to c o l ,  d e r iv e d  p r o t o c o l s  a c c u m u l a t e  ne w  m e t a o b j e c t  c l a ss  d e f in i t io ns  which  a r e  c o m 

b ined w i t h  t h o s e  o f  t h e  ba s e  p r o to c o l .  As  a r e su l t ,  m u l t i p l e  m e t a o b j e c t s  c o n t r o l  t h e  

b( ' l iavioui '  o f  a speci l ic  r ei f icat ion  ca te g o r y .

O b j e c t s  whic h  a r e  a s s o c i a t e d  w i t h  Defaul tProtocol  c a n  a t  r u n - t i m e  s w i t c h  b e t w e e n  t h e  

i)ase a n d  i ts  d e r iv e d  p r o to c o l  a n d  t h e r e b y  ada|:)t t h e i r  b e h a v i o u r  d y n a m i c a l l y .

3.2 .6  Shared  B eh a v io u r

I g u a n a  de f ines  tw o  s h a r i n g  m o d e s  for  r e i f ica t ion  ca te go r ie s :  local awd shared. Dec la i ’ing  a 

r e i f icat ion c a t e g o r y  t o  be  local  im pl i e s  t h a t  t h e  m e t a o b j e c t  i m ] ) l e m e n t i n g  t h a t  | ) a r t i c u la r  

c a t e g o r y  is local  to  t h e  a s s o c i a t e d  base - l eve l  o b j e c t .  .-V s h a r e d  m e t a o b j e c t  on t h e  o t h e r  

h a n d  is s h a r e d  by all i n s t a n c e s  t h a t  h a v e  se lec ted  t h a t  MOP.  T h i s  f e a t u r e  is p a r t i c u l a r l y  

useful  t o  ac h ie v e  s o m e  s o r t  o f  g rouj )  b e h a v i o u r  w h e r e  o b j e c t s  o f  d i f f e ren t  c l as ses  s h a r e  a 

c o m m o n  f e a t u r e  o r  c o m m o n  i n f o r m a t i o n .  Typ ic a l ly ,  s t r u c t u r a l  r e i f i cat ion  c a t e g o r i e s  wou ld  

by d e f a u l t  !>e c o n s id e r e d  as  c o m m o n  t o  all i n s t a n c e s  o f  t h e  s a m e  c l a s s  a n d  h en c e  reified 

in a  s h a r e d  m o d e ,  in o r d e r  to  m o d i f y  t h e  b e h a v i o u r  o f  i n d iv i d u a l  o b j e c t s  o n e  wo u ld  

I'eify t l i e co r r e s ] ) o n d in g  b e h a v i o u r a l  r e i f i ca t ion  c a t e g o r y  in a  local  m o d e .  T h e  fol lowing 

co de  e x a m p l e  s h o w s  a pos s ib le  p r o t o c o l  de f in i t io n ,  th i s  t i m e  w i t h  b o t h  local  a n d  s h a r e d  

rei f icat ion  ca te g o r i e s .
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p r o to c o l  D e fa iiltP ro to c o l { 

s h a re d :

r e i f y  Class : MC'lass;

r e i f y  M e th od  ; A-IM ethod;

lo c a l:

r e i f y  Invoca tion  : D e fa u lt liiv o c a tio n ;

};

In t l i is  exam ple , s tru c tu ra l in fo rm a tio n  a bo u t classes and m ethods is reified in a shared 

m ode whereas invoca tion  is reified in a local mode. T he  co rrespond ing  n ie ta -leve l config 

u ra tio n  is dep icted in figure  •3.2.

Shared MQ^
M Class,

MObjectMObject

Local MO Local MO

Meta-level

ObjA ObjB

Base-level

F igure  3.2: M eta leve l co n fig u ra tio n  w ith  local and shared m etaob jects .

3.3 M etaobject Com position

C om po s ition  o f m etaob jec ts  j)rovides a means fo r j)a r t it io n in g  m ore con i])lex behaviours 

in to  separate “ layers" where each layer is responsible fo r c a rry in g  o u t a S])ecific task and 

then trans fe rs  the  flow  o f co n tro l to  the  next layer in the  h ierarchy. M oreover, com pos ition  

can be used to  jM'ovide a lte rn a tive  im p lem en ta tion s  o f a specific tasks, which can then be 

com bined a r l) it ra r ily . For examj^le, a set o f m etaob jec ts  im p lem en ting  rem ote m ethod 

invoca tions  could provide suj:>])or1 fo r e n c ryp tio n . C oncep tua lly , one layer o f m e taob jec ts
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can per form t he enc ry p t io n  of  d a t a  before t h e  next  layer se nds  t h e  data,  ac ross  t h e  ne t 

work .  I ' h e  ne twork  layer does  no t  need to  be aware  of  w h e t h e r  or  how the  d a t a  has  been 

ei icryi j ted.  Moreover ,  a  var ie ty  of  encryp t ion  a lg o r i t h m s  could be provided wich can then  

be selected in to  the  appl ica t ion.

.Several reflective languages  s u p p o r t  com pos i t i on  of  m e t a o b j e c t s  in or de r  to  co m bin e  two 

or m ore  behav iou ra l  aspec ts .  T h e  G u a r a n a  meta-leve l a r c h i t e c tu re  [Ofi98] is a good  

exa mp le .  G u a r a n a  assoc ia tes  a  single (or p r imary )  m e t a o b j e c t  wi th  each base-level ob je c t ,  

r i ie  | ) r imary m e t a o b j e c t  ac t s  as a com poser  t h a t  can de lega t e  recpiests to  i ts a t t a c h e d  

m e t a o b j e c t s  (which can the mselves  be  compos er s )  a nd  then  com bi ne  thei r  resu lt s  to  form 

its own resul t .

T h e  need for compos i t ion  has been recogni.sed for a  n u m b e r  of  years  ([Ber96],  [NM94], 

[FDM94]) ,  b u t  also in t rodu ces  a  n u m b e r  of  p roble ms  t h a t  need t o  be add re sse d .  As has 

been note d  in [MaPC95] ,  comb in i ng  different  behaviours ,  or  so-called cus ton iisa tions ,  is a  

hard  prob lem because  of  t h e  se m a n t ic  in te r fe rence  t h a t  m ay  oc cur  be tween  th e  combined  

behaviours .

|-'or exaiiij)le, say we have two inde] )endent ly  deve loped ]>rotocols s u p p o r t i n g  pers i s ten t  and 

remote ly  invocal^le ob je c t s  resj^ectively (and which l)oth m ake  use of  m e t a o b j e c t  classes 

im p le m e n t i n g  m e th o d  execut ion) .  In ])rinci])le, we would like to be able to  define a new 

protocol  for ob je c t s  t h a t  a re  bo th  ]:)ersistent and  remote ly  invocable  by m eans  of  mul t iple  

protocol  inhe r i tance .  Ilow'ever, th e  logic of  t he  respec tive  m e t h o d  invocat ion m e t a o b j e c t s  

is most  likely to work by a t t e m p t i n g  to  loca te  th e  ob jec t ,  e i th e r  in t h e  ]>ersistent s t o r e  or 

(list i' il)uted sy s te m ,  a nd  the n  invoking it or  th ro w in g  an except ion  if the  ob jec t  c a n ’t be 

located.  W h e n  the  pro tocols  a re  com bi ned ,  the  desired behavi ou r  would be to  search  for 

th e  o b j e c t  as  a p p r o p r i a t e  (depend in g  on which m e t a o b j e c t  is a c t iv a te d  hrs t ) ,  invoke it if 

found oi- o th erwi se  give th e  o th e r  m e t a o b j e c t  a  chance  to  loca te  and  invoke th e  o b je c t .

Iguan a  s u p p o r t s  a u to m a tic  meta-level  com pos i t i on  by m e a n s  of  p ro tocol  inher i ta nce :  a 

pro tocol  can lie der ived f rom one  or  m o r e  su pe r  ])rotocols. T h e  resu l tan t  p rotocol  imple 

m e n ta t i o n  cons is ts  of  th e  union of  th e  selected reification ca tegor ies  and  the i r  i m p le m e n t i n g  

m e t a o b j e c t  classes.  We in tend  m e t a o b j e c t  compos i t i on  to  be a  tool  for th e  exper ienced  

meta- level  p r o g r a m m e r  who w an ts  t o  m od u la r i s e  complex  o b j e c t  behaviours ,  bu t  we do 

not a d v o c a t e  its use by th e  a | jpl ica t ion  p r o g r a m m e r  du e  to  th e  difficulties ou t l in ed  above .

3.3.1 D efa u l t  C o m p o s i t io n  S e m a n t ic s

W ith  these  conside i ' at ions in mind ,  we provide  a  defaul t  se m a n t i c  for coni | )osing two 

or more  pro toc ols  as  well as th e  ab i l i ty  to  specify appl icat ion-speci f ic com pos i t io ns .  In
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o u r im p le m e n ta tio n , m u ltip le  m etaob jec ts  im p lem en ting  a single re ifica tio n  ca tegory are 

chained to ge th e r in a linked lis t. M e ta o b je c ts  are usua lly  w r itte n  to  tran s fe r co n tro l to  

th e ir  successors in the lis t. Thus, each m e ta ob jec t has the  chance to  perfo rm  its  own 

|)rocessing and then delegate the  task to  the next o b je c t in the  lis t o r to  te rm in a te  the 

recpiest. 'I'he fina l m e ta ob jec t in the  lis t is usua lly expected to  be the  d e fa u lt n ie ta ob je c t 

fo r the re ifica tio n  ca tegory th a t knows how to  im p lem en t the  basic ope ra tion .

The fo llo w in g  exam ple illu s tra te s  a possible use o f m u ltip le  p ro toco l inheritance . T he  code 

below defines three |)ro toco ls, a d e fa u lt p ro toco l th a t provides d e fa u lt behav iour, a verbose 

p ro toco l th a t w ill |:)rint o u t a message every tim e  a m ethod  on an o b je c t is executed and a 

])crs is ten t |)ro toco l whose task i t  is to  re trieve  the ta rg e t o b je c t fro m  the |)ers is ten t store, 

i f  necessary, before invok ing  it .

p r o to c o l  D e fa u ltP ro to c o l {

r e i f y  C la s s  : M C lass;

r e i f y  M e th o d  : M M e th o d ;

r e i f y  In v o c a t io n  : D e fa u lt ln v o c a tio n ;

p r o to c o l  W rb ose P ro to co l : D e fa u ltP ro to c o l { 

r e i f y  In v o c a t io n  ; V erbose lnvoca tion ;
\ ■
/ ■

p r o to c o l  P e rs is ten tP ro toco l : D e fa u ltP ro to c o l { 

r e i f y  In v o c a t io n  : I ’ e rs istent in vo ca tio n ;

};

As VerboseProtocol is derived from  Defau ltProtoco l, an o b je c t th a t selects VerboseProtocol

w ill have tw o  m etaob jec ts  associated w ith  i t ,  one o f class Verboselnvocation and one o f

class Default lnvocation.

Im p le m e n tin g  execution o f a m ethod on a pers is ten t o b je c t on the  o the r hand en ta ils

•  loo k ing  up the  ta rg e t o b jec t in the  pers is ten t store ,

•  reading its  s ta te  in to  m em ory, and even tua lly

•  in vo k in g  the  m ethod using the  d e fa u lt execution m echanism .
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I f  we want to  combine the behaviour o f the two ]>rotocols above in order to  realise a 

protocol fo r verbose, persistent objects, th is can very easily be achieved w ith

p ro to c o l VerbPersProtocol : VerboseProtocol, PersistentProtocol { } ;

An ob ject selecting th is protocol w ill have three metaobjects attached to  it im plem enting 

verbose, persistent and defau lt method execution. No fu rth e r specifications are necessary, 

as the n ietaobjects are organised so th a t metaobjects from  a super-])rotocol are put towards 

I he end o f the chain. Thus, the more specific behaviour (defined in the derived [protocol) 

is executed in preference to  the more general behaviour (defined in the base protocol), 

i'o |)revent the same code from  being executed twice, only one m etaobject o f a specific 

m etaobject class is added to  the chain, s im ila r to  the v ir tu a l inheritance mechanism in 

C++. Figure 3.3 shows the resulting m etaobject configuration.

VerbPers
Protocol -

P ers is te n t D e fau lt 
Invocation  Invocatio i

V e rb o s e
Invocation

I'igure 3.3: C om position o f m etaobjects in Iguana. I5y default, metaobjects are chained 
in a linked lis t. I^ach metaobject is responsible for delegating the call to  the successor.

3.3.2 M o d ify in g  C o m p o s it io n

I'nde r some circumstances the defau lt behaviour as described above is not w hat is desired. 

Imagine th a t we want to achieve "exac tly  one” semantics where exactly one o f a set of 

available metaobjects is invoked in the knowledge th a t it w ill ])erform the desired task. In 

th is scenario the idea is to  comj)ose the two beha.viours using an interm ediate m etaobject 

to delegate the call as appropria te. The necessary steps are outlined in the example below.
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p r o to c o l  D e fa u ltP ro to c o l {

r e i f y  C la s s  : M C lass;

r e i f y  M e th o d  : M M e th o d ;

r e i f y  In v o c a t io n  : D e fa u lt ln v o c a tio n ;

};

p r o to c o l  R em o teP ro to co l {

r e i f y  C la ss  ; M C lass;

r e i f y  M e th o d  : M M e th o d ;

r e i f y  In v o c a t io n  : l le in o te ln v o c a tio n ;

}:

Here we define tw o  |)ro toco ls, a d e fa u lt p ro toco l th a t provides the de fau lt behav iou r fo r 

m ethod im o c a t io ii and a p ro toco l th a t  a llows m ethods on rem ote o b jec ts  to  be invoked. 

Now consider th a t we want to  com bine the  tw o  p ro toco ls  in o rder to  im p lem ent a sm art 

p roxy |jo licy  on the  c lien t side: when the  ta rg e t o b je c t is cached loca lly  there  is no need 

to  perfo rm  a rem ote m ethod  invoca tion  and the  d e fa u lt im p le m e n ta tio n  can be used. In 

any o1 her case, the  I'emote invoca tion  j^rotocol con tacts  the  rem ote host and arranges fo r 

the m ethod to  be invoked. T h is  can be achieved using the fo llo w in g  ])ro toco l d e fin it io n :

p r o to c o l  Sm art P ro xy  P ro toco l : D e fa u ltP ro to co l, R em oteP ro toco l { 

r e i f y  In v o c a t io n  : S m a rtP ro x y ln v o c a tio n ;

);

In th is  case, we on ly w ant to  delegate the  m ethod call to  the rem ote host i f  the ta rg e t 

o l) je c t is no t cached loca lly, o the rw ise  we can use a norm a l m ethod invo ca tio n . T he  Smart

Proxylnvocation m e taob jec t now acts as a d ispa tcher th a t  delegates the  ca ll as a pp ro |)ria te . 

A possible im p lem en ta tion  is o u tline d  in the  fo llo w in g  exam ple:
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c l a s s  S m a r tP ro x y l i iv o c a t i o i i  : p u b l i c  M l n v o c a t i o n  { 

v o i d  *invoke(void *obj ,  M M e t h o d  m e t h o d ) {

/ /  get MO for default invocation 
M l n v o c a t io n  *default , lnv =  next ;

/ /  get MO for  remote invocation 
M l n v o c a t io n  * re m o te ln v  =  n e x t - > n e x t ;  

i f  ( is_in_cache(obj))

r e t u r n  d e f a u l t I n v - > i n v o k e ( o b j ,  m e t h o d ) ;

e l s e

r e t u r n  r e m o t e l n v - > i n v o k e ( o b j ,  met l iod) ;

}

I ' igure 3.4 shows th e  co r r e sp o n d in g  (logical) m e t a o b j e c t  conf igurat ion.

As this  e x a m p l e  i l lus t ra tes,  multi])le [ jrotocol inl ie r i tance can be used to  I'esolve conflicts 

t ha t  ar ise from comb in ing  ex is t ing behaviours .  However ,  it is t h e  responsil>ility of  tlie 

exper t  reflective ] ) rogramme r  to  meaningful ly  coml)ine t h e  exist ing behaviours .  I'his in 

genera l  rec|uires an u n d e r s t a n d i n g  of th e  desi red s em an t i c s  of  t h e  com bin ed  pro tocols  and 

ex|)loi ts knowledge  a b o u t  t h e  org an isa t io n  of  the  n ie tao i) jec t  a r ch i te c t u re .  Al th ou gh  we 

would like to  shield even th e  reflective p r o g r a m m e r  as far  as jjossible f rom such detai ls ,  this 

represen ts  a  c o m m o n  d i le m m a  found in sof twa re  reuse: combin ing  ex ist ing c o m p o n e n t s  or  

class hierarchies ,  for exam]>le, can of ten only be achieved by wr i t ing  s o m e  “glue cod e” in

SmartProxy- 
Protocol ^ "  D e fa u l t  

In v o c a t i o n
S m a r t P r o x y
I n v o c a t i o n ^  R e m o t e  

I n v o c a t io n

Figure 3.4: Modi fied com pos i t i on  of  m e t a o b j e c t s  in Iguana.  Mul t ip le x ing  be tween  different 
met  ao b je c ts  can i)e achieved by def ining a  s u bp ro t oc o l  t h a t  combines  mu l t ip le  m e t a o b j e c t s  
in a meaningful  way.
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or de r  to  achieve th e  des ired behaviour .

3 .3 .3  D iscu ss ion

i’he preceding  desci ' i | )tion can be suimi ia r ised by th e  following four  rules;

•  every  o b je c t  has  a  single nieta-ty])e;

•  th e  i i i e ta - type  of  an o b j e c t  can be change d  dynamica l ly ;

•  t h e  m e t a - t y p e  selected by a  class m u s t  be a  su b - ty p e  of  t h a t  selected by its su])erclass;

•  llie d y n a m ic  m e t a - t y p e  of  an o b j e c t  m u s t  be a su b - ty p e  of  its s ta t ic  meta- ty])e.

O f  course ,  a l te rn a t i v es  to each of  these  rules were cons idered  in t h e  design.  In an earl ier 

version of  Iguana  an o b je c t  could be assoc ia ted  vvilJi multi])le independe nt  meta- ty])es .  

f r o m  th e  appl ica t ion  p r o g r a m m e r ’s ])erspective,  thi s  represen ted  a so m ew h at  more  c o m 

pl icated model .  F r o m  the  im | ) leme nta t io n  perspec t ive  it recjuired th e  abi l i ty to comt)ine 

the  m e t a o b j e c t s  im pl em ent in g  th e  different m e t a - t y p e s  in a meaningfu l  way. l lu les  to 

comb ine  m e t a o b j e c t s  f rom m e t a - t y p e s  t h a t  were w r i t te n  indej^endent ly of  each o t h e r  are 

lechnical ly possil>le l)ul unlikely to  lead to  meaningful  coml)ined bei iavioui ’ when the  

m e t a - t y p e s  a re  u n a w a re  of  each oti ier.  ^riius, th e  cur rent  design only al lows an o b je c t  to 

have a single m e ta - t y p e .  The m e t a - t y p e  in t ur n can be coui |)osed of  multi | )le,  but it is 

the  meta- level  | j r o g r a m m e r ’s res | )onsibil i ty to  provide a meaningful  com| )os i t ion semant ic .  

Pul  differently,  the  exper ienced  meta-leve l p r o g r a m m e r  uses pro tocol  inher i tanc e  in order  

to  comj)ose  me ta- ty | )es ,  but. from the  ap])l icat ion | ) r g ra m m er s  po in t  of  view ob je c ts  a re  at 

any  one  t im e  cont rol led by a single m e ta - t y p e .

A n o t h e r  design point  is concerned  with w h e th e r  or  not it should be possible to change  

the  m e t a - t y p e  of  an ob ject  dynamica l ly .  Clearly,  s t a t ic  ty| ) ing has proven to be ex t reme ly  

useful and  hence it could be a rgued  t h a t  s ta t ic  m e ta - ty p in g  is sufficient.  Moreover ,  a lways 

knowing th e  m e t a - t y p e  of  an o b je c t  s ta t ica l ly  would cer ta in ly  allow us to  op t i mis e  our  

implement .a t ion  significantly.  However,  ou r  view has been t h a t  meta- ty i^es a re  ])rimai'ily 

in tended  to  be used to  add re ss  non- func t iona l  r e qu i r em en ts  which a re  ])rone to change .  

Hence, it a p p e a r s  unnecessari ly  res tr ict ive  to  prevent  d y n a m i c  ch an ge  of  m e ta - ty p es .

3.3 .4  Tlie  Iguana  S y n ta x

Iguana  e x t e n d s  the  C'++ s y n t a x  with only a  few cons t ru c ts .  T h e  s y n t a x  ex tens ion  is shown 

ill l igure It main ly cons is ts  of  a const  ruct, for dec lar ing i i ieta-object  | j rotocols and  t he
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M O] '  selection operat,or ( = = > )  th a t  associates a M OI '  with objects.

3.4 Summary

'i’his ciiapter descrii)ed the Iguana reflective program m ing model. We introduced the 

notion of a m eta- type  th a t  provides a common abstraction  for the reflective features in 

Iguana. From the application program m er point of view, m eta- types  consti tu te  com po

nents t h a t  can be selected into an application. From the experienced meta-level p rogram 

mer |)oint of view, m eta- types  build a framework for designing and implementing object 

models. T he  model addresses the issues of composing and selecting n ieta-types dynam i

cally, thus  both base and meta-level p rogram m er are to  a  great ex ten t shielded from the 

reflective features.
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jj w  t ocol- spec ifi e i".
p  rotoco I- h ea d in  g p  rot or  o I- body

jjrolocoI-n(inie:
iden ti f ier '

p  ro t  ocol- h ea d  i ng:
protocol p r o to c o l - n a m e  protocol-base-spec°^*

jj IV t oco I-ha s e - spec:
: p  ro toco I- ba se-1 is t

p ro tocol-ba  s e-list:
p r o to c o l - n a m e
p ro to c o l - n a m e  , p ro to c o l-b a se- l is t

protocol-body:
{ p ro tex‘ol-n ie inber- l is t°^^ }

j)I■()to c o l-m e in b (  r-list:
I-f i f i .ca tiou-lis t  p ro to c o l-m e m b er- i is t° ^*  
m o d e -s p c c i f i e r : p ro to c o l-m e m b e  r-Hsf^^*

r( i f i ra t ion - l is t :
I -e ifica t i o n - d e c  I a / -o to r
re ifica t io n -  dec I a ra t o r re ifi. ca t io n - l  is t

I■( i f ica t ion -dec lara to r:
reify r e i f ic a t io n -c a te g o ry  m etaob jec t-c l .a ss-spec if ie r°^^ ;

m e ta o  bjec t - cl a ss - sp e c  ifi er:
: c la s s - id e n t i f i e r

m o d e - s p e d  filer: 
local 
shared

a s s ig n m e n t - e x p r e s s io n :
c o n d i t ie jn a l-e x p re s s io n  a s s i g n m e n t - o p e r a to r  a ss ig nm en t-express ion°^^^  
i.flentifier ==> prejte jcol-name

I ' i gu re  3.5:  T h e  I g u a n a  s y n t a x  de f in i t ion .
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T h e  Iguana/C H —h Im p le m e n ta t io n

It is no d i sgrace t o  s t a r t  all over.  It  is usual ly an oppor tu n i ty .

George Matthew Adam s

In thi s  c h a p t e r  we descr ibe  a  co nc re te  m a p p i n g  of  th e  Iguana, model  o n to  C++. W h e r e  

api:>ro|:)riate, we h ighlight  th e  i m p a c t  o f  t h e  hos t  l ang uage  on th e  im p le m e n ta t i o n .

4.1 Apply ing  the  M od el

r i i erc a re  two | )rincipal rou tes  one  can ta k e  in ord er  to  ex te nd  an ex is t ing  p r o g r a m m i n g  

language .  .A first a | )p roach  would be to  modi fy an ex ist ing comj^iler to  i n c o rp o ra t e  the  

la nguag e  ex tens ion .  .‘Vlternatively,  one  can  ap])ly an addi t ion a l  p re -processing s ta ge  t h a t  

t r a n s l a t e s  a  p r o g ra m  in th e  ex te n d ed  l angu age  into th e  original  l anguage.  T h e  p ro gr am  

is then  com])iled as norma l  with t h e  s t a n d a r d  com])iler.  lOarly C'++ in i | ) l em en ta t ion s  for 

exam| ) le  took  th e  la t t e r  ap])roa,ch in t h a t  the y  t r a n s la te d  | ) rograms w r i t t e n  in C++ back 

to C.

fhei 'e a re  a couple  of  i.ssues re la ted t o  each of the  approaches :  an addi t ion a l  pre-])rocessii ig 

s ta ge  compl i ca te s  th e  develoj:)ment cycle and  in t ro du ces  de] )endencies be tween  modules .  

U nder  s om e c i r cumsta nces ,  ])re-])rocessing might  not even be appl icab le  if p a r t s  of  the  

ap| ) l icat ion a re  a l r eady  compi led into ob  ject code  and  th e  source  code is no longer available.  

.Moreover, in orde r  to  find a  m a p p i n g  from th e  ex te nded  la ng uage  to  th e  original ,  one 

has to  obey  the  ty| ) ing rules of  the  na t iv e  language ,  resul t ing  in s o m e t i m e s  obfusca ted  

and less efficient code.  T h e  a d v a n t a g e s  a r e  t h a t  th e  pre-processor  a p p ro a c h  al lows ra])id 

prototyi^ing and  ex] )er imenting wi th  dif ferent  p r o g r a m m i n g  models.

C om pi l e r s  on the  o t h e r  hand  a rc  comple.x ])ieces of  so f tware  and .  as such,  difficult to 

modify.  I ’his is es|)ecially t r u e  in th e  case of  C++ du e  to  its origin from C. On the  posi t ive
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side,  luvving direct  access t o  tlie compi le r  would resu lt  in a  t ig h t e r  coupl ing  be tween  th e  

la ngua ge  ex tens ion  a nd  its t r a n s la t i o n  into na t ive  ma ch ine  code.

W i t h  these  co ns id era t io ns  in mind  we decided to  ta ke  th e  pre-processor  a p p r o a c h ,  main ly  

in o rd e r  to  prove th e  feasibi l i ty of  the  model  a nd  to  c r ea t e  an env i ron ment  t h a t  allows 

e x p e r i m e n t a t i o n  wi th  a l te rn a t iv e  designs.  A first im p le m e n ta t i o n  us ing a  pr e-processor  

can  su b se q u e n t l y  se rve  as an ex am p le  of  how th e  I g u a n a  model  can be  e m b e d d e d  into 

ex is t ing compi le r  t echnologies.

4.2 G eneral O verview

l-'igure 4.1 gives a  high-level view of  th e  c o m p o n e n t s  t h a t  c o n s t i t u t e  th e  Igua na /C '+  + 

s.ysteni. T h e  C++ (base-level) code is a u g m e n t e d  with meta-leve l di rect ives  and  t r a n s l a t e d  

i)y th e  I g u a n a  pre-])rocessor in to  s t a n d a r d  C+ + . In add i t i on ,  t h e  pre-processor  ge n e ra t e s  

code t h a t  c on ta in s  ru n - t im e  s u p p o r t  t h a t  has  to  be linked wi th  t h e  final a[ )plicat ion.  The 

I 'un-t ime su]^|)ort main ly  consis ts  o f  code  im])lementing d y n a m ic  m e ta - ty | ) c  select ion.

Ig u an a-ex ten d ed
so u rce -co d e

Modified
S ource -C ode

Iguana
P r e p r o c e s so r

Run-Time
Support

Iguana j 
M eta-Level 

C lass  H ierarchy j

C-f-f I: 
C ompiler h

E xe cu tab le

f ' igure 1.1: ( 'o n c e p t u a l  overview of  the  Ig u an a  meta- leve l a r ch i te c ture .  T h e  I g u a n a  e x 
tended  base-level code  is t r a n s l a t e d  by a  i )re-processor into s t a n d a r d  C-K-j- a nd  addi t  ional  
run- t i m e  s u p p o r t .  T h e  final apjMication is the n  compi led  to g e t h e r  with th e  I g u a n a  m e t a 
level class hie ra rchy  a n d  subclasses  thereof .

Reified la nguage  f ea tur es  a re  represen ted  by a set  of  classes,  th e  Iguana meta- level  class 

hierarchy.  T h e  classes of  the  meta- level  class h ie ra rchy  c o n s t i tu te  the  self rep re se n ta t i o n  

of the  C++ object,  model  and  have to  be subc lassed by the  ] ) rogr am mer  w ho  w a n t s  to 

im p le m e n t  a  cus t om ised  language  fea ture .  As a  s t a r t i n g  po in t  for deve loping  M O P  imple

m e n t a t i o n s  we |)rovide a defa id t  ini ] ) lementat ion,  i.e., a  se t  o f  conc re te  c lasses t h a t  | )rovide
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t h e  d e f a u l t  C++ s e m a n t i c s  o f  all o f  t h e  rei f iable  l a n g u a g e  f e a tu re s .  T h e  m e ta - l e v e l  c l a ss  

h i e r a r c h y  is d e s c r i b e d  in sec t io n  4.3,  t h e  d e f a u l t  i m p l e m e n t a t i o n  in se c t io n  4.7.

Iguana Metalevel Class Hierarchy

M ln v o c a tio n

- n e x t : M lnvocation

+invoke{)

M S ta te R e a d

- n e x t : M S ta te R e a d

i-read()

M S ta te W rite

- n e x t : M StateW rite

+write()

M S en d

- n e x t : M S end 

-HsendO

n e x t : M Creation

+ crea te ()

• n e x t : M Deletion

-t-destroyO

M O bject

+ C la ss  : M C lass 
+m invocation  : M lnvocation 
+ m crea tion  : M Creation 
+ m deletion  : M Deletion 
+ m sta te re a d  : M S ta teR ead  
+ m sta tew rite  : M StateW rite 
+ m se n d  : M Send

M C iass

+ N a m e : String 
+ S u p e r : M C lass 
+ S iz e : int
+Attribute : M Attribute 
+ M ethod : M M ethod

A p p lic a t io n  C la s s e s P ro to c o l  D e f in itio n s

+lnitM OP()
+ SetM O P()

M A ttrib u te

-fN am e : S tring  
+ S ize  : int 
+ Type ; String

+ read()
+write()

M M ethod

+ N a m e ; String  
■^Signature ; S tring 

•Type : S tring
■executeO

I T ype

M S tack

push()
+pop()

f i g u r e  4 .2:  I ' M L  d i a g r a m  of  t h e  I g u a n a  me ta - l e v e l  c l a s s  h ie ra rchy .  E a c h  o f  t h e  s t r u c t u r a l  
a n d  b e h a v i o u r a l  r e i f i cat ion  c a t e g o r i e s  is r e p r e s e n t e d  by a c o r r e s p o n d i n g  class .

4.3 T h e Iguana M eta-L evel C lass H ierarchy

The I g u a n a  m e ta - l e ve l  c l a ss  h i e r a r c h y  i m p l e m e n t s  t h e  s e l f - r e p r e s e n t a t i o n  o f  t h e  C++ o b j e c t  

m od e l :  e a c h  o f  t h e  s t r u c t u r a l  a n d  b e h a v i o u r a l  r e i f ica t ion c a t e g o r i e s  is r e ] ) r e se n te d  by a  

class .  For  e x a m p l e ,  s t r u c t u r a l  i n f o r m a t i o n  about ,  m e t h o d s  is reified by o b j e c t s  o f  t y p e  

MMethod,  c r e a t i o n  is reified by o b j e c t s  o f  t y p e  MCreation e tc .  M g u r e  4.2 s h o w s  t h e  des ign  

o f  t h e  c l a s s  h ie ra rc h y  in I IM I j  n o t a t i o n .

In o u r  im ] ) l e m e n t a t i o n ,  we d id  n o t  exp l i c i t ly  reify Array a n d  Constructor.  T h i s  is d u e  to  

t h e  fact  t h a t  ( '++ d o e s  n o t  p r o v id e  l a n g u a g e  su])port .  for  a r r a y s  ( a r r a y s  a r e  i m p l e m e n t e d  

\' ia p o i n t e r s )  a n d  d o e s  n o t  t r e a t  c o n s t r u c t o r s  d i f f e ren t ly  f ro m  a  n o r m a l  m e t h o d  i n v o c a t i o n ,  

f l i is  is in c o n t r a s t  to ,  for  e x a m p l e ,  J a v a  w h e r e  a r r a y s  a r e  f i rs t  c l ass  e n t i t i e s  a n d  c o n s t r u c t o r s
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are trea te d  d iffe ren tly . We there fo re  im p lic it ly  reified a rrays as sim ple  a ttr ib u te s  and 

co n s tru c to rs  as no rm a l m ethods.

F igu re  4.3 shows an exam ple m eta-level co n fig u ra tio n  o f a g iven o b je c t a t ru n -t im e . M O b- 

jec t is the  com m on base class o f a ll re flective  ob jects . I t  con ta ins the  necessary hooks 

to  m eta leve l o b jec ts  and provides the in te rface  to  access and invoke m e taob jec ts . Be- 

haA’iou ra l re ifica tio n  categories can be represented by zero or m ore m etaob jec ts . In case 

no m e ta o b je c t is present fo r a p a rtic u la r  re ifica tion  ca tegory, th is  s im p ly  means th a t  th is  

fea tu re  is c u rre n tly  no t reified and the na tive  C++ m echanism  is used instead. M u lt ip le  

m e taob jec ts  fo r a |)a rtic u la r re ifica tion  ca tegory  are chained toge ther in a linked  lis t so 

th a t a com pos ition  o f d iffe ren t behaviours can be ob ta ined . For more a bo u t m e ta ob jec t 

com pos ition  see section 4.6

MClass

MAttribute

M Invocation
MObject

p — ►  M Creation

l-'igure 4..S: Object, la yo u t in Iguana. R eflective  o b jec ts  are associated w ith  a num l)er 
o f m e taob jec ts , each o f w hich represents s tru c tu ra l o r behav ioura l aspects o f the  ob jec t . 
M u lt ip le  m e taob jec ts  representing the  same aspect are chained in a linked lis t.

Ill contrast, to  the  ]>revious im p le m e n ta tio n  o f the Iguana m eta-level class h ie rarchy, we 

took  a r liffe re iit approach in b ind ing  o b jec ts  to  th e ir  m eta-level rep resen ta tion . In the 

previous version, base-level o b jec ts  conta ined a single ])o in te r, the  so-called m e?«-])ointer, 

to  tJ ie ir m eta-level rep resen ta tion . T he  ra tio na le  behind th is  design was to  a llow  a fast 

and easy tra n s itio n  from  one m eta-level representa tion  to  ano the r by s im p ly  re -d ire c tin g



4 .4  T h e  P r e -P r o c e s s o r 71

the ineta-pointer.

Mainly because of performance reasons we found the previous design was disadvantageous: 

in order to  access m etaobjec ts ,  an additional level of indirection has to  be overcome. This 

overhead becomes significant when performing reified operations on objects  such as s ta te  

read and s ta te  write.

We believe th a t  during the  life-cycle of an object the num ber of base-level operations exceed 

the num ber of meta-level reconfigurations by far. In our design we therefore focused on 

allowing a fast transition from base to meta-level com puta tions  by minimising the num ber 

of indirections. Moreover, switching to  a different meta-level representa tion  by simply 

redirecting the  m eta-poin ter  has shown to be a very unsafe operation since some sort  of 

com patibility  between the old and new configuration is required. For example, it is not 

meaningful to  replace an o b je c t ’s entire s truc tu ra l  information with one th a t  does not 

reflect the  o b jec t ’s actual type.

4.4 T h e  P re -P ro c e s so r

in the pre-processing ]:>hase the Iguana extended source-code is parsed and transla ted  into 

s tan d a rd  C+ + . Parsing is traditionally  carried out in various stages ([ASU86]):

1. Lexical analysis: the charac ter  s tream  of the source-code is scanned and grou|)ed 

into tokens

2. Syntactical analysis: the token s tream  generated during the lexical analysis is parsed 

and groui'jed into gram m atica l  phrases.

3. .Abstract Syntax  Tree generation: during the syntactical analysis an A b s trac t  Syn

tax  Tree (AST) is generated th a t  represents the g ram m atica l  phrases of the source 

program.

I. Semantic analysis and .‘VST modification: in a last s tep  the .>\S1' generated  during 

the  syntactical analysis is walked and transform ed by the parser to  synthesise the 

ti 'anslated soui’ce code.

.A number of tools exist th a t  au to m a te  the ])rocess of parser writing. We chosed to  use 

the PC'C'TS |)arser generator ([Par96]) as it is freely available and comes with a (fairly) 

com])lete C++ g ram m ar.  It generates a recursive descent ])arser from the g ram m ar de

scription. T he  g ram m ar itself is w'rit ten in EBNF-form and can be an n o ta ted  to  guide t he 

au to m ated  .AST-construction and .AST-transformation.
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4.5 Soiirce-to-Soiirce Translation

I I I  t h i s  sec t ion  we | )resent  a de tai led  descri])t ion of  t h e  code  modi f ica t ions t h a t  a re  carr ied 

out  by t h e  I g u a n a  pre-processor .

4.5.1 P r o t o c o l  D ef in i t ions

Pro tocol  def ini t ions  assoc ia te  a  set  of  reification ca tegor ies  wi th the ir  i m p le m e n t in g  classes 

and define a  new m e ta - ty p e .  D u r in g  run- t ime,  th e  se t  of  m e t a o b j e c t s  t h a t  c o n s t i t u t e  a 

pa r t ic u l a r  m e t a - t y p e  a re  s u b je c t  to  ch an ge  in th e  event  an o b je c t  selects  a  new m e t a - t y p e  

dynamica l ly .  We the refo re  need to  c a p t u r e  in forma t io n  a b o u t  which se t  o f  m e t a o b j e c t s  

a re  needed to  i m p le m e n t  a  ]>articular m e ta - ty p e .

I:'ach i^rotocol def ini t ion is t r a n s l a t e d  into a  co r r e sp on d in g  class defini t ion.  T h e  cor re 

s p o n d in g  c lass c on ta in s  func t ions  to init ialise and  conf igure th e  meta-level  t h a t  co ns i tu te s  

a pa r t ic u l a r  m e t a - t y p e .  For  exampl e ,  given a protocol  defini t ion MyProt ,  th e  c o r r e s p o n d 

ing cla,ss defini t ion would be:

c l a s s  M y P r o t  : p u b l i c  .MObject  { 

p u b l i c :

s t a t i c  M O b j e c t  * I n i t M O P ( M O b j e c t  *meta){ . . .}  

s t a t i c  M O b j e c t  * S e t M O i ’ (MObject .  *oklM()P ,

bool i s T a r g e t P r o t .  v o i d  *paran i  =  NULL){ . . .}

};

( 'lass MyProt  in the  ex am p le  above  co nt a in s  protocol  specific code to  c r ea te  and  ini t ial ise a 

new meta-leve l conf igura t ion  ( Ini tMOP)  t h a t  ad he re s  to  the  protocol  def ini t ion.  Function 

Se tM O P  on th e  othei '  ha nd  takes  a  c o m p a t i b le  meta-leve l conf igura t ion  and  t r a n s f o r m s  it 

to the  t a r g e t  p ro tocol .  Com])a t ib le  meta- level  conf igura t ions  a re  thos e  which a re  e i ther  

defined in s u p e r  or  s u bp ro to co l  defini t ions.  D yn a m ic  protocol  select ion and  meta-leve l 

reconfigura t ion a r e  described  in m o re  de ta i l  in sect ion 4.6.
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4.5 .2  A d d i n g  In tr osp ec t ion

C+ + , a s  a  c o m p i l e d  l a n g u a g e ,  r e t a i n s  on ly  l i t t le  s t r u c t u r a l  i n f o r m a t i o n  in t h e  r u n  t i m e  

i m a g e  in t h e  f o r m  o f  l i u n  T i m e  T y p e  i n f o r m a t i o n  ( R T T l ) .  T h i s  i n f o r m a t i o n  is n o t  e n o u g h  

to  in sp e c t  on  a c t u a l  m e t h o d s  o r  a t t r i b u t e s .  A d d i n g  i n t r o s p e c t i o n  is t h e r e f o r e  f ac ed  wi th  

t h e  p r o b l e m  o f  m a i n t a i n i n g  s t r u c t u r a l  i n f o r m a t i o n  a b o u t  c l asses,  m e t h o d s  a n d  a t t r i b u t e s  

b e y o n d  t h e  c o m p i l a t i o n  p ro ces s .  P'or in s t a n c e ,  t h e  fo l lowing c la ss  d e c l a r a t i o n

c l a s s  MyC. ' lass { 

p u b l i c :  

i n t  x;

d o u b l e  Sept  ( d o u b l e  a r g ) {  

r e t u r n  sc i r t ( a r g ) ;

};

};

def ine s  a s i m p l e  c l a ss  t h a t  c o n t a i n s  o n e  pub l i c  a t t r i b u t e  a n d  o n e  pub l i c  m e m b e r  fu n c t i o n ,  

r i i e  k ind o f  s t r u c t u r a l  i n f o r m a t i o n  we a r e  in t e r e s t e d  in is

•  The n a m e  a n d  size o f  MyClass .

•  .A list o f  i t s  s up e r - c l a s se s .

•  .‘\  l ist  o f  all a t t r i b u t e s  o f  MyClass :  t h e i r  t y p e ,  n a m e ,  s ize a n d  lo c a t i o n  (d i s ] ) l a ce me nt )

w i t h i n  o b j e c t s .

•  l is t  o f  all m e t h o d s  o f  MyClass :  t h e i r  ty p e ,  n a m e ,  s i g n a t u r e  a n d  a d d r e s s .

P a r t s  o f  t h i s  i n f o r m a t i o n ,  su ch  as  t h e  n a m e  a n d  t y p e  o f  a t t r i b u t e s  a n d  m e t h o d s ,  ca n  be

g a t h e r e d  d u r i n g  t h e  p r e - p r o c e s s i n g  s t a g e .  O t h e r  p a r t s ,  su c h  as  t h e  size o f  a t t r i b u t e s  a n d  

t h e  a d d r e s s e s  o f  m e t h o d s ,  a r e  p l a t f o r m / c o m j ) i l e r  d e p e n d e n t  o r  ca n  on ly  be d e t e r m i n e d  a t  

r u n - t i m e .

T h e  I g u a n a  p r e - p r o c e s s o r  a u g m e n t s  c l as s  d e f in i t io ns  w i t h  a  s t a t i c  m e m b e r  f u n c t i o n ,  In i t -  

M c t a L e v e l ,  wh ich  c a p t u r e s  t h e  ne c e s sa r y  s t r u c t u r a l  i n f o r m a t i o n ,  a s  s h o w n  in f igu re  4 .4 ,  line 

[0<S]. H i i n - t i m e  s | )ecific i n f o r m a t i o n  is m a d e  av a i l ab le  by t h e  sizeof .  o f f s e t o f  a n d  a d d r e s s  of  

((V) 0 | ) e r a t 0rs. In l ine [15] t h e  ne w ly  c r e a t e d  c l a ss  m e t a o b j e c t  is s t o r e d  in a  c l a s s  t a b le .  

This a l low s  a p p l i c a t i o n s  to  l o o k u p  cla.ss d e f in i t io ns  g iven t h e  c l a s s ’s n a m e .  In a d d i t i o n ,
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[01] c l a s s  M y C la s s  ; p u b l i c  M O b j e c t  {
[02] p u b l i c :
[03] i n t  x;
[04] d o u b l e  Sqr t  ( d o u b l e  a rg  ){
[05] r e t u r n  sqr t  (arg);

[o«] };
[Oi] s t a t i c  M O b j e c t *  M e ta M y C la s s ;
[08] s t a t i c  v o i d  l n i t M e t a L e v e l ( ) {
[09] M etaM yC' la ss  =  new M O b j e c t ( ) ;
[10] \ I e t a M y C l a s s ~ > C l a s s =  n e w  M C l a s s ( ” M y C l a s s ” , s i z e o f ( M y C l a s s ) ,  S H A R E D ) ;
[11] M e t a M y C l a s s - > A d d A t t r i b u t e ( n e w  M A t t r i b u t e ( ” x” ,” in t” , o f F s e to f ( M y C la s s ,  x).
[12] s i z e o f ( i n t ) ,  S H A R E D ,  0));
[ 13] M e t a M y ( ’l a s s - > A d d M e t h o d ( n e w  M M e t h o d ( ” S q r t ” , (MAddress )&ref l_S( | r t ,
[11] ’’ (doub le )” , P U B L I C ,  S H A R E D ,  ’’dou b le ” ));
[15] C ' l as sT ab le . ] )us h_ ba ck (M eta M yC la ss -> C la ss ) ;

[Ifi] }
[1 i] v o i d  re fLSqr t ( ){
[18] d o u b l e  arg;
[19] S tac k  > ] ) o p ( & a r g ) ;
[20] d o u b l e  t n i p  =  MyC' lass : :Sqr t (arg) ;
[21] S ta c k - > ] : ) u s h ( & tn ip ,  s i z e o f ( t n i p ) ) ;
[22] }

l ' ' igurc 1.4: I’re-processed  class defini t ion in i g u a n a / ( ' + + .  S t r u c t u r a l  in fo rm a t i o n  abo ut  
niel l iods a nd  a t t r i b u t e s  is c re a te d  in funct ion InitMetaLevel.  In addi t io n ,  th e  pre-processor  
has ad d ed  a w r a p p e r  func t ion refLSqrt  t h a t  i n te rcep ts  calls to t h e  original  m e t h o d .

the  pre-processor  has  ad d ed  a  w r a p p e r  func t ion  r e f lS q r t ,  line [17], to  t h e  class defini t ion.  

Reified m e t h o d  invoca t ions  a r e  car r ied o u t  t h ro u g h  th is  w r a p p e r  func t ion .

4 . 5 . 3  B o o t s t r a p p i n g

At p r o g r a m  s t a r t - u p ,  a  n u m b e r  of  ini t i al isa tion o p e r a t i o n s  have  to  be car r ied o u t  in order  

to  c r e a t e  t h e  reflective r u n - t i m e  en v i r o n m en t .  So, for example ,  class m e t a o b j e c t s  for all 

user defined classes a re  c re a te d  and  s to red  in a  class table .  T h is  is achieved by inser t ing  

code t h a t  invokes tlie Ini tMetaLevel-funct ion for all user-defined classes.  S t o r in g  class 

in e ta o b je c ts  in a  ta b le  enables  ap |) l i cat ions to  lookup class def ini t ions  at run- t i ine .  In 

addi t io n ,  t h e  ap| ) l i ca tion s ta ck  is c rea te d .  'Fhe appl ica t ion  s ta ck  (an in s ta nce  of  class
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M Stack) is used by o b jec ts  th a t pe rfo rm  a reified m ethod invo ca tio n  and is used to  pass 

a rgum en ts  to  re flec tive  m ethods.

Iguana Run-Time Environment 

Protocol Table ,-------------------- I

l''igure  4.5: Iguana ru n -t iin c  e nv ironm en t, consisting  o f a class la b le  th a t stores class defi
n itions , a i^ro toco l tab le  th a t con ta ins su |)p o rtin g  fu nc tio ns  fo r dynam ic  p ro toco l selection, 
and the invoca tion  stack.

I'he p ro toco l tab le  con ta ins  a lis t o f all p ro toco l d e fin itio ns  and is accessible to  the  m eta

level p io g ra m m e r in o rder to  change an o b je c t's  m e ta -type  from  the m eta-level. In section 

5.1 we describe how th is  fu n c t io n a lity  was used in the  im p le m e n ta tio n  o f a pei'sist,ent 

ine ta -type . h 'igure -1.5 dep ic ts  the  lg u a n a /( '+ +  ru n -t im e  e nv ironm en t.

4 .5 .4  A d d in g  I n te r c e s s io n

I'he sem antic  ana lysis d u rin g  the  pre-processing stage iden tifies  those pa rts  in the  a p p li

ca tion  p rog ram  th a t pe rfo rm  a re ified language ope ra tion  and replaces them  w ith  code 

th a t trans fe rs  co n tro l to  the  m eta-level. T he  code tra n s la tio n  is faced w ith  the  ])rob lem  o f 

rep lac ing  an expression w it l i  one th a t is sem antica lly  equ iva len t and typ e  co n fo rm a n t. The 

fo llow ing  is a discussion o f the  code m od ifica tio ns  fo r each o f the  behav iou ra l re ifica tio n  

categories. A  sum m ary  o f the code m od ifica tio ns  can be found  in ta b le  4.1.

Class Table

Invocation Stack

Invoke

Application Objects
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S i m p l e  M e t h o d  I n v o c a t i o n

M e t h o d  invoca t ion s  can be of  di fferen t  kinds.  T h e  s im ples t  case occurs  when  a  m e t h o d  of  

ty p e  void w i t h o u t  any  p a r a m e t e r s  is invoked.  For  examp le ,  t h e  fol lowing expression

o b j ~ > m e t h o d ( ) ;

is t r a n s l a t e d  into

ob  j ->invoke(n jf /ex' ) ;  

w he re  ind ex  d en o te s  t h e  index of  t h e  m e t h o d  in th e  m e t h o d  table .

M e t h o d  w i t h  R e t u r n  V a lu e

In case th e  m e t h o d  invoked r e tu rn s  a  value,  for ex am p le  of  ty p e  int, th e  t r a n s l a t e d  code  

would be:

*(int*) obj->invoke( r«c /e ,T);

I he meta- level  oj^erat ion r e tu r n s  an u n ty p e d  poin te r  to the  result  value which is then cast 

to its ap| )ro] )r ia te  ty|)e.

M e t h o d  w i t h  P a r a m e t e r s

Ai'guinents  to  m e t h o d s  a re  [)assed via, a global  s ta ck  ob jec t .  A m e t h o d  invoca t ion  requi ring 

a i 'gunients  as in

obj -> i i i vo ke ( r t? '^ i , ...,

is t r a n s la te d  into

obj ->invoke(nu/e .7: ,  (S tack  >push(a; \ fyi ) ,  ... , S t a c k - > p u s h ( a r ( / „ ) ) ) ;

' f i le  c o m m a  expression (Stack- ->push(« ;\ f / i ) ,  ...) is eva lua ted  f rom th e  left to  t h e  right ,  

t h u s  ]jushing the  a r g u m e n t s  o n to  t h e  s t ack .  S tack  o p e ra t i o n s  a re  t e m p l a t e d  so that,  d a t a  

o b j e c t s  o f  arbi t  ra ry  ty])e can be | )ushed o n to  th e  s tack .
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S ta te  R e a d / W r i t e

l ixainple code modifications for read and write access to objects  are given below. When 

writ ing to a field, the  new value is passed via the  reified stack,  similar to method  invoca

tions.

V =  o b ) - > x ;   j------------------ V =  *(int*)obi->read(Mif/e.xv);t rans la ted  in to  v / .j
obi  > x  =  val:  ■.--— obi->write(m(iea ,v,  S tack -> push ( t ia / ) ) ;

t rans la ted  in to

S en d

Sending a  message to an object  is basically a method invocation from within another  

method.  I ' he  invocation is redirected to the  send metaob jec t  of the  calling object ,  which 

is then responsible for forwarding the  message to the  target, object .

Original code : Modified code:

,\l y Class: :Method(){ MyC'lass::Method(){

large tClas s  * target ( )b j  =  ...; "I’argetClass  * target01)j  =  ...;

ta rg e lO b j  > m(); this- >sen d( ta rg et ( ) b j ,  index,n):

}  ]

Whethe r  or not the sending of a message is actually diverted to the  send-metaob jec t  also 

de|)ends on tlie t.arget object:  the  targe t  object  is re(|uired to have invocation reified in 

order to be able to receive the  message and to invoke the ba-selevel operat ion,  ^’hus. two 

metaobjects  have to be present: one for sending the  message (a t  the  caller side) and one 

for receiving the  message (at  the  receiver side). In order  to ensure the  safe t rans i t ion to 

nieta-level operat ions,  Iguana inserts run- t ime checks to the  base-level code as described 

in section 4.5.6.

C r ea t io n

Object creation is a relatively coni|)licated task.  In C+ + , it comprises of

•  Allocating the  appropr ia t e  am oun t  of memory from the  heap

•  Initialising the  virtual  function table and pointers to virtual  base classes (if any)
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•  Calling the  const ructor

Another  issue t h a t  has to be addressed is the creation of dynamic ar rays of objects.  In this 

case C++ first al locates the  memory for the  entire ar ray  and then invokes the  const ructor  

for each object  inidividually.

In Iguana,  where metaob jec ts  can be associated with individual objects,  a fundamenta l  

])roblem arises when interceding with object  creation: since the  object  is not  yet  existent,  

we first have to crea te  the  local metaobjec ts  t h a t  will const i tu te  the  future  o b j e c t ’s nieta- 

level. From t h a t  meta-level configuration the base-level object  can be instant ia ted .  Before 

the  const ructor  of the  newly created object  can be invoked, the  meta-level has to  be 

bound to the  base-level object  since the  const ructor  might  rely on the  existence of certain 

s t ructu ra l  a n d / o r  behavioural  metaobjects .

The Iguana run- t ime supp or t  provides the  necessary functionali ty for const ruct ing me ta 

level configurations (see also section 4.6). For example,  given a protocol definition named 

MyMOP.  the pre-])rocessor generates  a function MyMOP:;lni tMOP t h a t  creates  and config

ures the behavioural  metaob jec ts  selected in the  protocol definition. From t h a t  meta-level 

configuration,  the  base-level object  can be created.  So for example

obj =  n e w  MyClass = = >  .VlyMOF;

is t r a n s l a t e d  i n t o

M y M () P :: I n i t M () P (My ( '  1 ass :: Met  a M y C 1 ass) -  > c reat  e ( 0):

In addition,  the  Iguana preprocessor inserts into class definitions a factory function that  

handles both the const ruction of single objects and dynamic  ar rays.  Taking our  class 

declarat ion from 4.5.2, the  generated factory function would be:

s t a t i c  v o id  refl_MyClass(M()bject  *meta,  in t  numObjs){ 

MyClass *newobj;

if (numObjs )  / /  i f  lue create array o f  objects

newobj =  n e w  MyClass[numObjs](meta) ;  

e l s e  newobj =  n e w  MyClass(meta) ;

Stack > push (newobj);

};
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I'he iiieta-level configuration that  is in control of the  creat ion of the  ol)ject is passed as 

a i )aranieter (nieta) to the  factory function.  It is bound to the  object  in the  const ructor  

of MObject,  the  common base class of all reflective objects,  and thus  before the  actual 

const ructor  is called. numObjects determines  the number  of objects  t h a t  have to be created.

Deletion

.As with object  creation,  we have to dist inguish between the  deletion of single objects 

and entire arrays.  Again,  this is handled by a wrapper  function inserted into the  class 

definition, (iiven below' are the  code modifications carried ou t  for object  deletion,  both 

for single objects and dynamic  ar rays.  A flag to the  des troy oj^eration indicates whether 

or not a single object  or an entire ar ray has to be deleted.

delete obj:    7—.-----y o b j -> d e s t r o y ( ) ;
t rans la ted  into

dele t e f l  obi;  ;----  y ob i -> d e s t r o y ( t ru e ) ;
^ t ra n s la te d  in to  ^  '

4.5.5 In s tan ce  p rotoco l  se lec t ion

ins tance ])rotocol selection allows individual objects  to select their dynamic meta-ty| )e.  

The Iguana run- t ime sup|)ort  takes care of rest ructur ing the  ob jec t ’s meta-level,  as de

scribed in section f.(). For example,  the  expression

obj  = = >  dyu MT;

selects a new meta-1v|je for object  obj and is t rans lated into

dynIV'rr: :SetMOP(obj);

where SetMOP is a generated function t h a t  implements the  meta-level reconfiguration.

4 .5 .6  R u n - t i m e  Checks

Iguana allows the set of active reification categories for a given object  to increase/decrease 

over t ime by means  of dynamic protocol selection. Of  course we only want  to  divert  an 

operat ion if t he target  object  has an appropr ia te  metaobject  t hat  can handle the  operat ion.  

We achieve this functionali ty by guarding every object  access with a run-t ime check. If 

a s|)ecific reification ca tegory is not. active, the  native C++ mechanism is used, otherwise
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th e  event  is tra, | )ped and  d ive r ted  to  th e  meta- level .  For  exampl e ,  m e t h o d  inv oc a t io ns  a re  

t r a n s l a t e d  into:

. \ l K T A _ IN V ()K E (o b j )  ?

ob j -> in vo ke (n i f /e a ; )  : o b j - > m e t h o d ( ) ;

J'lie m a c r o  M E T A _ I N \ ' O K E ( )  eva lua te s  to  t r u e  if invocat ion is reified for a  given ob jec t .  

If so, th e  reflective code  is cal led.  Othe rwise ,  the  na t ive  C++ invoca tion  is executed .

H u n - t im e  checks have been in t ro duced  to  the  revised version of  I g u a n a  for a  couple  of  

reasons .  F i r s t ,  th e y  s u p p o r t  ty p e  or tho gona l i t y ;  reflective and  non-reflect ive o b j e c t s  can be 

used in te rchangeab ly .  Second,  they  provide  a convenient  a nd  efficient way  of  d y na m ic a l ly  

swi t ch ing  be tween  dif ferent  se t s  of  ac t ive  reification ca tegor ies:  in case an o b j e c t  dese lects  

a p a r t ic u la r  reification ca tegory ,  it can rever t  to  th e  na t ive  and  efficient C++ m ech an is m .

As has been me nt i oned  in sect ion 4.5.4,  a  special  case occur s  for reifying sen di ng  of  m es 

sages:  bo th  th e  se n d e r  a nd  receiver need to  be in possession of  a  m e t a o b j e c t  to  ])erform 

th e  o | )e ra t ion .  In th i s  case two ru n - t im e  checks have  to  be per formed ,  one for  checking 

w h e t h e r  t h e  sendi ng  o b je c t  has send  reified and  one  for checking w h e t h e r  th e  receiver has  

i n \ o c a t i o n  reified.

It is wo r th  m ent io n i ng  t h a t  r u n - t i m e  checks a re  only inserted where  the  se m a n t i c  ana lys is  

c an n o t  d e t e r m i n e  w h e t h e r  or  not  a pa r t ic u l a r  reificat ion c a te go ry  is selected by an  object.. 

I'or exam].)le, if th e  s t a t i c  m e ta - ty | ) e  assoc ia ted  w'ith a  class has  invocat ion reified, the  set 

o f  selected reification ca tegor ies  is only allowed to  increase  in der ived protocols .  'Fhus,  all 

ins ta nces  of  t h a t  class will a lways have  invoca t ion  reified and  th e  ru n - t i m e  check g u a r d i n g  

invo ca t io ns  can be o m i t te d .

4 .5 .7  N e s t e d  E xp ress ion s

f"x])i'essions in C++ can be coni];lex and  a rb i t ra r i ly  nested .  I ’lider these  c i r cum s ta nces ,  

nes ted express ions  have to  be broken down into sini|)lei’ ones,  each of  w'hich is t hen  t r a n s 

lated  separa te ly .  In t h e  following exampl e ,

A O b j ” > a - > b ( ) ;

a m e t h o d  on a nes ted o b j e c t  is invoked.  In a  first ste]), th i s  expression is b roken  down,  

i n t r o d u c in g  a  t e m p o r a r y  po in te r  to the  nes ted ob jec t :

So m eC la s s  * t em p;  

t e m p  =  .AObj - >  a;
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t em p  - >  b ( ) ;

In a second step,  the  two expressions above are t rans la ted  separately into:

SonieClass *temp;

tem p  =  (SomeClass*) AObj  - >  rea-i\{indexa)\ 
t e m |)  - >  invoke(n7.(/ea;(,);

As can be seen, the  first expression is equivalent to a read access: the  address  of the 

embedded object  is read and s tored in a teni]>orary pointer variable.

4.6 D y n am ic  M e ta -T y p e  Selection

l^’otocol inheri tance as described in section 3.2.5 allows the (static) combination and 

augmen ta t ion of m o p s . feature tha t  dist inguishes Iguana from other  archi tec tures  is 

the ability to change an object ' s  metalevel dynamically:  at any one t ime, an object  can 

select a meta- type  tha t  is a subtyj^e of its s tat ic meta- type.  Broadly speaking, from the 

implementa tion point of view, dynamically selecting a  meta- type  means  res tructur ing the 

set of metaobject,s t h a t  const i tu te  the  o b j ec t ’s current  meta- type  a t  run-time.  This section 

describes how dynamic meta- type  selection is implemented.

4.6 .1 M e ta - l e v e l  R econ f igu ra t ion

When migrat ing from one meta- type  to another ,  we want  to maintain the  s t a t e  of the 

ob jec t ’s current  meta-level configuration,  i.e. keep those metaob jec ts  t h a t  are also part  of 

the ta rge t  rneta-type.  In fact, dynamically selecting a new meta- type  is a qui te complex 

task as it involves the  automat i c  reconfiguration of an o b j e c t ’s meta-level, with metaob jec ts  

l)eing inserted to or deleted from t he current  meta-level configuration.  I ’he problem is to 

identify those objects  t h a t  do and do not  consti tute the  target  meta-level. As the  type  of 

the metaob jec ts  tha t  build a par t icular meta-level configuration are protocol-specific, this 

requires some sort  of run-t ime sup po r t  in the application.

In general,  we have to distinguish between the following cases:

•  An object selects a meta-ty])e t h a t  is derived from its current  meta-tyj)e.  This 

involves the creation and insertion of the  additional metaob jec ts  into the  current  

meta-level configuration.
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•  All o b je c t  se lects  a  meta,-tyi)e t h a t  is a  s u p e r - ty p e  of  its  c u r re n t  m e ta - ty p e .  T h is  

involves th e  removal o f  superf luous  m e ta o b je c ts  from  th e  c u r r e n t  m eta-level config- 

u ra t ion .

•  .'\n o b je c t  se lects  a  m e ta - ty p e  t h a t  is a sibling to  its  c u r r e n t  m e ta - ty p e ,  i.e., one  t h a t  

is derived  from  i ts  s ta t ic  m e ta - ty p e .  T h is  involves b o th  th e  rem oval and  inser t ion  of 

m e ta o b je c ts .

C o n s id e r  th e  following exam ple:

p r o t o c o l  MOF^_A {

r e i f y  Invoca tion  : Invoke..^;

};

p r o t o c o l  M ( )P _ B  ; M O P - .A j  

r e i f y  In voca tion  : Invoke.B ;

} :

p r o t o c o l  M O P X '  : M ( ) P _ \  { 

r e i f y  l iu 'oca tion  : Invoke.C;

c l a s s  X \ '  = = >  M 0 P _ . 4  {

};

Here we define th re e  ]:>rotocols, each of  w'hich dec lares  Invocat ion  to  be reified. O b je c ts  of 

ty p e  XY now can  a t  any  one t im e  select th e  m eta-ty j^es  defined by th e  p ro toco ls  MOP_A, 

MOP_B and  M O P X :

X Y  *obj =  new X Y ();  / /  s ta t ic  m e ta- typ e  is M O P - A

o b j  = = >  M()P_C'; / /  sdiitrh to meta- type  M O P _ C

ob j  = = >  iVI()l^_B; / / s w i t c h  to me ta- type  \ [ O P ^ B
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Meta
Class

ln voke_A
obj ==> MOP.

obj ==> MOP_A

Invoke . lnvo ke _ A In v o k e .C  In v o k e .A

obj ==> MOP_C

I" ig u re 4 .6 : D y iia n iic  m e ta -type  selection in Iguana. Selecting a new m e ta -type  at ru n -tim e  
involves the  a u to m a tic  c rea tion , inse rtion  and deletion o f m etaob jects .

M gnre  4.6 illu s tra te s  the resu lting  m eta-level co n fig u ra tio ns  fo r the various m eta-ty |)es. 

S w itch ing  from  p ro toco l .<V to  15 recpiires the  crea tion  o f m e taob jec ts  o f typ e  lnvoke_B since 

it is derived  from  p ro toco l A. S w itch in g  to  p ro toco l C then recpiires the  de le tion  o f lnvoke_B 

and the  crea tion  and insertion  o f lnvoke_C.

As it cannot be known s ta tic a lly  w he the r a new ly selected m e ta -type  is a super o r a sub- 

type, the  a lg o r ith m  th a t |)erfo rm s the  dynam ic  recon figu ra tion  has to  ca te r fo r b o th  cases. 

'Fhe a lg o r ith m  is o u tline d  in figure  4.7. I’he Iguana  i>re-processor generates a fu nc tio n  

fo r each o f the  pro toco ls , fu nc tio n  SetM OP, th a t reconfigures a m eta-level co n fig u ra tio n  

so th a t it con fo rm s to  the  des tin a tio n  p ro toco l. T h is  fu nc tio n  ite ra tes  th ro u g h  the  lis t o f 

m etaob jec ts  fo r each o f the selected re ifica tion  categories and m arks a ll those m e taob jec ts  

t iia t are part o f its  p ro toco l d e fin it io n  (each ]>rotocol ’ know s’ the  typ e  o f m e taob jec ts  that, 

it co n tr ibu te s , line  [4] and [.5]). In o rde r to  do so, each m e ta ob jec t conta ins the  nam e o f the 

p ro toco l to  w hich it belongs. I f  such an o b je c t can ’t  be found , i t  creates the  m e ta o b je c t o f 

the a p p ro p ria te  typ e  and inserts i t  to  the  lis t (line  [7]). T h is  fu n c tio n  is recurs ive ly  called 

fo r a ll su[)er-MOPs (each p ro toco l ’ know s ’ its  d ire c t supe r-p ro toco ls , lines [2] and [.3]). The 

des tin a tio n  p ro toco l f in a lly  ite ra tes  th ro u g h  the lis t again and deletes a ll m e taob jec ts  th a t 

have n o t been m arked: these are the  ones th a t do no t c o n s titu te  the  ta rg e t m eta-level 

co n fig u ra tio n  (lines [9] and [10]).
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[1] P ro to co lX  :: S e t M O P { M O b j e c t  * o l ( lM O P ) {
[2] V/j G S u p e r { F r o t o c o l X )  :
[3] p  :: S e t M O F ( o l d M O F ) - ,
[4] i f  3 m  E M [ R e i f i c n t i o n d n t e g o r y )  : m  G P ro to co lX
[5] m.ark{m)
[6] else
[7] create new m,  inser t  it into M [ R e i f i c a t i o n C a t e g o r y ) \
[8] i f  (P ro toco lX  is target  protocol)
[9] V?7i. G M ( R e i f i c a t i o n C a t e g o r y )  : -^m ark(m )
[10] delete m
[11] }

Mgui'e 4.7: Algorithm for dynainic n ie ta-type selection. Sup er{Pr otoccAX )  denotes the 
set of all direct su]>er [protocols, M  [Rei  f  icat ionC ate gory)  is the set of n ietaobjec ts  th a t  
iiiipleinent a |)articnlar reification category.
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4.7  T h e C +  +  D efault P ro to co l

I 'he l g u a n a / C + +  de fau l t  p ro tocol  Is a conc re te  se t  o f  classes t h a t  provide  t h e  defau l t  

l )ehaviour  of  C++ obj ec ts .  I t  can be used as a  basis for deve loping  MOP im p le m e n ta t i o n s .  

In th is  sect ion we out l ine  t h e  im p le m e n ta t i o n  of  t h e  defau l t  p ro tocol  and  h ighl ight  th e  

la ng uage  issues t h a t  a rose  when  deve loping  th e  C++ defau l t  behaviour .

4.7.1 M eth o d  Invocation

O n e  of t h e  | ) rob lems  faced when im pl em ent in g  reified m e t h o d  invoca t ions  is how to  deal 

with user-defined d a t a  ty pe s  as p a r a m e t e r s  and  r e tu rn  values.  OpenC ++  v l  for e x a m 

ple in t r od uces  a  class ArgType t h a t  e n caps ul a t e s  a r g u m e n t s  to  func tions .  .Application 

p r o g r a m m e r s  a r e  required to  derive  f rom thi s  class for each user  defined d a t a  t y p e  in 

order  to  | )rovide s])ecific mar sha l l i ng  and  unmars l ia l l ing  o]>erations for each d a t a  ty|>e. 

This a p p r o a c h  places much of  th e  b u rden  of  meta-leve l p r o g r a m m i n g  on th e  base-level 

p r o g r a m m e r  a n d  clearly de fea t s  ease of  use and  t ra nspar en cy .

Tiic prev ious version of  I g u a n a  used a  s imi lar  app ro ach  in pass ing  p a r a m e t e r s  to  func tions:  

a r g u m e n t s  were passed  via ac t iva t ion  f r ame  ob jec ts ,  app ro j ) r ia te  subclassf 's  for each user- 

defined d a t a  t y p e  could be g ene ra te d  a u to m a t i c a l l y  by th e  preprocessor .  'I’he pi 'oblems 

with th i s  a p p ro a c h  were a) Scalabil i ty:  this  required for each m e t h o d  th e  ge ne ra t io n  of  a 

new class t h a t  c o nt a in ed  th e  a r g u m e n t s  as its d a t a  m em ber s ,  b) Pe r fo rm anc e :  c rea t ing  

and  de let ing ac t iva t io n  f r a m e  o b je c t s  incured  su b s t an t i a l  r u n - t i m e  overhead .

In t he revised version of  Iguana ,  a r g u m e n t s  a re  passed via a  global  s ta ck  o b jec t .  S tack  

o p e ra t i o n s  ai'e tem]:)lated so t h a t  push an d  po p  o p e ra t i o n s  for user-defined d a t a  t ypes  are 

ge ne ra te d  a u t o m a t i c a l l y  by th e  coni])iler back-end .

4.7.2 State  Access

T h e  defaul t  i m p le m e n ta t i o n  of  t he  behavioura l  reification ca tegor ies  StateRead a n d  State- 

Write res])ectively ca lcu la t e  the  ad d re ss  of  the  d a t a  m e m b e r  whose  s t a t e  has  to  be r e a d / -  

wr i t t en .  .Address ca lcu lat ion d e p e n d s  on w h e th e r  th e  d a t a  m e m b e r  is a  single field, an 

a r ray  of  fixed or  d y n a m i c  size, or  a  s ta t ic  d a t a  m e m b e r  (i.e., one  whose  d a t a  is shar ed  

l)etween all ins ta nc es  of  t h e  class).  C ons ider  th e  following example :
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class  MyC'lass { 

p u b l i c :

s t a t i c  in t  s t a t ln t ;  

in t  someint ;  

in t  A r r ay [10]; 

in t  *dynArray;

MyClass(){

dyiiArray =  new int[10];

}
};

The default ini])lenientation of S ta t e R ead /S ta t eW r i t e  has to distinguish between the fol

lowing cases:

obj > s t a l l n t  =  456; 

obj  >sonielnt  =  123; 

obj->Array[/Hc/e.7’] =  234; 

obj- >dynArray[iHT/e.r] =  345;

Case 1 shows a  write access to a st atic d a t a  member .  T he  address of a stat ic d a t a  member 

is the same for all objec ts  of the  class and can be determined by means  of the  addressof- 

operator:

address =  addi-essof (MyClass  :: s t a t ln t )  (4-1)

Case 2 shows a write access to a single field. Th e address of the d a t a  member  is simply 

t he address of the object  ])lus the  displacement  between the  object  and the d a t a  member :

address =  addressof [oh]) +  Ojffseio/(somelnt, MyClass) (-1-2)

Case 3 shows a write access to an ar ray of fixed size. In this case we first have to calculate 

the begining of the  ar ray within the object  (as above) and then add the dis|)la,cement 

within the  array:

address =  addressof  {ob}) +  of fsetof  {Arvdy, MyClass) +  index * sizeof{\nt)  (4.3)
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C a se  4 s how s a  wr i te  access to  a  dy n a m ic  a r r a y  of  integers.  Here,  we first have to  calcu la te  

th e  loca t ion of  th e  po in t e r  variable with in the  ob jec t .  T h e  ad d re ss  a t  t h a t  loca t ion  poin ts  

to  t h e  first  e lem en t  in th e  a rray,  f rom w here  we can  a dd  th e  d i s p l acem ent  wi th in  th e  a rray:

ad d re ss  =  der'ef {addre.^sof {oh}) +  Oj[ fseio/ (dynArray,  MyClass ) )

+  index * s i z eo f{ \n i )  (4-4)

4 .7 .3  O b je c t  C reat ion

As has  been descr ibed  above ,  o b j e c t  c rea t ion  in C++ is a  relat ively com pl i ca ted  task.  

It involves th e  a lloca t ion  of  th e  a p p r o p r i a t e  a m o u n t  of  m e m o r y  to  conta in  th e  o b j e c t ’s 

a t t r i b u t e s ,  ini t ial isat ion of  t h e  o b j e c t ’s v i r tua l  func t ion  ta b le  a n d  possibly t h e  execut ion  

of  a  c o n s t r u c t o r  m e t h o d .  W h e n  c r e a t i n g  d y n a m ic  a r r a y s  of  ob je c t s ,  these  s t ep s  have to  

be le p e a te d  for all e lements  of  t h e  array.

As a m a t t e r  o f  fact it is no t  possible in C++ to  fully reify o b j e c t  c rea t ion  for a n u m b e r  

of  reasons.  J'’irst ,  we can only in te rcede  with th e  ex])licit c rea t ion  of  ob jec t s ,  ind icated  

by the  use of  the  C++ new-opera tor .  Second,  cer ta in a sp e c ts  of  t h e  C++ o b j e c t  model  are 

not fully specified and  hence compi le r  d e p e n d e n t ,  for exampl e ,  th e  layout  of  ob je c t s  in 

iiK'inory a nd  the  im| ) lome nta t ion  of  t h e  v i r tua l  func t ion  tab le .  T h e  defaul t  im| ) lement  at ion 

for the  c rea t ion  of  o l i jec ts  therefore  invokes  a fac tory  func tion t h a t  has been ad d e d  to  the  

class def ini t ion by the  pre-]>rocessor. T h e  fac tory  func t ion  in t u r n  c rea t es  eithei '  single or 

d y n a m ic  a r r a y s  of  o b je c t s  using tlie defau l t  C++ new-opera tor .

4.8 R e s t r ic t io n s

I’ l'ovicling full sup] )or t  for reflection in a  comp lex  p r o g r a m m i n g  la ng ua ge  such as C++ is a 

non- tr ivial  t ask.  Of ten  we were con f r ont ed  wi th  th e  fea ture- r ichness  a nd  id iosynchracies  

of  t h a t  l angu age .  T h e  following is a  s u m m a r y  of  th e  rest r ic t ions  t h a t  we enc o u n te re d  when 

apply ing  t h e  I g u a n a  model  to  C++.

4.8 .1 A u t o m a t i c  o b jec ts

C++ d is t inguishes  be tween  heap -a l lo ca te d  (or d yna m ic )  and  s tack-a l lo ca t ed  (or a u t o m a t i c )  

ob jec t s .  Heap  a l loca ted  ob je c ts  a r e  c r e a t e d  ex])licitly by m e a n s  of  t h e  C++ new -o pe ra to r  

and | jersist  until  th ey  a re  explici t ly de le ted  by the  d e l e t e - o p e r a t o r .  S t ack  a l loca ted 

o i) jects  on th e  o t h e r  hand  a re  c re a te d  a u t o m a t i c a l l y  when  th e  o b j e c t  goes in to  scope.
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( ' o d e  for c re a t i n g  a nd  de le t ing  s ta ck  a l loca ted  o b je c ts  is ge ne ra te d  by th e  compi le r  and 

c a n n o t  be replaced by t h e  pre-processor.  Is is t h u s  no t  possible to  in te rcede  with the  

c re a t i o n / d e l e t i o n  me cha n is m  of s ta ck  a l loca ted  ob jec ts .

4 .8 .2  Arrays

In c o n t r a s t  to  J ava ,  C++ does  no t  have  d irec t  l a ng uage  s u p p o r t  for a r rays .  I n s te ad ,  a r r ays  

a re  i m p le m e n te d  using ])ointers.  We therefore  did not  im p le m e n t  t h e  reificat ion ca te go ry  

A rra y ,  ins te ad ,  a r r a y s  a re  reified as a t t r i b u t e  m e t a o b j e c t s  with ad di t ion a l  in forma t io n  

a b o u t  t he n u m b e r  of  e l eme n ts  in t h e  array.

4 .8 .3  A l ias ing

Aliasing occurs  in a  p r o g ra m  when tw o  or more  n a m e s  exist  for th e  s a m e  d a t a  o b je c t .  In 

C++ al iasing  comes  in two  sha pes ,  po in te rs  a nd  references.  In prac t ice  thi s  m e a n s  t h a t  

unde r  s o m e  c i r um st ances ,  d ue  to  a  loss of  ty p e  in fo rm at i on ,  not  every o p e r a t i o n  on an 

()i)jec1 can be detectef l  and  t r ansf er red  to  t h e  meta- level .  C ons i de r  the  fol lowing example :

c l a s s  M y C la s s  { 

p u b l i c :  int i;

};
. \ lyClass  *ol)j =  n e w  MyC' lass () ;  j j c r e a t e  n ew  object

i n t  * p l n t  =  ( i n t * ) o b j ;  / /  p in t  is an  alias f o r  obj

* p l n t  =  2:5; / /  access m e m b e r  variable

Here we first c re a te  an ob jec t  of  ty p e  M y C la s s  and the n  an alias to  th e  o b j ec t  t y p e d  as a 

poin te r  to  int. Sub se qu en t ly  dereferenc ing  the  po in te r  var iable is effectively a  s t a t e  access 

to the  o b j e c t ’s fields t h a t  c i innot  be in te r cep te d .

A l th ou gh  t h e  above  ex am p le  is no t  cons idered  as be ing  a  good  p r o g r a m m i n g  style,  it  illus

t r a t e s  one  of  the  m a n y  ways  in which invoca t ion  via t h e  meta-leve l  can  be c i r cum ve n te d ,  

llowevei ' .  for a  full reflective a r c h i t e c tu re  it is necessary to  d e te c t  all o j )e rat ions  on a p 

plicat ion ob jec ts ,  o t herwise  full causa l  con nec t ion  betw'een base a nd  meta-leve l c a n n o t  be 

g u a r a n t e e d  and  inconsistencies  a re  inev itable.

Pi 'oblems of  thi s kind can only be o verco me by in t r o d u c i n g  an alias ana lys is  for t h e  a p 

pl icat ion code.  . \ s  a m a t t e r  of  fact ,  it ha s  been shown t h a t  a  com pl e te  alias ana lys i s  for 

pointe i ' - induced a lias ing becomes  N l ’- h a r d  and  th a t  no  go od  ap p r o x im a t i o n  a lg o r i th m s
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exist. [LR91].

4.9 Summary

This chapte r  descriijed Iguana/C+ + , a  concrete mapping of the  Iguana model on to  C++. 

lguana/C'++ is implemented by means  of a pre-processor; the  Iguana extended code is 

parsed and t rans la ted  back into s t andard  C+ + . A number  of code modifications are car

ried out ,  most  notably the  insertion of code to captu re  s t ructura l  informat ion about  the 

application and run- t ime checks to guard  and divert  operat ions  on objects.  Table 4 . i  sum

marises the  code modifications for the  behavioural  reification categories.  For simplicity, 

the run- t ime checks have been omitted .

We also described the  process of ins tance protocol selection and meta-level reconfiguration.  

This process allows individual objects  to dynamically select a meta- type .  Finally, we 

outlined the  implementa tion of the  C++ default  MOl>,  a. meta- type  t h a t  provides the  default  

semantics  of ('+ + .
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Reification Categories Original Code T ra n s la ted  Code

Invocation o b j - > m ( ) ; obj-> invoke(nJc/ex’m);

Invocation +  paran is o b j - > m ( a r g ) ; obj->invofce(nif/ex-nj,  S ta c k -> p n sh (a rg ) ) ;

S ta teR ead X =  o b j - > a ; X =  * (T*)obj->read(?n(iea:a);

S ta te R e ad (a r ray ) X — ob j-> a [ i] ; X =  * (T*)ob j~>read(n j( /e i-a ,  i);

St a te  Write o b j - > a  =  u; o b j-> w ri te (? ’7!f/e*ai S ta c k -> p u sh (v ) ) ;

Send (inside m ethod) o b j - > m ( ) : th i s - > s e n d ( o b j , i n d e x ,„);

( 'real ion obj =  new Class;
obj =  l’ro t::In itM OP(C lass::M etaC 'lass)

->crea te (0 ) ;

C rea tion  (array) obj =  new C7ass[sz];
obj =  F ro t : : ln i tM O P (C lass : : . \ Ie taC lass)

- > c re a te ( sz ) :

Deletion delete obj: o b j“ > des troy () ;

Deietion(array) delete[] obj; o b j - > d e s t ro y  (true);

Protocol Selection obj = = >  Prot[ Proty.Sei  M O P  (of^j);

l a b le  4.J:  S u n m i a r y  of  code  modi f ica t ions for t h e  various reificat ion ca tegor ies  ( run - t i m e  
checks oir i i t ted) .
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R eflective  P ro g ra m m in g  w ith  Iguana

W h o e v e r  a d m i t s  t i i a t  he is too  l^usy to  improv e  his m e t h o d s  has acknowledged 

h imsel f  to  be a t  th e  end of  his rope.

J. Ogden A r m o u r

O b je c t - o r ie n te d  ana lys i s  and  design a re  no wad ay s  c o m m o n  prac t ice  and  s u p p o r t e d  by a 

n u m b e r  of  design too ls  t h a t  hel|) to  m a n a g e  and a u t o m a t e  t h e  t r ans i t i on  f rom th e  ana lysis  

to th e  design to  the  im p le m e n ta t io n  phase .  Reflect ive ] ) rog rammin g however  lacks such a 

c o m m o n  me tho do log y ,  which has only recent ly  becam e  a focus of  research [C'Sl'OOa.]. In 

this c h a p t e r  we will i l lus t ra te  how t h e  reflective f ea tu re s  of  Iguana  can be used to  ex tend  

the  C++ object,  model  in orde r  to  provide  su j )por t  for,  for exampl e ,  sof t wa re  evolut ion 

and  | jer si stencc.  We will see t h a t  meta- level  p r o g r a m m i n g  wi th  Ig u an a  is not  unlike 

convent iona l  o b je c t - o r i en t ed  design.

5.1 U sin g  In trosp ection

Using in t rospec t ion  to  look up  the  c lass def ini t ions  of  ob je c t s  is do ne  in I g u a n a  in s imi la r 

ways to  w h a t  has  been described for o t h e r  reflective a r ch i te c tu re s  in c h a p t e r  2. I ' ' inding 

out  a b o u t  t h e  s t r u c t u r e  of  ob je c t s  can  for exam pl e  be used to  per form o b j e c t  ser ial i sat ion 

or  to  find o u t  a b o u t  t h e  inter face offered by ob je c t  whose  ty p e  is no t  known until  r u n 

t ime.  ' I 'he e x a m p le  shown in figure .5.1 i l lus t ra tes  how in t ros pec t i on  can be used in Ig u an a  

to  look-up th e  name,  t y p e  and  s i g n a t u r e  of  m e th o d s .  Since no t  necessari ly all o b je c t s  

conta in class in fo rm at io n  (class in fo rm a t io n  is only avai lable if it is reified), we have to 

check w h e t h e r  th e  t a r g e t  o b j e c t  c on ta in s  a  valid class descr ip tor .
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v o i d  l i s t M e t h o d s ( M O b j e c t  * t a r g e t O b j e c t ) {  
i n t  i=;0;
M C la ss  *cl =  t a r g e t O h j e c t - > C l a s s ;  
if (cl){

M M e t h o d  *m;
w h i l e  (in =  c l - > G e t M e t l i o d ( i ) ) {  

pr int fC’Met l iod  %d: %s  %s % s ” ,
i, m - > R e t u r n l ' y p e ,  m - > N a n i e ,  i n - > S i g n a t u r e ) ;

i + + ;

}

F ig ur e  5.1: h i t rospect io i i  in Iguana .

5.2 Boundary Checks for Arrays

l iy defaul t  C++ does  not ca r ry  ou t  b o u n d a r y  checks when  accessing a r r ay  e l emen ts ,  i.e. 

it is t.iie p r o g r a m m e r ’s responsibi l i ty  to  e i the r  ensu re  t h a t  a r r a y  indices a re  never  out. of 

boui ids  or  to  per form ru n - t i m e  checks  before each access.  Using reflection, per formin g  

b o u n d a r y  checks on a r r a y s  can be im|:)lemented very easily. Moreover ,  using I g u a n a ’s 

pro tocol  select ion mechanis m,  it can be appl ied to  classes a n d / o r  o b je c t s  individual ly.  

B o u n d a r y  cliecks can therefore  be pe r form ed  du r in g  t h e  d e b ug g in g  phase  and  la te r  s imply  

swi tc  hed off.

In orde r  to i m p le m e n t  b o u n d a r y  checks  for a r rays ,  we build a  h ie ra rchy of  protocols,  

inc reme nta l ly  ex tendi j ig  tlie func t io na l i t y  of  t h e  r e a d / w r i t e  o p e r a t i o n s  as  sho wn  in figure 

5.2. S t a r t i n g  with a  s imple protocol  t h a t  only selects s t r u c t u r a l  in fo rmat i on  to  be reified, 

we subsecpient ly add  defaul t  s em an t i c s  a n d  finally b o u n d a r y  checks  to t h e  r e a d / w r i t e  

o pe ra t  ions.

r i ie  p rotocol  BoundTest is derived from a  protocol  t h a t  im p le m e n ts  t h e  de fau l t  s em an t i cs  

for s t a t e  access.  M e t a o b j e c t s  of  ty pe  BoundWrite and  BoundRead respect ively will per form 

t h e  b o u n d a r y  te s t  before de lega t ing  t h e  call to  t h e  defau l t  im p le m e n ta t i o n .  A s imple 

i m p le m e n ta t i o n  could pr in t  o u t  d e b u g g in g  messages  for ou t - o f -b o u n d  accesses,  a  more  

sohpis t ic a t ed  im p le m e n ta t i o n  could realise a ’’s m a r t - p o i n t e r ’’ policy and  dy n am ic a l l y  resize
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p r o t o c o l  I'yi^elnfo { / /  reify structural in formation
s h a r e d :

r e i f y  C l a s s  : MClass;
r e i f y  A t t r i b u t e  : MAt tr ibute ;

};

p r o t o c o l  D efau l tM OP : Typelnfo  { / /  provide default sem antics
s h a r e d :

r e i f y  S t a t e W r i t e :  Default Write; 
re i fy  S t a t e R e a d  : Defaul tRead;

};

p r o t o c o l  BouiulTest  : Default M O P  { / /  perform additional boundary checks
s h a r e d :

r e i f y  S t a t e W r i t e :  BoundVVrite; 
r e i f y  S t a t e R e a d  : BoundRead;

};

[■'iguic 5.2: Protocol  hierarchy ini])lenienting bouiKlary checks for arrays.  S ta r t ing  with 
a protocol definition that  reifies only s t ructura l  information abou t  classes and a t t r i but es ,  
default semantics  and boundary  checks are added in subprotocols.

t he array.

Since ar rays  in C++ are not  first class entities, access to ar ray elements can only be in

tercepted if the  ar ray is embedded into an object ,  l ising dynamic meta- type  selection we 

can switch on/off  boundary  checks for individual objects as the  following code example 

illust rates:

c las s  MyC'lass = = >  Typehifo { ... };

MyC'lass obj  =  n e w  MyC'lass(); / /  creating object without boundary tests  

obj  = = >  BoundTest ; / /  switching on boundary tests

obj- >array[23] =  12;

5.3 R u n -tim e A d ap ta tion  o f  S ystem s Software

One of the  main mot ivations behind using reflection in soft.ware engineering is to build 

a|)plica.tions which are faced with changing requirements,  ei ther s tatically or dynamically.
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[LYil95]  for  i n s t a n c e  d e s c r ib e s  ho w  ref l ec t ion  is used in t h e  A p e r t o s  o p e r a t i n g  s y s t e m  

t o  s u p p o r t  r u n - t i m e  a d a p t a t i o n .  O t h e r  e x a m p l e s  o f  r ef l ec t ion  b e i n g  used  as  a  p r in c i p le  

to o l  for  s u p | ) o r t i n g  a d a p t a b i l i t y ,  e spec ia l ly  in t h e  a r e a  o f  m i d d l e w a r e ,  in c lu d e  [Led97]  

a n d  [KCI199] .  In [1)SC"'“00] we d e s c r i b e d  ho w  I g u a n a  c a n  be  used  t o  bui ld  f lex ib le  a n d  

a d a p t a b l e  s y s t e m s  s o f tw a r e .

In th i s  case  s t u d y  we e x a m i n e d  h o w  t r a d i t i o n a l ,  o b j e c t - o r i e n t e d  des ign  m e t h o d o l o g i e s  

c o n i | ) a r e  w'ith t h e  use o f  r ef l ec t ion .  A s  a n  e x a m p l e  we c h o o s e  a  m e m o r y  a l l o c a t o r ,  h e r i n a f t e r  

ca l led  a  buf fe r  m a n a g e r ,  a  s h a r e d  r e s o u r c e  t h a t  a l l o c a t e s  a n d  re l eases  c o n t i g o u s  b l oc ks  o f  

m e m o r y  on b e h a l f  o f  i t s  c l i en t s .

Ideal ly,  t h e  buf fe r  m a n a g e i ’ s h o u l d  p e r f o r m  o p t i m a l l y  fo r  a n y  s e q u e n c e  o f  a l l o c a t e / r e l e a s e  

o | ) e r a t i o n s  w i t h  b o t h  o p e r a t i o n s  r u n n i n g  in n e a r  c o n s t a n t  t im e .  H o w e v e r ,  p e r f o r m a n c e  is 

di f f i cu l t  t o  ]>redict w h e n  s u b j e c t e d  t o  a n  ap p l i c a t i o n - sp e c i f i c  p a t t e r n  o f  a l l o c a t e  a n d  re l ease  

o p e r a t i o n s ,  d i f f e r e n t  s t r a t e g i e s  p r o v i d e d  by  t h e  buf fe r  m a n a g e r  c a n  a l low c l i en t s  t o  se l ec t  

an  a p p r o p r i a t e  i m p l e m e n t a t i o n  which  b e s t  f i ts t h e i r  nee ds .  C u s t o m i s e d  i m p l e m e n t a t i o n s  

co u l d  in c lu d e  a  first-fit.,  b es t - f i t  o r  w o rs t - f i t  s t r a t e g y  for  t he a l l o c a t e  a n d  re l ease  o | ^ e r a t io ns .

In t h e  fo l lowing se c t i o n s  we will i l l u s t r a t e  t h e  s t e p s  invo lved  wqth a d d i n g  a d a p t a t i o n  to  

a c a n o n ic a l ,  n o n - a d a p t i v e  ve r s ion  o f  t h e  b u f f e r - m a n a g e r .  f i rs t  by e m p l o y i n g  a  t r a d i t i o n a l ,  

o b j f ' c t - o r i e n te d  ap])roa.ch a n d  t h e n  by us in g  ref l ec t ion .  .V m o r e  i n - d e p t h  d icuss ioi i  o f  t h e  

vai ' ious u sa g e  s c e n a r i o s  ca n  be  f o u n d  in [1)SC' ' ' ()0].

5.3.1 T h e  m in im a l  Buffer  M a n a g e r

In i t s  m i n i m a l  fo rm ,  t h e  i)ublic i n t e r f a c e  o f  t h e  buf fe r  m a n a g e r  p ro v id es  o p e r a t i o n s  for  

a l l o c a t i n g  r eg i ons  o f  m e m o r y .  I n te rn a l ly ,  t h e  buf fe r  m a n a g e r  m a i n t a i n s  a  l inked list o f  f ree 

b lock o f  m e m o r y .  ' I ' he a c t u a l  pol icy e m p l o y e d  by t h e  buf fe r  m a n a g e r  is e m b e d d e d  in t h e  

i m p l e m e n t a t i o n  o f  t h e  a l lo ca te / r e l e a se  o p e r a t i o n s  a n d  c a n n o t  be  c h a n g e d ,  see f igu re  .5.3.

5.3 .2 A d a p t a t io n  us ing  D es ig n  P a t t e r n s

' I ' he s t r a t e g y  ] ) a t t e rn  is a n  o b j e c t - o r i e n t e d  p a t t e r n  [GH.JV95]  a n d  h a s  been  used  in t h e  

de s i gn  o f  d y n a m i c a l l y  a d a ] ) t a b l e  s y s t e m s  su ch  as  T , \ 0  [ K C R 9 9 ] .  T h e  de s i gn  p r in c i p le  u n 

d e r ly i n g  t h e  s t r a t e g y  p a t t e r n  is to  d e l e g a t e  t h e  i m p l e m e n t a t i o n  o f  t h e  e x p o r t e d  o ] j era t  ions  

o f  t h e  buf fe r  m a n a g e r  t o  a  r e] )l acable s t r a t e g y  o b j e c t .  M u l t i p l e  s t r a t e g i e s  c a n  b e  i^rovided 

by d e r iv i n g  f ro m  an  a b s t r a c t  s t r a t e g y  c l a s s  a n d  c o m p i l i n g  it i n to  t h e  s y s t e m .

f i g u r e  5.3 de | ) i c t s  t h e  m in i m a l  buf fe r  m a n a g e r  c l a ss  a n d  i ts  e x t e n d e d  ve r s ion  u s in g  t h e  

s t r a t e g y  ] ) a t t e rn .  ' I ' he e x t e n d e d  ver s ion  spec if i es  an in te r fa c e  t h a t  a l lows  c l i en t s  t o  r e q u e s t
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a change o f the  im p le m e n ta tio n  using the changeStrategy- o p e ra tion . T h is  o pe ra tion  

represents a dec la ra tive  m e ta -in te rface  to  the  buffer m anager [I\LL"*"97]. A t  any tim e , a 

c lien t can use know ledge o f its  own m em ory access p a tte rns  to  select the  m ost a p p ro p ria te  

a llo ca tio n  s tra tegy.

BufferManager

♦ ------------------------

Hole
-F re e lis t : Hole -n ex t: Hole
+allocate{)
+release()

1 1

Minimal Buffer Manager Class

BufferManagerStrategy
Strategy

-F ree lis t : Hole 
-ttieStrategy : Strategy

+allocate()
■^release()
■^changeStrategy()

1 1
+allocate()
+release()

A

FirstFit WorstFIt BestFit

Buffer Manager with Strategy Pattern

h'igure 5.;}: U M L  d iagram  d ep ic tin g  the  class h ierarchies fo r a s im ple  m em ory a llo c a to r 
( liu ffe rM a n a g e r) and its  extended version using the s tra te g y  p a tte rn .

5 .3 .3  A d a p t a t i o n  us ing  R e f le c t io n

In the re flec tive  version, a d a p ta tio n  is made availab le by re ify in g  invoca tions  on the  o rig in a l 

buffer m anager class and by ])ro v id in g  a m eta -in te rface  (a so-called extension protocol)  

tha t a llow s to  reb ind the  code o f the  a lloca te /re lease  ope ra tions . T he  code fo r the  new 

stra teg ies can fo r exam ple  be jHovided in the  fo rm  o f a d yna m ic  lin k  lib ra ry  (D L L ) .

I'he ste|)s fo r im p lem en ting  the  d y n a m ica lly  adaptab le  buffer m anager are o u tlin e d  below. 

As in the  previous exam ple, \ v q  s ta r t  w ith  a s im p le  p ro toco l d e fin it io n  in o rde r to  re ify
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st ruc tu ra l  informat ion a.bout classes. Behavioural  reflection can then always be added 

later  in subprotocols .  In a second ste[), we declare an extension protocol t h a t  provides 

the code for swi tching to a  new st rategy.  Th e purpose of an extension protocol  is to 

encapsula te and separa t e  nieta-level code from the  actual  MOP implementa t ions ,  allowing 

the same extension protocol to be reused for multiple,  compat ible MOPs.

p r o t o c o l  Typelnfo  { 

s h a r e d :

r e i f y  C l a s s  : MClass;

r e i f y  A t t r i b u t e  : MAtt r ibute ;

r e i f y  M e t h o d  : MMethod;
1 ■
; >

c la s s  Hole = = >  Fypeinfo

c las s  l iufferManager = = >  Typelnfo

c l a s s  . \da i ) ta t ionPro toco l  { 

publ ic :

v o id  changePol icy(MObject  *bufman, c h a r  ^s trategy);

When a client binds to a buffer manager  object ,  it is provided with the  s t r a tegy originally 

enij^loyed by the  buffer manager  class. As long as the  client does not  request  a different 

s trategy,  invocation is not  reified im])lying t h a t  the s tanda rd  C++ invocation mechanism 

is used.

W hen adap ta t ion  is triggered by the  application,  invocation is reified allowing to divert  the 

call to the new implementa t ion.  New s trategies can be provided on the  fly by subclassing 

t he original buffer manager  class, redefining the  al locate/release methods  and by compiling 

t he code into a DLL.

'Lhe meta-level code for rebinding the  im|)lementat ion of the  al locate /release methods  

performs the  following tasks:

1. open a DLL as specified by the  s t ra tegy parameter;

2. rel)ind the  code of the a.llocate/release methods.  'Lhis is done by modifying the 

m e thod- metaob je ct s  of the  buffer manager  class: each method metaob jec t  contains
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a  func t ion  poin te r  to  t h e  m e t h o d  which can be replaced to  po in t  to  th e  new code.

3. reify invocat ion for t h e  client: in o r d e r  to  d iver t  all f u t u r e  invoca t ion s  to  th e  i m p o r te d  

code ,  invoca t ion  on th e  cl ient  side has t o  be reified. Reifying  invoca t ion  s imply  

involves c r ea t i n g  an invocat ion m e t a o b j e c t  a nd  inser t ing  it to  th e  buffer m a n a g e r ’s 

meta-leve l conf igura t ion .  R u n - t i m e  checks en su re  t h a t  all f u r th e r  inv oc a t io ns  are 

red i rec ted  to  t h e  meta- level .

I ' igure 5.4 depic t s  t h e  logical view of th e  a d a p t a t i o n  m echan ism .  It is w o r th  ment io n i ng  

t h a t  th e  original  in te r face of  th e  buffer m a n a g e r  class has  no t  been a l te red ,  t h e  addi t io na l  

func t iona l i ty  to  su]>port a d a p t a t i o n  is comple te ly  e n c apsu la te d  in th e  ex tens ion  pro tocol  

and  is o r th o g o n a l  t o  th e  base-level appl ica t ion.

a b c ^  re ease

allocate /  re lease

C lent

Metalevel
s h a r e d  o b jec t 

file

Baselevel

f ' igure 5.4: C o n c e p tu a l  view of the  a d a p t a t i o n  m echan ism  using reflection: cl ients  c o m m u 
nicate  wi th the  buffer m a n a g e r  t h ro u g h  th e  a l l oca te / r e l ea se  inter face.  M e t h o d  m e t a o b j e c t s  
represen t  t h e  i m p le m e n ta t i o n  of  these  o p e ra t i o n s  and  can be replaced wi th  code  loaded 
from a DLL.

5.3.4 State  Transfer

A general  | )roblem aris ing o u t  of  t h e  a d a p t a t i o n  of  sof tw are  c o m p o n e n t s  has  t o  deal  with 

a  possible t r ans fe r  of  th e  in ternal  s t a t e  of  th e  c o m p o n e n t .  In ou r  examp le ,  sw i tc h i ng  to 

a new s t r a t e g y  m ay  requi re th e  list o f  free m e m o r y  blocks to  be a r r a n g e d  in a  different 

o rder ,  for ex am p le  accord ing  to t heir size. T h is  can only lie done  wi th  a knowledge  of  the  

im|)leineiitat , ion de ta i l s  of  t he bulfer  m a n a g e r .
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I ' he  implementor  of a new s t ra tegy is therefore required to provide a callback function 

t hat performs the  t ransfer  of s ta te .  Since a new s t ra tegy is provided by subclassing from 

t lie original buffer manager  class, we can assume t h a t  the  im])lementor of the  new s t ra tegy 

lias sufficient knowledge of how the  list of free blocks is represented because the  code th a t  

im|)lements the  al locate /release methods  relies on their internal representat ion anyway. 

By using some sor t  of naming convention for the  callback function,  it is possible to link 

the new method  to the  meta-level representa tion of the  buffer manager  and to invoke it 

when ad ap ta t io n  has been triggered.

5.3.5 Discuss ion

' fhe  addi tion of the  s t r a tegy pa t t ern  to the buffer manager  to supp or t  dynamic  a d a p 

tat ion necessitated the  complete res tructur ing of the  buffer manager  class, thus  leading 

to a tangling of code t h a t  implements  dynamic adapta t ion and original code. Delegat 

ing the  implementat ion of the  buffer m an ag e r ’s methods  to a s t r a tegy object  also had 

the undesi rable side-effect of having to make its s ta te  public. A p a r t  from associating the 

buffer manager  class with a protocol definition, the  reflective version did not  require any 

modifications to the  original class.

This example  has i l lustrated how i-eflection can provide a general inf rast ructure (consisting 

o f  MOP and extension protocol) for building applications t h a t  can dynamically adapt  

to changing re(|uirements.  Th e addi tional  functionali ty to supp or t  adap ta t io n  can be 

com])letely encapsulated  in meta-level code and is independent  from the  appl ica t ion’s 

stat ic class s t ructure .  It would be inters ting to explore how other  design pat t er ns  can be 

ini |)lemented using a reflective programming language.

5.4 A M eta-T ype for Persistent Objects

Many software appl ications require d a t a  to be retained between consecutive executions.  

I^’og rammers  mainly use the  file sys tem or dat abase  managemen t  systems (DBMS) for 

storing such persistent  da ta .  In ei ther case, the  data, model su])ported by the  s torage  

system is usually different from t h a t  of the  ])rogramming language.  This recpiires the 

program to convert  jjersistent d a t a  into t he format  expected by the  file or d a tab ase  sys tem 

on s torage  and to re-convert it into the  format normally used by the  program on retrieval. 

Al though these contempora ry  sys tems have st rengths ,  the  development  of conversion code 

for every new application can be tedious,  t ime-consuming and er ror-prone [C'NT1?97]. 

Moreover,  it may be difficult to mainta in  pointer semantics  and type  checking between
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t lie two d a t a  models.

In m odern object-oriented  program s, d a t a  is represented in form of objects. Making 

ob jec ts  persistent is an efficient way of saving the program  d a ta  into s table storage. In 

persistent ob jec t  systems, the  internal (in the language) and external (in the s table  storage) 

(la ta  models are very similar to  each o ther and the overhead of conversion is very small.

In this section we describe the design and implementation  of a  m eta- type  th a t  extends 

ob jec ts  with persistence, see also [IISCOl]. We will first describe a  more naive implemen

ta tion  th a t  is later optimised for speed. From the base-level p ro g ram m er’s point of view 

there is no difference between the two im plem entations in the use of object persistence.

5.4.1 O verview  of O bject Persistence

Because ob jec t  references in C++ are implemented as memory addresses, they are essen

tially volatile, i.e. do not retain their meaning between program executions. Such refer

ences mu.st therefore be replaced with persistent references when the objects  in which they 

are contained are stored in non-volatile memory - a  process known as reference swizzling 

[ACC82]. Likewise, i>ersistent references must be replaced with the ap p ropria te  memory 

addresses when their containing ob jec ts  are loaded into memory (unswizzling). Since the 

ta rge ts  of these references may not actually  be loaded in the address s]>ace, some means of 

handling a t te m p ts  to  access (i.e. by dereferencing a pointer to) such non-resident objects  

must, be implemented so th a t  the ta rg e t  objects  can be loaded on dem and. This  process 

is usually referred to as ob ject  faulting.

In our case, non-resident objects  are represented by proxy objects  th a t  occujjy the same 

amount of memory space as the ob jec ts  th a t  they represent. W hen a  reference to a 

non-i'esident object is unswizzled, its proxy is created , if necessary, using information in 

the persistent reference. T he persistent reference is then replaced with the appropria te  

addi'ess within the space occupied by the  proxy. Of course, subsecpient a tteni]) ts  to use 

the reference m ust then be caught.

5.4.2 Im plem enting  Persistent O bjects  using Igu an a/C  +  +

Object persistence is implemented as a set of Iguana/C++ protocols as depicted in figure 

and based on the Tigger object s u p p o r t  framework [Cah99j. Any type can i)otentially 

persist, ])rovided it is associated with the  Persistent protocol. Pointer sem antics between 

persistent ob jects  are preserved. Classes can include primitive types, class, ])ointer and ar- 

l ay a.ttributes. The broad range of C++ language issues arising when designing a persistent
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p r o to c o l  T y p e ln fo  { 
s h a re d :

r e i f y  C la s s  
r e i f y  A t t r i b u t e  
r e i f y  M e th o d

};

p r o to c o l  Pers is ten t : 
lo c a l:

r e i f y  C la s s  
s h a re d :

r e i f y  C r e a t io n  
r e i f y  D e le t io n  
r e i f y  S ta te R e a d  
r e i f y  S t a te W r i te  
r e i f y  In v o c a t io n

};

M C lass;
M A tt r ib u le ;  
M M e th o d ;

T y p e ln fo  {

: PersistentC lass;

P e rs is te n tC re a tio n ; 
Pers is ten t D e le tion ; 
Pers is ten tR ead; 
P e rs is ten tW rite ; 
P ers is ten t In voca tion ;

F igu re  5.5; P ro toco l h ie ra rchy  im p lem en ting  pers is ten t ob jects .

C + + extension can be found in [K 'S 'K + QO].

In ou i’ design, we adopt. ])ersistence by rea cha b ility  to  de te rm ine  w h ic li o b jec ts  are to  

l)e reta ined. In o th e r words, p o te n t ia lly  j^ersistent o b jec ts  th a t are tra n s it iv e ly  reachable 

from  a d is tingu ished  j^ersistent roo t v ia  references w ill persist between p rogram  executions, 

r iie  states o f these o b jec ts  are stored in an u nd e rly in g  Persistent O b je c t S tore (P O S ). The 

im |)lem en ta tion  o f the  Persistent p ro to co l interfaces to  the  u nd e rly in g  POS and in it ia te s  

t lie loading  and s to rin g  o f o b jec ts  in the  POS as necessary as well as o f de te c ting  access 

to  non-resident ob jects .

W 'liile  the  use o f re flec tion  is essentia lly  tra n sp a re n t to  the  ])rog ram m er, the use o f per

sistence is no t. For exam ple, the  a p p lica tio n  j^rogram m er m ust be aware o f the  s])ecifics 

o f the m odel o f persistence provided by the  Persistent p ro toco l, the  im p lica tio n s  o f ])er- 

sisteiice by re a ch a b ility  and the  physical loca tion  o f the POS files. W hen w o rk in g  w ith  

|)crs is tent o b jec ts , the  app lica tion  p ro g ram m er m ay need to  d is tin gu ish  between the  cases 

where a new o b je c t needs to  be created and in itia lise d  fo r the f irs t  tim e  versus the  case 

where the  ob jec t has been created by a j)rev ious execution o f the p rogram .

The I'ole o f each o f the  m e ta ob jec t classes being used is o u tlin e d  below;

C la s s : PersistentClass extends MClass to  inc lude  an ob ject header fo r each pers is ten t ob-
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ject. I 'h is  header contains information abou t  the o b je c t ’s persistent reference, s ta te  

in nieniory (absen t/p resen t)  and the num ber of references th a t  it contains (includ

ing references inherited from parent classes). Both object faulting and reference 

swizzling and unswizzling are handled by PersistentClass when required.

A tt r ib u te ;  MAttribute m etaob jec ts  are used to  s tore information ab o u t  references (e.g. 

type, size, access modifier, offset within the object) for swizzling/unswizzling of 

references in persistent objects.

C r ea t io n :  on object creation, PersistentCreation checks w hether the o b je c t ’s class has 

been installed in the persistent class register. If not. it installs the class and then 

initiates the creation of the the persistent object with an appropria te ly  initialised 

meta-level and object  header.

D e le t i o n :  on deleting a persistent object, PersistentDeletion checks if the  object has been 

recorded with a name in the name service. If so, it removes the en try  and then it 

initiates the removal of the persistent ob ject together with its meta-level and object 
header.

M e th o d  In v o ca t io n :  when a method is invoked on an ol)ject th a t  is present in memory, 

the default m ethod invocation is carried out. W hen a m ethod is invoked on a ijroxy, 

control is |)assed to the PersistentClass m etaobject t h a t  handles the object fault. .-\11 

persistent references in the o b je c t ’s s ta te  are then unswizzzled.

S ta te  R e a d  a n d  W rite :  like m ethod invocation, control is passed to  the  PersistentClass

metaol)ject t ha t  is responsible for handling the ob ject fault if the  s ta te  of a  proxy is 

accessed. Otherwise, the default s ta te  access is carried out.

5.4 .3  U s in g  P er s i s te n t  O b jec ts

Having out lined the design of a m eta- type th a t  equippes objects  with persistent properties, 

we will now focus on how t he base-level |)rogrammer uses persistence.

When working with persistent objects, the application p rogram m er may need to  d is tin

guish between the cases where a new object needs to  be created and initialised for the 

first time versus the case where the ob ject has been created by a previous execution of t he 

program.

lb  allow pi'ogranis to refer to  ])reviously created objects, a simple nam e service is ]jrovided. 

which allows the association of .symbolic names with persistent objects. T he interface 

to  the name service is provided as an Iguana/C++ extension protocol called P E P  - the
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Per s i s te nce  E xt ens io n  Pr o tocol .  Extens ion  pro tocols  a re  an I g u a n a / C + +  concept  used to 

provide  a  secure an d  s t r u c t u r e d  inter face t o  th e  meta-leve l code.  In thi s  case,  t h e  Ex tens ion  

Pr o to co l  s imply  c o n s t i t u t e s  an A P I  for th e  base-level p r o g r a m m e r  wh o w a n ts  to  m ake  use 

of  o b je c t  pers is tence ,  s imi la r  A P I s  can  be found  in o t h e r  a r ch i te c tu re s  [SKW92] . T h e  P E P  

is def ined as:

c l a s s  I^EP { 

p u b l i c :

s t a t i c  b o o l  i n i t ( c h a r *  f i l ename);  

s t a t i c  b o o l  close();

s t a t i c  b o o l  record ( c h a r *  n am e ,  c h a r *  ty pe ,  v o i d *  ob jec t ) ;  

s t a t i c  b o o l  l o o k u p ( c h a r *  n am e ,  c h a r *  ty pe ,  void*&;  ob jec t ) ;  

s t a t i c  b o o l  r e m o v e ( c h a r *  name) ;

};

PEP::record allows a symbol ic  n a m e  t o  be assigned to  a  pers i s t en t  ob jec t .  U]:>on successful 

( 'xecut ion.  this  m e t h o d  ma kes  the  referred o b je c t  a  persi s tent  roo t .  PEP::lookup allows 

the  recall of  any  i:>re\iously recorded pers i s te n t  roo t  o b je c t  based on i ts  assigned symbolic  

name.  T h e  ty])e a r g u m e n t  is used to  check w h e th e r  t he expec ted  ty p e  a nd  th e  ty pe  of  t he  

res tored objec t  m a t c h .  Finally,  PEP::remove allows th e  removal  o f  symbolic  n a m e / o b j e c t  

associa t ions.  PEP::init init ialises th e  POS and  a  call to  PEP::close resul ts  in s to r in g  all 

I 'eachable |:>ersistent ob je c t s .

. \ n  a | )pl icat ion p r o g r a m m e r  w ho w a n ts  to  avail o f  o b je c t  pers is tence  s imply  uses the  d e 

fault | )rotocol  select ion to select  th e  Persistent protocol .  For  example :

d e f a u l tP r o to c o l  = = >  Pers i s tent ;  

c l a s s  C o u n t e r  {

/ /  l inplenienfatioi i  o f  class counter
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will resu l t  in all ins ta nces  of  class Counter being po ten t ia l ly  pers i s ten t .  W i t h i n  t h e  s am e  

sour ce  file, th e  p r o g r a m m e r  could define o t h e r  ( sub)classes t h a t  would also becom e p o t e n 

t ial ly pers i s ten t .  If t h e  p r o g r a m m e r  uses mul t iple  source  files, each source  file w i th  class 

de c la ra t io n( s )  m u s t  inc lude  th e  s a m e  defau l t  p ro tocol  select ion s t a t e m e n t .  In th i s  case,  

ext ra  ca re  m u s t  be  ta ke n  by th e  p r o g r a m m e r  as th e re  is a  d a n g e r  t h a t  p er s i s ten t  o b j ec t  

will hold references to  non -pe r s i s te n t  ob jec t s .

.An ex am p le  of  an  I g u a n a / C + +  | ) rogram t h a t  uses pers i s te n t  ob je c t s  is shown below. Note  

th a t  th e  | )rograni  is coded  t o  be awa re  of  w h e th e r  it needs to  c r e a te  a  new o b j e c t  o r  use 

a prev ious ly  c re a te d  one.

C o u n t e r  *j)cl;

IM^P::init(” /m y ] ) o s ” ); 

i f  ( f i r s tTime)  {

/ /  c r ea te  ob jec t  and  record it  in th e  n a m e  service  

p c l =  new Ck nin te r ( l ) ;

PI']P:: record (’’/ t h i s / c o u n t e r " ,  "C-ounter” , p c i ) ;

} else {

/ / g e t  reference to  o b je c t  from  j j ame service  

P K P : : l o o k u p ( ” / t h i s / c o u n t e r ’' , ” C o u n t e r ’' , pc 1));

}

i f ( p c l )  {

/ /  use o b je c t

cou t  < <  ’"Value is: " < <  p c i — >  ge tValue( )  < <  endl;

}
I’Er^::close();

O f  course,  it is n o t  necessary to  record every  pers i s t en t  ob j e c t s  in th e  n a m e  service.  If a 

pe rs i s ten t  o b je c t  co n ta in s  references to  o t h e r  pers i s te n t  ob je c t s ,  th e y  will also pers i s t  and 

a re  loaded as and  wh en  rec|uired in subsecjuent  p ro g ra m  execut ions .
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5.4 .4  A d a p t i n g  t h e  M eta -L e v e l

A pi'oblem w ith  th e  im p le m e n ta t io n  descr ibed  above  is t h a t  ail language  o p e ra t io n s  on a 

po ten t ia l ly  p e r s is te n t  o b je c t  a re  t r a p p e d  an d  carr ied  o u t  v ia  th e  (slower) m eta-leve l,  even 

ii’ th e  o b je c t  is a l read y  ])resent in m e m o ry  and  could be t r e a te d  as a no rm a l  C++ o b jec t .  

To overcom e th is  prob lem  we will now p resen t  a  refined version of  th e  Persistent pro tocol 

th a t  ta k e s  a d v a n ta g e  of  d y n a m ic  m e ta - ty p e  selection. T h e  pro toco l  h ie ra rchy  is defined 

as:

p r o t o c o l  J^ersistent : T y p e ln fo  { 

s h a r e d :

r e i f y  C r e a t i o n  : P e r s is te n tC re a t io n ;  

r e i f y  D e l e t i o n  : P e rs is ten tD e le t io n ;

};

p r o t o c o l  P e r s i s te n tP ro x y  : P e rs is ten t  { 

s h a r e d :

r e i f y  C l a s s  : P e rs is ten tC la ss ;

r e i f y  S t a t e R e a d  : P e r s is te n tR e a d ;  

r e i f y  S t a t e W r i t e  : P e rs is te n tW ri te ;  

r e i f y  I n v o c a t i o n  : P e rs is ten t  Invocation;

riie Persistent pro tocol only in te rc e p ts  o b je c t  c re a t io n /d e le t io n  and  re |) resen ts  an object 

th a t  is |)resent in m em ory . T h e  PersistentProxy pro toco l on th e  o th e r  h an d  in te rcedes  with 

all o th e r  lan guage  0]>erations and  re p re se n ts  an  o b je c t  t h a t  is ab sen t .

l'' igure 5.6 o u tl ines  t lie m eta-level con fig u ra t io n  for persistent, o b je c t s  th a t  a re  ])resent in 

nieniory. im p o r t a n t  s te p s  to  po in t  o u t  are:

1. P o te n t ia l ly  p e rs is te n t  o b je c ts  a re  asso c ia ted  w ith  t he p e rs is ten t  p ro toco ls ,  hence  only 

c r e a t io n /d e le t io n  is reified.

2. U|)on c rea t io n ,  th e  a l location  of  an o b je c t  head e r  is rec[uested in th e  P O S .

■3. T h e  P O S  coni |) le tes  th e  reques t .
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4 . M e t h o d  invoca t ion ,  s t a t e  read or wr ite  is n o t  reified, t h u s  the se  o p e r a t i o n s  a re  carr ied 

o u t  w i t h o u t  involving th e  meta-level .

POS

j Persisten t protocol PersistentProxy
protocol

meta-level

base-level

►  BO

Fig ure  5.6: Meta-level  conf igura t ion  for p resent  pe rs i s ten t  ob jec t s .  O p e r a t i o n s  a r e  not 
interc( 'pted.

l-’igure 5.7 depic t s  th e  ineta-level  conf igura t ion  for persi s tent  o b je c t s  t h a t  a re  a b s e n t ,  i.e., 

a re  referenced by res ident  ob je c t s  b u t  not loaded f rom th e  P O S  yet .  A bse n t  o b j e c t s  are 

assoc ia ted  witli t h e  PersistentProxy protocol ,  all l a ng ua ge  o p e r a t i o n s  a re  reified (1). W h e n  

an o | )e ra t ion  is reques t ed  on a  proxy  base-level o b je c t  (2),  th e  op e ra t i o n  is d i rec ted  to t he 

met a-level (3). T h e  o b je c t  faul t  is handled  and  th e  o b j e c t  is loaded from th e  P O S  (4).  T h e  

P O S  comple tes  t h e  reques t  and  reference unswizzl ing is pe r form ed  (5). 'I’he o b je c t  is now 

present  in m e m o ry  and  th e  meta- level  conf igura t ion swi tches  to  the  Persistent ])rotocol,  

consec|uent ly all f u r th e r  o p e ra t i o n s  a re  now carr ied  o u t  d i rec t ly  (6).

5.4 .5 D iscu ss ion

On e  of th e  goals  o f  reflective p r o g r a m m i n g  is to  provide  a clean se p a ra t i o n  of  concerns  

l)etween the  appl ica t ion  logic and  th e  meta- level  r epr e se n ta t io n .  However,  in th i s  exani |) le 

lull s e pa ra t io n  of  concerns  is not. a t ta in ab le :  th e  logic of  wr i t i ng  appl ica t i ons  t h a t  make  

use of  i^ersistent o b je c t s  requi res two di fferent  execut ion  p a t h s  to  be provided by the  

p r o g r a m m e r ,  one  for a  cold s t a r t  when  ob je c t s  a re  c re a te d  t h e  first t i m e  a nd  one  for a 

w a rm  s t a r t  when  o b je c ts  a re  ret rieved f rom th e  pe rs i s t en t  s to re.  Regis te r ing  a nd  re t r iev ing  

persistent,  roo t  o b je c t s  also has to  be do ne  explici t ly and  c a n n o t  be shif ted aw ay  to  th e
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P O S

P e rs is te n t p rotocol

m eth o d  invocation , s ta te  
read /w rite

________
I  P ers is ten tP rox y
! protocol

BO (Proxy)

m eta-level

b ase -lev e l

F ig u i ’e 5.7: M e t a - l e v e l  c o n f i g u r a t i o n  for  a b s e n t  p e r s i s t e n t  o b j e c t s .  O p e r a t i o n s  a r e  in te r -  
c e p t e d  a n d  o b j e c t  f a u l t s  a r e  h a n d l e d  a t  t h e  i i ieta- level .

i i ieta- level .  A s  o u r  ex j^e r ience  h as  i l l u s t r a t e d ,  t h e  d e v e l o p m e n t  o f  m e t a o b j e c t  ] )rotocol s  

ca n  to  a l a rge  e x t e n t  be  ini ] ) lei i iented s e p a r a t e l y  f ro m  t h e  base- l eve l  a p p l i c a t i o n .

IVom t h e  base - l eve l  ] :> rogrammer ’s p o i n t  o f  v iew,  t h e  s t e p s  involved  w i t h  a d d i n g  s u p | ) o r t  

for i )er sis t ent  o b j e c t s  t o  e x i s t i n g  a p p l i c a t i o n s  us ing  I g u a n a  co ns i s t  o f  a s s o c i a t i n g  Persis

tent w i th  c l a s ses  t h a t  a r c  t o  be  m a d e  p e r s i s t e n t ,  t h e  in s e r t io n  o f  c o d e  t o  r e g i s t e r / l o o k u p  

pe r s i s t en t  o b j e c t s  a n d  a n  a d d i t i o n a l  p r e - p r o c e s s in g  p h a s e  t o  a p p l y  t h e  I g u a n a  m o d e l .  It 

s h o u ld  not  l)e d e n i e d  t h a t  d u e  to  t h e  c o m p l e x i t y  o f  C++ it is n o t  t r iv i a l  to  p r o v i d e  a  fully 

r el l ec t ive  l a n g u a g e  e x t e n s i o n .  So for  e x a m p l e  it  is on ly  poss ib le  to  m a k e  h e a p  a l lo c a te d  

o b j e c t s  p e r s i s t e n t  d u e  t o  t h e  ina b i l i ty  t o  i n t e r c e d e  w i t h  t h e  c r e a t i o n  o f  s t a c k  a l lo c a te d  

o b j e c t s ,  a  r e s t r i c t i o n  t h a t  a l so ho lds  t r u e  for  o t h e r  s y s t e m s .

5.5 Sum m ary

The p r e v io u s  e x a m p l e s  h a v e  i l l u s t r a t e d  how  m e ta - l e ve l  p r o g r a m m i n g  is d o n e  in lg n a n a / C '+ + .  

W’e ha ve  s h o w n  t h a t  t h e  des ign  a n d  i m p l e m e n t a t i o n  in I g u a n a i s  n o t  un l ike  c o n v e n t i o n a l  

o b j e c t - o r i e n t e d  p r o g r a m m i n g .  P r o t o c o l  d e f in i t io ns  a s s o c i a t e  reified l a n g u a g e  o p e r a t i o n  

witi i  t he i r  im ] ) l e m e n t i n g  c l asses,  p r o to c o l  i n h e r i t a n c e  a l low s  to  i n c r e m e n t a l l y  de s ig n ,  ex-  

t(Mi(l a n d  c o m b i n e  o b j e c t  b e h a v i o u r s .

W hen  a d d i n g  m o r e  c o m p l e x  o b j e c t  b e h a v i o u r s ,  su ch  a s  pe r s i s t e n c e ,  a  f u n d a m e n t a l  q u e s t i o n



5.5 S u m m a r y 107

arises to  w hat extend the sem antics of an existing program  can be m aintained, or in 

o ther words, how tran sp a ren tly  can persistence (or a  similar functionality) be added to  a 

language. Of course, working with persistent ob jects  requires the base-lavel p rogram m er 

to distinguish Ijetween the cases where an object is created  the  first time versus when it 

is retrieved from the object  store. This  sem antic difference does however not arise due to 

the use of a meta-level architecture , bu t is inherent to  the use of ob ject persistence.

C'oin|3osition of coni])lex and non-trivial ob ject behaviours raises a num ber of issues, so for 

examj^le in which order m etaob jec ts  have to  be processed and how conflicts are resolved 

should they arise. I 'h e  default composition rules in Iguana are simple and generic enough 

to allow au tom atic  and, if desired, user defined composition of m etaobjec ts .  As a m a

jor advantage com pared  to  o ther architectures,  including the previous version of Iguana, 

meta-level p rogram m ers  do not need to  explicitly access and res tructure  meta-level con

figurations. Com bining and composing MOP im plem entations with a non-trivial sem antic 

is t-he focus of ongoing research.
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E valua tion

It is an i m m u t a b l e  law in bus iness  t h a t  w ords  a re  words ,  explana. t ions a re  

ex | ) lana t ions ,  p romises  a re  promises  b u t  only p e r f o rm a n c e  is reality.

H aro lds .  Geneen (1910 -)

r i ie  flexibility ga ined  by ope ni ng  up th e  language  a n d  al lowing th e  p r o g r a m m e r  to  cus

tomis e  language  se m a n t i c s  comes  wi th a  price; reflection intr insical ly incurs  i n te rp re ta t i v e  

ov e rhead .  A l th o u g h  this  p rob lem has been add re sse d  by a n u m b e r  of  researchers  ([C'hi97], 

[ M M \ \ ’Y92]),  it ha s  no t  been solved in a way t h a t  ha s  increased th e  a c cep tan ce  of  reflective 

p r o g r a m m i n g .  'Fo d ra w  an analogy,  in or de r  to  jus t i fy  the  choice for an ob j ec t -o r i en ted  

p r o g r a m m i n g  la ngu age  over a  s imple pro cedura l  l anguage ,  it has  to  be shown t h a t  th e  ben

efits o f  ob jec t -or ie i i t a t ion  overw'eigh th e  add i t i ona l  com ple xi t y  of  t h e  la ngua ge  (in form 

of, for ins tance ,  s ingle/mult i ] ) le  and  v i r tua l  inh er i tance)  and  its decreased  ])er formance , 

incu r red  by, for examp le ,  m e t h o d  d is pa tch ing .  In o r d e r  to  ident i fy prof i table t a r g e t s  and  

techni ( |ues for o p t i m is a t i o n ,  it is crucial  to  u n d e r s t a n d  where  and  wdiy overhead  occurs.

In thi s cha])ter  we will p r esen t  a  de ta i led ana lys i s  of  th e  overhead  in t r od uc ed  by [guana /C'++ 

and  show how f u r t h e r  op t im i sa t i o n  technicjues could be i n cor po ra te d  into Iguana .

6.1 Overhead, W here and W hy

K u n - t im e  penal t ies incur red  by reflection are in genera l  difficult t o  assess an d  de p e n d  on 

a n u m b e r  of factors .  VVe have identified four  levels a t  which overhead  can be incured  and 

th a t  a re  consecpiently a  su i ta b l e  t a r g e t  for op t im isa t io n :

1. Design level: How do es  th e  I g u a n a  model  ad d re s s  pe r fo rm an ce  and  efficiency? W h e r e  

is overhead  incur red  d u e  to  t h e  model?
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2. In ip len ien ta t io i i  level: Is th e  im p le m e n ta t i o n  o[)t imal?

3. H o s t - la ngua ge  level: D oes  th e  hos t  l anguage,  in thi s  case C++, affect  t h e  per for 

ma nce?  W h a t  is t h e  overhead  of  th e  var ious reificat ion ca tegor ies?  How efficient can 

an o p e r a t i o n  a t  t h e  base  level be d iver ted  an d  execu ted  a t  th e  meta- leve l?

4. Appl ica t ion  level: W h a t  is reified? How much use of  reflective f ea tur es  is m a d e  by 

th e  a] )plicat ion?

We will ex am in e  t h e  i m p a c t  on p e r f o r m a n c e  un de r  these  four  a sp e c ts  in t h e  following 

sect ions .

6.1.1 Design Level

P e r fo rm a n c e  has a lways  been a  m a j o r  concern  in th e  d e ve lo pm en t  of  th e  Ig u an a  model .  

The idea of  a f ine-grained decomi)os i t ion of  the  C++ o b je c t  model and  t h e  select ive reifica- 

l ion of  l anguage  o p e r a t i o n s  ideally only in t ro duce s  overhead  where  t h e  reflective fea ture s  

a re  expl ici t ly used.  U nf or tun a t e ly ,  fol lowing thi s  a p p ro a c h  sca labi l i ty becomes  a  m ore  

i m p o r t a n t  issue; imi^lenient ing la ngu age  o p e r a t i o n s  se p a ra te ly  can  lead to  an ex])losion of 

nieta-level  i n fo rm at i on  since every  base-level o b je c t  is represen ted  by a  n u m b e r  of  m e t a o b 

jec ts .  In the  revised design we addres sed  th i s  issue by reduc ing  t h e  n u m b e r  of  reification 

categor ies  significantly,  leading to  a  m ore  in tui t ive  and  logical de comp os i t i on .

A n o t h e r  design issue t l i a t  has  been c ruc ia l  to  th e  I g u a n a  model is t h e  abi l i ty for ob je c t s  

to  individua lly select a  me ta - ty j j e  a t  run- t im e.  T h e  ex am ple s  p resen ted  in th e  pre\ ' ious 

c h a p t e r  have d e m o n s t r a t e d  t h a t  th is  flexibility is useful in that,  ob je c t s  can select  an 

im p lem en ta t i o n  t h a t  bes t  repre sen ts  the i r  en v i r o n m en t .  However,  wi th  flexibility comes  

complexi ty .  .Allowing d y n a m i c  m e t a - t y p i n g  implies t h a t  .some a m o u n t  of  t h e  execut ion 

t ime  is spent  in d e t e r m i n i n g  th e  r u n - t im e  m e t a - t y p e  of  ob jec t s .

We believe t h a t  t h e  a d v a n t a g e  of  hav ing  d y n a m ic  m e t a - t y p i n g  just i f ies  thi s  addi t iona l  

overhead .  O u r  im p l e m e n t a t i o n  provides a  fair c o m p ro m ise  be tween flexibility and  |)er- 

fo rmance .  T h e  ove rh ead  in t r oduced  by ru n - t im e  checks is relat ively low and  only affects 

t hose classes t h a t  a r e  po ten t ia l ly  reflective.  Moreover ,  ob je c t s  can still rever t  to  the  na t ive  

and  more  eflicient C++ m ech ani sm  if t h e  reflective f ea tur es  a re  no longer  reciuired.

6.1.2 Implem entat ion  Level

•Source-to-source t r a n s l a t io n  as a  m e a n s  of  in c o rp o ra t i n g  th e  I g u a n a  model  in to  C++ has 

a couple  of  d i s a d v a n ta g e s  as far  as ]:>erforniance is concerned:  th e  t r a n s la te d  code  is
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high-level and  s u b - o p t i m a l  because  it  has  to  con form to  t h e  C++ ty p i ng  sy s t em .  Having  

dirf 'ct  sup] )or t  for reflective p r o g r a m m i n g  by a  compi le r  could lead to  a  m ore  efficient 

i m p l e m e n t a t i o n  since we could  provide  a  t ig h t e r  coupl ing  be tween th e  la ngu age  ex tens ion  

a n d  i ts  t r a n s la t i o n  into ma chi ne  code .  Moreover ,  since t h e  C++ o b je c t  model  is n o t  fully 

specif ied^,  compi le r  in te r na l  knowledge  a b o u t ,  for exa mp le ,  the  size a nd  layout  of  d a t a  

o b j e c t s  could be explo i ted.

' l a k e  a r g u m e n t  passing as an example :  passing a r g u m e n t s  t o  reflective func t ion s  v ia  t h e  

reified s ta ck  is a  relat ively expens ive  op e ra t i o n  because  th e  size of  user-defined d a t a  types  

is in genera l  no t  known unt i l  r u n - t i m e  ( the  layout  of  d a t a  o b je c t s  is c o m p i l e r / p l a t f o r m  

d e p e n d e n t ) .  Knowing  t h e  size of  d a t a  ob je c t s  can resu lt  in m ore  efficient s ta ck  o p e r a t i o n s  

since we could e i the r  em ploy  a  by te -,  word-  or  doub leword-wise  copy of  d a t a  ob jec t s .  In 

the  c u r r e n t  i m p le m e n ta t io n  we have to  look-up  th e  size of  th e  d a t a  o b j e c t  a t  r un - t i m e  

(us ing th e  C++ s izeof -operator )  and  th en  per form th e  copy op era t i on^ .  If t h e  size of  a 

d a t a  o b j e c t  is known in advance ,  we could provide  special ised s ta ck  o p e r a t i o n s  w i t h o u t  

t he need to  invoking t h e  s izeof -opera tor .

O v e r h e a d  o f  R e i f i e d  O p e r a t i o n s  Im pl em ent in g  reified l ang uage  o p e r a t i o n s  efficiently 

is a n o t h e r  crucial  issue. T h is  sec tion pre sen ts  an eva lua t ion  of  th e  Igua ,na/C++ defaul t  

protfx'ol  t h a t  ])i'ovides th e  de fau l t  s e m a n t i c s  of  C++. T h e  resul ts  are  s u m m a r i s e d  in tab le  

( ) . l .

Hows 2 and  3 of  t ab le  6.1 sho w t h e  re la t ive  overhead  in th e  c rea t ion  of  o b je c t s  t h a t  have 

s t r u c t u r a l  in format ion  reified, i.e. Class, Method  and  Att ribute.  In thi s  scenario,  o b j e c t s  are 

c re a te d  wi th  the  C++ n e w - o p e r a t o r  to g e t h e r  wi th  add i t i on a l  s t r u c t u r a l  m e t a o b j e c t s  t h a t  

a re  b o u n d  to  the  o b j e c t ’s meta-leve l.  T h e  n u m b e r  of  m e t a o b j e c t s  to  be c r ea ted  d e p e n d s  on 

th e  n u m b e r  of  m e t h o d s  a n d  a t t r i b u t e s  in the  class: each m e t h o d / a t t r i b u t e  is represen ted  

by one  m e t a o b j e c t .  Re ifying s t r u c t u r a l  in forma t ion  in a  local m o d e  is th er efore  l inear 

d e p e n d e n t  on th e  n u m b e r  of  m e t h o d s  and  a t t r i b u t e s  in t h e  class.  In t h a t  case,  we ca r ry  

o u t  a  de ep  copy of  the  o b j e c t  t ree represe n t i ng  th e  o b j e c t ’s class s t r u c t u r e .  W h e n  reifying 

s t r u c t u r a l  in format ion  in sh a re d  m ode ,  ob je c t s  a re  b o u n d  to  preexis t ing m e t a o b j e c t s  and 

t he ove rhead  can be regarded  as c o n s t a n t .  In t h a t  case,  we only have  to  ca r ry  o u t  a  shal low 

coj)y of  t h e  o b j e c t ’s class s t r u c t u r e .

Signi ficant  overhead  is involved wi th  t h e  c rea t ion  of  ob jec t s ,  see rows 4 and  -5 of  t ab le  

(j. l.  Again ,  we c o m p a r e d  th e  c rea t ion  of  ob j e c t s  in b o th  local a n d  sh a re d  mode .  O b j e c t

‘ 'File AN SI specification  for C + +  does  fo r  e x am p le  no t  specify how o b je c t s  a re  laid o u t  in m em ory .
■ ( 'a r ry in g  out t lie  a d d i t io n a l  look-up  h as  .shown to  l. ê m ore  efficient tf ian a lw ays p e r fo rm in g  a  byte-wi.se 

coin ' of  d a t a  ol:>jects.
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i iei f icat ion Cate go r i es rel. overhead
1. plain C-f-|- 1
2. sh a re d  s t r u c t u r a l  M O s 13
3. local s t r u c t u r a l  M O s .50
4. C r e a t i o n ,  sha red 27
5 . C r e a t i o n ,  local 70
6. Crea tion- f -Delet ion,  shared 31
7. Creat ion- | -Dele t ion ,  local 74

8. Invoca t ion  (null m e t h o d  call) 12
Invoca t ion ,  (int) 18
Invoca t ion ,  (int,  double) 20

9. Invoca t ion  -|- Send 15
10. S t a t e R e a d 9
11. S t a t e W r i t e 22

Table  G.l; M e a s u r e m e n t s  showing  th e  relativ'e overhead  of  reified o p e r a t i o n s  in 
l g u a n a / C + + .

crea t io n  is compl i ca ted  because  we first have to  i n s t a n t i a t e  t h e  full o b je c t  g r a p h  t h a t  

co n s t i t u t e s  th e  f u tu re  o b j e c t ' s  nieta-level .  Similarly,  th e  dele tion of  ob je c t s  as  en ta i l s  the  

delet ion  of  the  en t i re  o b j e c t ’s (local) meta- level .

l?o\v 8 shows th e  overhead  of  a  reified m e t h o d  invoca tion  wi th  vary ing  n u m b e r  of  a r g u 

men ts .  In thi s .scenario, a r g u m e n t s  a r e  ])assed via the  reified s tack ,  which in t r o d u c e s  an 

overhead  t h a t  is l inear d e p e n d e n t  to  t h e  size and  n u m b e r  of  a r g u m e n ts .

In lines 10 I I t he overhead  of  t he be havio ura l  reification ca tegor ies  StateRead and  StateWrite 

is shown.  In C+ + , a  wr i te  op e ra t io n  only consist s  of  a  few m achine  in s t ruc t io ns  a nd  can 

l)C car r ied very efficiently. In th e  reflective version,  th e  wr i te  op e ra t io n  is coni ])a rable  to  a 

m e t h o d  invoca t ion w he re  t he new value of  th e  d a t a  m e m b e r  is passed  as a p a r a m e t e r  via 

th e  reified s tack ,  hence t h e  ove rhe ad  is relat ively high.

6 .1 .3  H o st-L a n g u a g e  Level

l^y a | )plying the  Ig ua na  model  to  C++, we were also con f ronted  wi th  th e  co m ple x i ty  and  

fea ture- r ichness  of  the  language .  .4s has  been descr ibed in sect ion 4.7.2,  meta- leve l  code  to  

car ry  o u t  a s imple  read or  wr i te  op e ra t i o n  is com]>licated because  we have to  d i st inguish  

be tween s imple  a t t r i b u t e s ,  a r r a y s  of  e i ther  fixed or  d y n a m i c  size a nd  s t a t i c  a t t r i b u t e s ,  

' r h e  c rea t ion  a nd  delet ion of  ob je c t s  is also inheren t ly  complex  since we have  t o  d i s t i n 

guish be tween th e  c r e a t io n /d e le t i o n  of  single o b je c t s  and  d y n a m ic  a r r a y s  of  o b j ec t s .  Each



12 E v a l u a t io n

s e m a n t i c  in t r o d u c e s  in te rp re t a t i v e  ove rhead  a t  th e  meta-leve l ,  resu l t ing in less efficient 

reflective code.  An a l te rn a t iv e  i m p le m e n ta t i o n  would be to  provide  s e p a r a t e  reificat ion 

ca te gor ie s  -  and  hence s e p a r a t e  im p l e m e n t a t i o n s  -  for th e  di fferent  scenarios .  O u r  expe

r ience with th e  prev ious  version of  I g u a n a  has  shown t h a t  th i s  only ove rc om pl ic a tes  the  

| ) rogra .mming model  a n d  also de fea ts  l anguag e  independence .

6.1.4 Applicat ion Level

A lt h o u g h  the  overhead  of  a  reified op e ra t i o n  a t  a  first  g lance  seems to  be high,  app l ic a t ion s  

a re  in general  n o t  fully e n c u m b e re d  wi th  th e  cost s  o f  reflection.  Obvious ly,  th e  a m o u n t  of  

t i m e  s p e n t  for meta- level  c o m p u t a t i o n s  d e p e n d s  on t h e  se t  of  a c t ive  reificat ion ca tegor ies  

a nd  to  which e x t e n t  the  appl ica t ion  m akes  use of  th e  reflective fea tures .

In thi s  sect ion we m easu red  th e  reflective overhead  of  .5 s imple  b e n c h m a r k  appl ica t ions .  

I ' l ie  e x a m p le  | ) rogranis  were  taken  f rom an exist ing b e n c h m a r k  su i te  (Bench-|--|-, [Oro98]).  

We selected a lg o r i t h m s  f rom t h a t  su i te  t h a t  m ake  heavy  use of  ob j ec t -or ie n ted  f ea tu re s  in 

C+ + , inc luding

1. P e r m u t a t i o n s :  Ca lcu la tes  the  n u m b e r  of  p e r m u t a t i o n s  of  a set  of  nu m b er s .  Makes  

heavy  use of  a r r a y  access.

2. l o w e r s  of  Hanoi :  A lg o r i th m  t h a t  solves th e  Towers  of  Hanoi  puzzle,  highly recursive.

3. l*]ight Queens :  .A.lgorithm t h a t  solves the  Eight  Q u e e n s  ])uzzle, highly recursive  and  

ex tensive  use of  a r r a y  access.

4. Quicksor t :  Im p le m e n ta t i o n  of  t h e  Q ui cksor t  s or t in g  a lg or i th m ,  highly recursive  and  

ex tensive  use of  a r r a y  access.

5. Hubblesor t  : lm | ) le m ent a t io n  of  the  f iubb le sor t  s o r t i n g  a lg o r i th m .  M akes  l ieavy use 

of  a r ra y  access.

I 'br each of  the  a lg or i th m s ,  eigh t  m e a s u r e m e n t s  w'ere c o n d u c t e d ,  each of  which reifying a 

different se t  of  l a ng uage  cons t ru c ts ,  namely

1. non-reflect ive:  Plain C++ im pl e m e n ta t io n .

2. n / r  -f r u n - t i m e  check: T h is  me asu re s  t h e  overhead  of  appl y in g  th e  I g u a n a  model 

w i t h o u t  be hav iou ra l  reflection, i.e. th e  cos ts  of  th e  r u n - t i m e  checks g u a r d i n g  m e t h o d  

invoc a t ion s  and  s t a t e  access.
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Reification Categories App.  1 App.  2 .4 pp. 3 .4pp. 4 .4pp. 5
1) plain C + + 1 1 1 1 1
2) ])lain C + +  & run-tim e check 1.60 1.33/1.92 1.60 1.25 1.62
3) Invocation 1.5.00 9.19/9.19 2.39 1.98 1.62
4) Invocation +  Send 16.50 10.59/10.59 2.56 2.08 1.62
5) S ta teR ead 4.42 3.71/5.63 4.09 5.00 9.79
6) S ta teW rite 8.50 5.66/8.86 8.76 3.79 6.79
7) S ta teR ead  +  Write 11.65 8.13/12.57 11.14 7.60 14.72
8) Reify all 26.51 17.57/22.09 11.92 8.40 14.72

Table 6.2: M easurem ents  showing the relative overhead of I g u a n a / C + +  for 5 benchmark 
applications.

3. Invocation reified: M easures the  overhead of reified m ethod invocations.

4. Invocation +  Send: M easures the overhead of both reified method invocation and 

send. O bjec ts  can also send messages to  themselves, i.e. invoke their own methods. 

Since most, of the algorithm s above are implemented in a recursive fashion, almost 

every invocation is interceded with by the send-m etaobject.

5. S ta teR ead : M easures the overhead of reified read access to  objects.

(). S ta te  Write: M easures the overhead of reified write access to  objects.

7. S ta teR ead  +  S ta teW rite : M easures the overhead of both reified read and write 

access.

S. reify all: Measures the overhead of all of the above reification categories.

For this set of benchm ark applications we did not measure the overhead of ob ject cre

a tion /de le tion  since all of the algorithm s above only create  one single instance of each 

class th a t  im plements the algorithm. T he  costs of ob ject creation and deletion are there

fore negligible. All applications were compiled with gcc version 2.96 and were run on a 

iCillz Pentium  PC' under the Linux 2.4. J operating  system. 44ie results are show'n in table 

6 . 2 .

6.2 D iscussion

.■Vs one would ex])ect, the overhead in troduced by Iguana grows in proportion  to  t he number 

of selected reificat ion categories and depends  on the extent of which an a])plicat ions makes
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use of a reified language feature.  Application 5 for example,  an implementa t ion of the 

bubble-sor t  algor i thm,  does not  make use of method invocation but  instead relies lieavily 

on ar ray  access.

.Apj^lication 2, the towers of Hanoi,  contained a helper class for which we reified the 

o))erations in a  sepa ra te  measurement .  Th e performance figures for this application hence 

shows 2 values. Th e helper class only contained a t t r i bu te s  and did not define any methods , 

therefore reifying method invocation did not  in troduce additional overhead.

It is worth  ment ioning again t h a t  in case a par t icular reification ca tegory is not selected, 

the nat ive C++ mechanism is used together  with a run- t ime check th a t  enables objects  to 

enable t h a t  reification category a t  a  later time. For the  various appl ications this overhead 

lies between 25 and 90%.

Th e defaul t  implementa t ions  for the  various reification categories do not provide any ex t ra  

I’unct ional ity and are only mean t  as a  common base for the  meta-level p ro gr am mer  who 

wants to define own object  semant ics.  In a real application ex t ra  functionali ty in terms of 

nieta- types  implement ing persistence or d is tr ibution would fur ther  diminish the  costs of 

I’e f l e c t i o n .

6.3  O th er  O p t im isa t io n  T ech n iq u es

Suitable opt imisat ion technic|ues for reflective programming  languages have been identified 

by a number  of researchers,  including [C'hi97] and [MMWY92].  T he  common ap|)roa,ch of 

these is to carry out  meta-level computa t ion  as early as possible, ideally dui' ing compile- 

time. and reduce the am o u n t  of meta-level computa t ion  carried ou t  during I'un-time. for  

the remainder  cjf this chapter  we will examine opt imisat ion techniques with res|)ect to the 

iguana/C++ implementa t ion.

6.3.1 Partial Evaluation

Partial  evaluat ion,  or program s])ecialisation, is an opt imisat ion technicjue which, when 

given some par t  of a p ro g ram ’s in])ut da t a ,  generates  a specialised or so called T C f i i d u d l  

| j rogram ([.JGS93], [.Ioii96]). Th e residual program with the  remaining input  produces  the 

same result as the  original program with the  entire input.  More formally, given a  program 

r ( x , y ) ,  | )artial evaluation of F  with respect to the  input x  will generate a specialised 

version Fxiu)  =  P h ^ { l \ x )  such tha t  Px{y)  =  P{ x , y ) .

Par ts  of the  ]:>rogram which solely depend on the  s tat ic input  d a t a  can be evaluated
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at ron ip i le  t i m e  a n d / o r  op t im ise d  for per fo rmance .  Cons i de r  th e  fol lowing C-func t ion  

pow (x ,y ) .  If we know t h e  value of  t h e  e x p o n e n t  y pr ior  to  execut ion ,  for ex am p le  3, par t ia l  

ev a lua t i on  can g e n e ra t e  a  res idual  p r o g ra m  which only relies on th e  d y n a m ic  i nput .  In the 

special ised version shown below, t h e  value for y has been p ro p a g a t e d  th r o u g h  th e  func t ion  

a nd  t h e  loop has  been unrol led.

Or ig ina l  p ro gr am : Res idual  p r o g ra m

i n t  p o w ( i n t  x, i n t  y){ i n t  pow _3( in t  x){

i n t  i; i n t  res =  1;

i n t  res =  1; res * =  x;

f o r  (i = 0 ;  i<y ;  i + + ) { res * =  x;

res * =  x; res * =  x;

} r e t u r n  res;

r e t u r n  res; }

rem| )o  [C+96] a nd  C-Mix  [And94] a re  e xam pl es  of  par t ia l  ev a lu a to rs  for C  p r o g r a m s .  In 

Teni | )o.  special isat ion is car r ied out  in two s t age s  (so called off-line  | )art ial  eva lua t i on ) :  in a 

first s t ag e ,  the  source  code  is analysed  to  g a t h e r  and  i^ropagate in fo rm a t io n  a b o u t  known 

and  unk n o w n  values th r o u g h o u t  t h e  p r o g r a m .  In a  second  s tage ,  ac tu a l  specia l i sa t ion 

values or  invar ian ts  are provided  by th e  user  an d  th e  residual  p r o g r a m  is a u to m a t i c a l l y  

g ene ra te d .  In ' remi)o.  t h e  special isa t ion ])hase can be | )er formed e i ther  a t  a t  coni])i le-t ime 

or at run- t im e.  In the  l a t te r  case,  the  invar ian t s  to  p a r t s  of  t h e  ]) rogram are  provided  at 

iMin-time and  th e  special ised version is g e n e r a t e d  by d y n a m i c  code  ge ne ra t io n .  C'-Mix on 

the  o t h e r  hand  only s u p p o r t s  S|)ecialisation a t  compi le - t ime.

Par t ia l  eva lua tion has  been appl ied in a  n u m b e r  of  case s tud ies  to  o])timise reflective 

| ) i ' ogramming languages .  However,  du e  to  t h e  n a t u r e  of  meta-leve l  p r o g r a m m i n g ,  only a 

res t r ic ted  use of  j)artial eva lua t ion  is possible.

m a j o r  prac t ica l  res t r ic t ion is t h a t  pa r t ia l  eva lua t ion  is na tu ra l l y  m ore  app l icab le  to 

funct iona l  l angua ges  a nd  has  to  ou r  knowlegde  no t  ye t  been applied to  o b je c t - or ie n ted  

p r o g r a m m i n g  languages .  In [MMAY95] for  e x am p le  t h e  reflective appl ica t ion  co de  w r i t t e n  

in ,‘\13C'L/R is first t r a n s l a t e d  to  co n t in u a t io n  pass ing  sty le  f u n c t io n s  ( C P S  func t ions )  and 

then par t ia l ly  eva l ua ted .  T ra n s la t i n g  f rom an ob je c t -o r ie n ted  la nguage  to  a func t iona l  

l anguage  does  no t  only require  an add i t i ona l  t ra n s l a t i o n  phase  b u t  also entai ls  th e  loss of 

s em an t ic  in fo rmat ion  t h a t  can prevent  a par t ia l  e va lu a to r  f rom ident i fying  s t a t i c  p r o g ra m
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|>arts.

A second restriction arises due to the  flexibility offered by meta-level archi tectures .  If 

it is possible for objec ts  to  dynamically al ter and change their meta- in terpre ters  a t  run

t ime,  partial  evaluat ion ca nno t  eliminate the  interpre ta t ive  overhead,  simply because the 

meta-level representat ion cannot  be regarded as being static.  Hence, in [MMAY95] partial  

evaiuat ion was applied as if the  meta-level was statically fixed: objects  are only allowed 

to select their meta - in terpre ter  a t  creat ion time. In Iguana on the  o ther  hand with its 

emphasis  on dynamic  meta - type  selection, we cannot  regard the meta-level as being stat ic 

and hence cannot  in general  collapse base and meta-level to be flat.

Des])ite practical and theoret ical  shortcomings  of partial  evaluation of reflective p rogram

ming languages and in order  to assess possible performance gains,  we will s imula te  how 

partial evaluation could be applied to lgu ana/ C+  + .

6 .3 .2  P artia l E v a lu a t io n  o f  I g u a n a /C + - l-

ln this section we will examine a possible ap[)lication of partial  evaluation in lguana/C'+ + . 

As has been explained above,  due to the  dynamic nature  of Iguana we cannot  in general 

fully collajjse base and meta-level code. However, we  can perform a faster t rans it ion from 
base to meta-level compu ta t ions  ba.sed on partial evaluation if we asstime an o b j ec t ’s 

s t ructu ra l  meta-level (i.e. its class definition) as being static.

Once again,  consider the  code genera ted to shift from base to meta-level com puta t ion in 

the  case of a s t a t e  wri te operat ion:

o b j - > a  =  v;  i-------------->■ o b j - > w v l t e ( i n d e X a ,  S ta ck -> p u sh ( v ) ) ;t rans la ted  in to

indeXa in the example above denotes  the  index of the  a t t r i bu te  in the  a t t r ib u te  table. 

I 'he  meta-level object  which carries out. the  wri te-operation in general recjuires a reference 

to the  a t t r i bu te  metaobjec t .  \'Ve therefore have to lookup the  a t t r i bu te  m et ao bj ec t  in 

the a t t r i bu te  table |)rior to performing the  write operat ion.  If we assume the  o b j ec t ’s 

s t ructu ra l  meta-level as being stat ic,  we can consider the  a t t r ib u te  metaob jec t  as being 

fixed and apply par tial  evaluation to generate a specialised write operat ion as in:

obj - >  wri tea(Stack- >push(v )) ;

In the  specialised wri te opera tion we can cache a  reference to the  a t t r i bu te  m et ao bj ec t  and 

thus speed u]) the  lookup. Similar specialisations can be applied to all o ther  reification 

categories.  'Fable 6.3 summarises  the  overhead of the  behavioural  reification categories
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Reificat ion C a te go r ie s un op t im ise d opt imised
Invocat ion  (null m e t h o d  call) 12 11
S t a t e R e a d 9 7
S t a t e  Wri te 22 20

Table  6.3: M e a s u r e m e n t s  showing  t h e  relat ive overhead  of  reified la ng uage  op e ra t i o n s ,  
o p t im is ed  version.

in the  op t imi sed  version.  W i t h  a  ha n d -c ra f te d ,  special ised i m p le m e n ta t i o n  we ga ined  a  

m o d e r a t e  speed up of  reified l an g u ag e  op era t ions :  10% for s t a t e  wr i te,  8% for m e t h o d  

inx'ocation and  2.5% for s t a t e  read.

6 .3 .3  E l im in a t io n  of  R u n - T i m e  C hecks

H u n - t im e  checks gu a rd in g  m e t h o d  invoca t ions  and  s t a t e  accesses a re  a  f u r t h e r  t a r g e t  

foi- op t i m is a t i o n .  R u n - t i m e  checks  a re  a lways inserted w her e  it c a n n o t  be d e te r m in e d  

s ta t ica l ly  w h e t h e r  or  n o t  an o b je c t  ha s  a  ] ;ar t i cular  o p e ra t i o n  reified. I ' n d e r  c i r cum s ta nces ,  

th is  affects  code  which does not  m a k e  use of  th e  reflective fe a tu re s  a t  all. A naly s ing  

techni()ues such as da ta - f low and  control -f low ana lys is  could d e t e r m i n e  m ore  ac c u ra te ly  

t h e  set of  ac t ive  reification ca tegor ies  for a  given ob jec t .  'Fhis a p p ro a c h  is used in var ious 

ojMimising coiri])ilers (for ex am pl e  Vor tex  [ D D G “''96]) t l i a t  t r y  to  reduce  tlie cost o f  m e t h o d  

d is | )atch ing:  if t h e  d y n a m ic  t y p e  of  an o b je c t  can be d e te r m in e d ,  a v i r tua l  func t ion  call 

can be replaced with a  s ta t i c  func t ion  call w i t h o u t  t h e  need to  indi rec t  v ia  a func tion  

t al)le.

6.4 Sum m ary

In t his c h a p t e r  we i>rovided a  de ta i led  ana lys is  o f  t h e  overhead  of  th e  reflective ] )rogram- 

ming  f ea tur es  in l g u a n a / C +  + . We identified a  n u m b e r  of  inefficiencies in t h e  c u r r e n t  

implement.at . ion t h a t  a re  main ly  d u e  to  t he complex i ty  of  t h e  hos t  l a ngu age  and  th e  lack 

of  compi le r  in ternal  knowledge.  We also inves t iga ted  th e  app l ica t ion  of  high-level o p t i 

misa t ion  techniques  such as par t ia l  eva lua t ion  and  p r o g r a m  spec ial isat ion.  Due  to  the  

d y n a m ic  n a t u r e  of  the  Iguana  model ,  these  o] ) t imisat ion techni ques  would only ach ieve a 

m o d e r a t e  sp e e d -u p  for reflective appl ica t ions .
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How n a t u r e  loves th e  incomple te .  She  knows

If she  d r e w  a  conc lusion it would finish her.

Chris topher Fry

In a d i s t r i b u t e d ,  he te rog ene ous  en v i r o n m e n t  appl ic a t ions  a re  required to  provide  a n u m b e r  

of  services such as persi stence ,  d i s t r i bu t i on  and  fau l t - to l e r ance  in dep en d en t l y  f rom the  

ac t ua l  func t ion a l i ty  of  the  appl ica t ion .  Prov id i ng  these  services is still a  l a bou r  intensive  

t ask  a nd  re<|uires | ) r og ran im er s  to  be aw are  of  th e  non-funct , ional  r equ i r em en ts  th r o u g h o u t  

th e  design a n d  im|) lement .at ion ]jhase of  the i r  appl ica t ions .  C u r r e n t  ap | ) roaches  in form 

of  c o m p o n e n t  based syst.ems allow a  m ore  s t r u c t u r e d  and  rapid d e ve lo pm ent  cycle bu t  

still lead to a ta ngl ing  of func t iona l  and  non-func t iona l  code.  Moreover ,  these  s y s t e m s  are 

'c losed'  in t h e  sense  t h a t  users  do  n o t  have any  contro l  over  t h e  i m p le m e n ta t i o n  of  the  

\ a r i o u s  facili t ies an d  can in genera l  no t  p rovide  cus t om ise d  or  addi t io na l  services.

The main  m o t iva t io n  for t h e  work  descr ibed  in this  thesi s  therefore  was to  provide  generic 

l ang uage  s u p p o r t  for d i s t r ib u te d  c o m p u t i n g  t h a t  allows th e  d e ve lo pm en t  of  d i s t r i b u t e d  ap- 

p l icat ions  to  be more  open  and  in d e p e n d e n t  f rom th e  func t iona l  specif icat ions.  Ref lect ive 

p r o g r a m m i n g  languages  have been identified as a  promis ing  a p p r o a c h  in t h a t  t h e y  provide  

a  s t r u c t u r e d  a p p ro a c h  to  e x t e n d i n g  th e  s em ant ic s  of  ex is t ing  language s  and  provide  a clean 

sei^ai 'ation of  concerns.

r i i e  goal  of  thi s  thesi s was  t o  provide  a  p r o g r a m m i n g  e n v i r o n m e n t  so t h a t  t h e  a d v a n t a g e s  of 

c o m i) onent -base d  p r o g r a m m i n g  are  m a d e  avai lable for t h e  deve lopers  of  o p e r a t i n g  sys te m s ,  

e m b e d d e d  s y s t e m s  and  legacy s ys te m s  alike. We provided  such an e n v i r o n m e n t  in th e  form 

of  a  meta- leve l  a rc h i t e c tu re  for a compiled ,  ob je c t -o r i en t ed  p r o g r a m m i n g  language .  We 

in t r o d u ced  th e  conce])t of  a  m e t a  t y p e  as a  c o m m o n  a b s t r a c t i o n  for th e  reflective features .
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As lias been m e n t io ne d  in sect ion 1.5, th e  I g u a n a  reflective p r o g r a m m i n g  model  in its 

p rev ious  version suffered f rom a  n u m b e r  of  s h o r tc o m in g s  t h a t  we a imed to  ove rcom e in the  

work  descr ibe d  in th i s  thesi s.  In th e  re-designed and  re - im ple me nted  version we simplified 

the  model  while a t  th e  s a m e  t i m e  m a in ta in in g  m o s t  o f  i ts  flexibility. M o r e  specifically, we 

ad d re sse d

C o m p l e x i t y

O pe n i m p l e m e n t a t i o n s  a r e  faced wi th t h e  d i l e m m a  of which and  how m a n y  in te r na l  detai ls  

should be exi)osed to  the  user.  Clearly,  expos ing  to o  m a n y  de tai ls  will lead to  an ove rspec

ification of  some c o m p o n e n t  and  is po t en t ia l ly  m ore  h ar m fu l  t h a n  beneficial.  T h e  previous 

version of  I g u a n a  suffered f rom t h a t  p rob lem in t h a t  it t r ied to  reify every  single language  

c o n s t r u c t  separa t e ly ,  l ead ing to an ove r lap  of th e  s e m a n t i c  of  t h e  var ious  reif icat ion c a t e 

gories.  In th e  revised mode l  we reduced  t h e  n u m b e r  of  reificat ion ca tegor ies  s ignificantly 

in o r d e r  to  achieve a  m o r e  intui t ive  and  logical deco mp os i t i on  of  th e  under ly ing  ob jec t  

nioflel.

Meta.-ty])es hide much of  t h e  und er ly ing  complexi ty  of  meta-leve l p r o g r a m m in g .  From 

the  a])|)licat,ion i)rogi’a m m e r  point  o f  view, m e t a - t y p e s  c o n s t i t u t e  c o m p o n e n t s  t h a t  can be 

liiik('d in to  ex ist ing a | )pl icat ions,  s imi la r  to  an o rd in a ry  class l ibrary.  From th e  meta- level  

p r o g r a m m e r ’s po in t  of  view,  m e t a - t y p e s  build a  f r am ew or k  for deve loping  ex te n d ed  objec t  

models .  T h e  I g u a n a  r u n - t im e  sup | ) o r t  t akes  care  of  comp lex  issues such as th e  meta -  

levei reconf igura t ion  in t h e  event  of  a  d y n a m i c  m e t a - t y p e  select ion and  t h e re b y  relieves 

also t he rneta-level  p r o g r a m m e r  f rom knowing  t h e  im p l e m e n t a t i o n  de ta i l s  of  th e  refiective 

a i ' chi tecture.

Safety  and R o b u s t n e s s

Opc'uing up a la nguage  a n d  al lowing th e  p r o g r a m m e r  to  in te rcede  wi th th e  execut ion  of 

l anguage  o p e r a t i o n s  is a  po ten t ia l ly  d a n g e r o u s  ta sk  and  requi res a  profound u n d e r s t a n d i n g  

of the  l a n g u a g e ’s intr ins ic mechanisms .

I5y def in ing inh e r i ta nc e  rules for m e t a - t y p e s  and  by def ining a  se m a n t ic  for co m p o s i n g  

and selec t ing  m e t a - t y p e s  we now provide  a  safe and  a u t o m a t e d  m echan ism  to  mi g ra te  

be tween different  meta- leve l  conf igura t ions .  C ons is t ency  is ensured  by a  co m b in a t i o n  

of sub-ty]) ing rules and ru n - t i m e  m e t a - t y p e  checking.  App l ica t ion  p r o g r a m m e r s  a r e  no 

longer recpiired to  access meta-leve l conf igura t ion s  direct ly,  a fact  which m a d e  th e  previous 

version to o  complex ,  e r ror  p rone  and  exposed  to o  m a n y  i m p le m e n ta t i o n  specific de ta i l s  to  

t lie p r o g r a m m e r .
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T ran sp aren cy

111 |)i'inci])le, th e  m e t a - t y p e  of  an o b je c t  is o r th o g o n a l  to  b o th  i ts  ty p e  a nd  class. O b j e c t s  

of  di fferent  ty pe s  a n d  classes mi gh t  have th e  s a m e  m e ta - ty p e ,  while o b je c t s  o f  th e  sa m e  

tyi)e or  class m ig h t  have di fferent  m e ta - t y p e s .  In ou r  im p le m e n ta t i o n  ty p e  o r t h o g o n a l 

ity is achieved by ru n - t i m e  checks t h a t  a re  inser ted in to  t h e  appl ica t ion  code  in case the  

d y n a m i c  m e t a - t y p e  of an o b j e c t  c a n n o t  be d e t e r m in e d  o therwise.  T h is  is a  m a j o r  im

p ro v e m e n t  to t h e  previous  version w here  reflective and  non-reflect ive ob j e c t s  could n o t  be 

used inte rchangeably.

I m  p 1 e m  e n t a t i o n

I’rovidiiig a  full reflective ex tens ion  to  a  comp lex  la ng uage  such as C++ is a  non-tr iviaJ 

ta.sk. .Since C++ is a compi led language ,  only l i t t le s t r u c t u r a l  in f or ma t io n  is kep t  in the  

r un - t im e  image , . \ d d i n g  reflection is hence d o m i n a t e d  by t h e  problem of m a in ta in in g  the  

s t r u c t u r a l  in format ion  beyond th e  compi l a t ion  process.

W'e deve loped a concre t e  m a p p i n g  of  Ig uan a  o n to  C+ + , im p le m en te d  by m e a n s  of  a p re 

processor .  'J’he se m a n t ic  ana lys i s  d u r in g  th e  pre-process ing  s ta ge  identifies tho se  languag e  

c o n s t r u c t s  th a t  a r e  to  be replaced wi th  code  t h a t  t rans fe rs  cont ro l  to  th e  nieta-level .  We 

also |)rovided th e  C++ defaul t  M O P ,  i.e. a  concre te  se t  of  m e t a o b j e c t s  imi j lement ing the 

C++ objec t  model .

7.1 U nderstanding R eflective Program m ing

l\'Ieta-level p r o g r a m m in g ,  coni | )ared  to  ob jec t -o r i en ted  p r o g r a m m in g ,  is still a  r a t h e r  ne

glected |:>rograiniiiiiig p a r a d i g m  and  h a s n ’t  found its way into m a i n s t r e a m  pr o g ra n im in g  

languages .  W i t h  th e  addi t io na l  func t ion a l i ty  comes  coinjilexity,  l eading to  the  |)ei 'ception 

t hat  nieta-level p r o g r a m m i n g  is hard.

rii(' concepts  in t r oduc ed  in Iguana ,  na me ly  protocol  defini t ions,  p rotocol  inhe r i tan ce  and 

m e ta - ty p e s  are  therefo re  des igned to  resemble tho se  in t r ad i t i ona l  ob j ec t -or ie n ted  models  

and should therefore  lead to  a  f la t te r  l ea rning  curve  a n d  wider  acceptance .  In a n u m b e r  

of  concre te  m e t a - t y p e  i m p l e m e n t a t i o n s  we d e m o n s t r a t e d  how reflective p r o g r a m m i n g  can 

be done  in a  fashion s imi la r  to  convent iona l ,  ob je c t -o r i en t ed  ana lys is  and  design.  T h e  

me thodology  is t o  provide  a  de fau l t  be ha v io ur  for ob je c t s  t h a t  is equivalent  to the  one 

|)rovided by the  hos t  l a ngu age  a nd  t o  gra du a l ly  a u g m e n t ,  comb ine  and  special ise objec t  

be haviour  in sub| ) ro tocols .
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7.2 P erform an ce and O p tim isation

I'br reflection t o  become a  successful  p r o g r a m m i n g  p a ra d ig m ,  it  has  to  be shown t h a t  the 

benef i t s  ga ined  by reflection jus t i fy  th e  ru n - t i m e  overhead  a nd  t h a t  these  cos ts  a r e  mini 

mal  c o m p a r e d  t o  t h e  func t iona l i ty  provided.  By u n d e r s t a n d i n g  whe re  a n d  w hy overhead  

occurs ,  p rof i tab le  o p t im is a t i o n  techniques  can be developed.

We identified a  n u m b e r  of  inefficiencies in th e  c u r r e n t  im p le m e n ta t io n  t h a t  a r e  main ly  

d ue  to  t h e  lack of  compi le r  in te rna l  knowledge  a nd  t h e  complex i ty  of  t h e  unde r ly ing  C+ + 

p r o g r a m m i n g  language .  In ou r  im p le m e n ta t i o n ,  b o t h  reflective and  non-re flect ive  code 

coexist s  in t h e  appl ica t ion  t h a t  al lows to  switch be tween  na t ive  and  reflective ob jec t s .  

T hi s  proved  t o  be a safe and  efficient way  to achieve a  flexibility t h a t  t o  d a t e  can  only be 

found in in te rp re te d  languages .

7.3 Future W ork

7.3.1 R ef lec t ion  and D es ig n  P a t ter n s

I'Voiii o u r  expe r ience  witli using a  reflective p r o g r a m m i n g  la nguage  we have seen t h a t  re- 

l ler t ion can b(' useful to  implement  cei ' tain types  of  appl ica t ions ,  so, for exam])le.  those  

t ha t  s u p p o r t  s om e  s o r t  of  a d a p ta b i l i t y  and  so f tware  evolu tion.  W i t h  a  convent ion a l  a p 

proach ,  ada| )tat . ion can be achieved by using a  design p a t t e r n ,  such as th e  s t r a t e g y  j^attern 

as de'scribed in sect ion  5.3. T h e  a d v a n t a g e  of  using reflection is t h a t  it can be used as a 

tool t h a t  a u t o m a t e s  th e  d e ve lo pm ent  of  th is  kind of  appl ica t ions .  F u t u r e  work could in

ve s t i ga te  if and  how o t h e r  design [ ja t te rns  could be in c o rp o ra t e d  into ex is t ing a j jp l ica t ions  

using a reflective p r o g r a m m i n g  language.

7.3.2 C o m p o s i t i o n  o f  M e t a - T y p e s

Coni|:)Osition of  m e t a - t y p e s  in pract ica l  t e r m s  is a  whole  a r e a  of  research t h a t  still needs 

to be explored.  S o m e  of  t h e  ques t i ons  to  be asked a re  w h a t  th e  se m an t ic s  of  c om po se d  

m e t a - t y p e s  shou ld  be, w h e t h e r  and  how different  m e t a - t y p e  i m p le m e n ta t i o n s  in te r fe re and  

how the se  confl icts  can be resolved.

I'br exani | )le,  say we have two m e t a - t y p e s  i m pl em en t i ng  o b je c t  pers i stence  and  remote ly  

accessible ob jec t s .  How should  a  derived m e t a - t y p e  t h a t  combines  th e  two beha vi ou rs  

| )er form? Is th e r e  a se m a n t i c  difference between having  rem o te -p e r s i s t en t  and  pers i s ten t -  

r em ot e  o b je c t s ?  U n d e r s t a n d i n g  these  issues will help to  improve  th e  design and  implem en-
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t ation of m eta- types , leading to  more robust and m odular meta-level code. A medium term 

goal is to  develop a library of m eta- types  th a t  can be selected by base-level p rogram m ers  

independently.

7.3 .3  C o m p i l e r  S u p p o r t  for R ef lec t ive  P r o g r a m m i n g  L anguages

As lias been noted before, implementing a language extension by means of a pre-processor 

lias a couple of disadvantages as far as performance and ease of use is concerned. An 

additional pre-processing stage introduces fur ther complexity and module dependencies. 

Debugging of reflective program s for example has been found to  be difficult because the 

pre-processed application code is complex and obfuscated. T he long term  goal therefore 

m ust be to  incorporate  the Iguana model into existing compilers. Direct compiler sup- 

port  for a. reflective program m ing language would not only significantly increase the  ease 

and acceptance of reflective program m ing by making the additional pre-processing phase 

redundan t,  it would also lead to  a  more efficient im plem entation by allowing a tighter 

translation  into machine code.

7.3 .4  F orm al isa t ion  o f  M e t a - T y p e s

The notion of m eta- types  as described in this thesis arose from the practical need for 

(’nca|)sulating most of the functionality provided by the reflective program m ing model and 

give the p rogram m er a powerful construc t to  define extended object semantics. However, 

for meta-ty |)es to  become a successful concept, a formal specification is recpiired. It- is our 

i)clieve tha.t once the formal foundations of m eta- types  have been established, a  further 

unders tanding  of com|)lex issues such as subtyping  and ty]:)e-safety will emerge.

7.3 .5  A p p l y in g  R ef lec t ion

So far the  use of reflection has been limited to  a few experim ental platforms, fhiilding 

large-scale, long-running system s th a t  take full advantage of the dynam ic ad a p ta t io n  fea- 

tures is the  next logical step. Applying reflection in the area  of operating  system s and 

middleware is therefore the focus of ongoing research.
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