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A B S T R A C T  

This p a p e r  t r a c e s  the  d e v e l o p m e n t  of da ta  a b s t r a c t i o n  c o n c e p t s  in p r o g r a m m i n g  languages .  
A d a t a  abs t r ac t i on ,  or a b s t r a c t  d a t a  type ,  d e s c r i b e s  a co l lec t ion  of a b s t r a c t  en t i t i e s  and  opera -  
t ions  on the  en t i t ies .  A p r o g r a m  which uses  a da t a  a b s t r a c t i o n  can a e e e s s  or modify  the  en t i t i e s  
only t h r o u g h  the  a b s t r a c t  ope ra t ions .  

Specif ic  r e s e a r c h  top ics  d i s c u s s e d  in the  p a p e r  include:  the role  of t y p e  in a p r o g r a m m i n g  
language,  the  fo rmat  spec i f i ca t ion  of t he  s e m a n t i c s  of a d a t a  a b s t r a c t i o n ,  da t a  a b s t r a c t i o n  
language  c o n s t r u c t  des ign  issues ,  type  h i e r a r ch i e s ,  and  type -check ing .  

1. INTRODUCTION 

This p a p e r  p r e s e n t s  a brief  su rvey  of r e s e a r c h  on 
da ta  a b s t r a c t i o n  f r o m  a p r o g r a m m i n g  language 
viewpoint.  The goat of this r e s e a r c h  is to d i scover  
language  nota t ions ,  sbf tware  d e v e l o p m e n t  me thodo lo -  
gies, and  sof tware  m a n a g e m e n t  tools  which will m a k e  it 
eas i e r  to des ign  and implement ,  t he  d a t a  s t r u e t u r e s  used  
in a p r o g r a m .  Noreover ,  the  resu l t ing  p r o g r a m s  should  
be ea s i e r  to u n d e r s t a n d  so tha t  bugs  can  be fixed f a s t e r  
and so t h a t  it. is e a s i e r  to  add f e a t u r e s  to an exis t ing pro-  
gram.  While the  e m p h a s i s  he re  is on language  con- 
s t r u c t s  and how they  are  used,  the  r e l a t e d  me thodo lo -  
gies and  tools are  e s sen t i a l  to achieving the e x p e c t e d  
benefi ts .  

Sec t ion  2 d i s cus se s  the  evolut ion of p r o g r a m m i n g  
languages  f rom low-level to high-level  nota t ions .  Sec t ion  
3 d i s eus se s  ex t ens ib l e  l anguages  which i n t r o d u c e d  user-  
def ined da ta  types .  Sec t ion  4 d e s c r i b e s  two viewpoints  
on the  role of type  in a p r o g r a m m i n g  language  and 
d e s c r i b e s  the  p r o b l e m s  wi th  u se r -de f ined  da t a  t y p e s  as a 
da ta  a b s t r a c t i o n  m e c h a n i s m .  Sec t ion  5 gives an exam-  
pie of the  fo rma l  spec i f ica t ion  of the  s e m a n t i c s  of a da t a  
abs t r ac t ion .  Sec t ion  6 d i s c u s s e s  s o m e  of the i ssues  in 
the  des ign  of a da t a  a b s t r a c t i o n  language c o n s t r u c t .  
Sec t ion  7 briefly d e s c r i b e s  how type  s y s t e m s  in p r o g r a m -  
ruing l anguages  define type  h i e r a r c h i e s  and d i s c u s s e s  
t he  ro le  of gene r i c  p r o c e d u r e s .  Finally, type  s y s t e m s  
and  t ype -check ing  and  the i r  i m p a c t  on type p r o t e c t i o n  
are  d i scussed .  

2. EVOLUTION OF PROGRAMMING LANGUAGES 

A progr~rnming  language  is t he  no ta t ion  used  to 
spec i fy  an i m p l e m e n t a t i o n  of an a lgo r i t hm which can be 
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e x e c u t e d  by a mach ine .  All l anguages  provide  an 
a b s t r a c t i o n  of a mach i n e .  Control  a b s t r a c t i o n s  are  pro-  
vided to spec i fy  the  s e q u e n c i n g  b e t w e e n  s t a t e m e n t s  in a 
p r o g r a m  (e.g., condi t iona l  b r a n c h e s }  and da t a  a b s t r a c -  
t ions  are  provided, to spec i fy  t he  en t i t i e s  and  the i r  
ope ra t i ons  used  in the  a l g o r i t h m  (e.g., a r r ay s  with se lec-  
tion and  a s s i g n m e n t  of individual e l e m e n t s ) .  

Low-ievei iariguages,  such  as a s s e m b l y  languages ,  
provide a b s t r a c t i o n s  which are  essen t i a l ly  equivalent  to 
the  i n s t r u c t i o n  se t  of a mach ine .  High-level languages ,  
such  as PASCAL [ Jansen  75], provide a b s t r a c t i o n s  which 
highl ight  the  a igori thrn,  or c o m p u t a t i o n ,  and s u p p r e s s  
the  i m p l e m e n t a t i o n  detail .  Figure 1 shows an a r r a y  
a s s i g n m e n t  in a high-  and  low-level language.  The low- 
level i inplemeo. taUon migh t  be very d i f fe ren t  d e p e n d i n g  
on the  lower oound of the  array,  the  size of the  a r r a y  ele- 
m e n t s ,  w h e t h e r  the  m a c h i n e  had  word or byte  a d d r e s s -  
ing, a n d  the  avai labi l i ty of r e g i s t e r s  at this point  in the  
p r o g r a m .  _The high-level d e s c r i p t i o n  s u p p r e s s e s  th is  
i m p l e m e n t a t i o n  de ta i l  and  h ighl ights  i n s t ead  tbe  array.  
Low-level l anguages  give a p r o g r a m m e r  m o r e  con t ro l  
over  the  r u n - t i m e  ef f ic iency  of a p r o g r a m .  High-level 
l anguages  m a k e  p r o g r a m  d e v e l o p m e n t  and  m a i n t e n a n c e  
ea s i e r  a t  a sma!l  e x p e n s e  in r u n - t i m e  eff iciency.  

Very high-level  l anguages  (VHL) provide even  m o r e  
a b s t r a c t  no ta t ions .  For  example ,  an  a r r a y  in PASCAL 
impl ies  a p a r t i c u l a r  i m p l e m e n t a t i o n  (con t iguous  s t o r age  
with i n d ex ed  adctresstng) .  A VHL m i g h t  e m p h a s i z e  the  
func t iona l  map p i n g  an a r r a y  r e p r e s e n t s  ( f rom the  
a r r a y ' s  index  d o ma i n  to the  e l e m e n t  domain)  wi thout  
implying a p a r t i c u l a r  i m p l e m e n t a t i o n .  

A[i] := e x p  

(a) High-Level Language  

load rO, exp 
load r l , i  
s t o re  rO,A(r 1) 

(b) Low-Level Language 

Figure 1: Array Assignment 
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P r o g r a m m i n g  l anguages  have evolved to  h ighe r  level 
no ta t ions  b e c a u s e  sof tware  d e v e l o p m e n t  and ma in t e -  
n a n c e  cos t s  d o m i n a t e  h a r d w a r e  cos t s  for m o s t  applica-  
t ions.  Languages  evolve when it is d i s c o v e r e d  t h a t  ident i -  
cal p a t t e r n s  of s t a t e m e n t s  a re  be ing  used  many  t imes  in 
d i f fe rent  p rog rams .  When th is  happens~ a new language  
c o n s t r u c t  wiU be i n v e n t e d  to  d e s c r i b e  the  c o m p u t a t i o n .  
The new e o n s t r u c t  will s u p p r e s s  t h e  deta i l  which is the  
s a m e  for the  d i f fe ren t  uses  and  h ighl ight  the  d i f fe rences .  
For  example ,  ear ly  sc ient i f ic  p r o g r a m s  w r i t t e n  in a s s e m -  
bly language  f r equen t ly  u s e d  the  d i f f e ren t  con t iguous  
s to rage  i m p l e m e n t a t i o n s  of an a r r a y  and  desc r ibed  com-  
pu t a t i ons  by i t e r a t i ng  t h r o u g h  t h e  ar ray .  Kigh-level 
l anguages  i n t r o d u c e d  a r r a y - d e c l a r a t i o n s  and  for-  
s t a t e m e n t s .  These  high-level  l anguage  c o n s t r u c t s  
spec i fy  "what  is to be  done"  while t he  a s s e m b l y  language  
code spec i f ies  "how to  i m p l e m e n t  it,." 

A n o t h e r  r e a s o n  t h a t  new p r o g r a m m i n g  languages  
are  eont inual !y  being d e s i g n e d  is to  solve p r o b l e m s  in 
new app l i ca t ion  domains .  Exis t ing  l anguages  of ten  do 
no t  have  the  a p p r o p r i a t e  bui l t - in  d a t a  a b s t r a c t i o n s  to 
wri te  p r o g r a m s  in t h e s e  new domains .  Consequent ly ,  
m u c h  of t he  code  in t h e s e  p r o g r a m s  i m p l e m e n t s  t h e s e  
da t a  a b s t r a c t i o n s .  

A good example  of this  p r o b l e m  was d e s c r i b e d  by 
Slate and  Mi t tman  in a p a p e r  describing, the  
d e v e l o p m e n t  of c h e s s  p rog rams :  

"...the largest single obstacle to progress in computer  
chess is not the lack of effective chess ideas, but rath- 
er, the lack of efficient easy-to-use program structures 
in which to represent these ideas." [Slate 78] 

Chess programs have many dilfferent data abstractions 
which are time-eonsurr~ng and difficult to code in exist- 
ing languages .  For  example ,  s t r u c t u r e s  which r e p r e s e n t  
p a t t e r n s  b e t w e e n  p i ece s  r a t h e r  than  the  Idea t ion  of 
p i eces  on an g by 8 b o a r d  and  s t r u c t u r e s  which d e s e r i b e  
s e q u e n c e s  of moves  which have b e e n  or could be made .  
While it has  not  h a p p e n e d  ye t  for ehess ,  spec i a l -p u rp o s e  
l anguages  have been  deve loped  for o t h e r  app l i ea t ion  
domains with t h e  r e l evan t  da ta  a b s t r a c t i o n s  as bui l t - in  
da t a  t y p e s  (e.g.,  the  symbol ic  man ipu la t ion  language  
MACSYMA has r a t iona l  func t ions  wh]eh are  s t o r e d  as 
ra t ios  of po lynomia l s  [Mathtab 77]). P r o g r a m s  in t h e s e  
domains  a re  e a s i e r  to  wri te  and u n d e r s t a n d  b e c a u s e  t h e  
no ta t ion  focuses  on the  c o m p u t a t i o n  to  be done  r a t h e r  
than how to implement it.. 

The problem, with this approach is that designing 
and  i m p l e m e n t i n g  a good p r o g r a m m i n g  language  is ve ry  
h a r d  and t i m e - c o n s u m i n g .  If your  i n t e r e s t  is c h e s s  p ro-  
g rams ,  you p robab ly  do no t  want  to  s p e n d  two y e a r s  
developing tooiis to  wri te  ches s  p rograms~ Moreover,  th is  
a p p r o a c h  a s s u m e s  t h a t  a fixed se t  of d a t a  t y p e s  can  be 
dev ised  to  d e s c r i b e  all t he  d a t a  a b s t r a c t i o n s  which m i g h t  
be needed .  Unfo r tuna te ly ,  this  a p p r o a c h  fails e i t h e r  
b e c a u s e  some r e a s o n a b l e  da ta  eabstraet ions m u s t  be left  
out  or  b e c a u s e  the  s e t  g e t s  too  large.  Ano the r  a p p r o a c h  
is to  def ine a small  s e t  of p r imi t ive  t ypes  (e.g., integer, 
real, boolean, and char) and type c o n s t r u c t o r s  (e.g., 
a r ray,  record ,  and po in te r )  which  can  be u s e d  to def ine 
o t h e r  a b s t r a c t i o n s .  This a p p r o a c h  is d i s c u s s e d  in t h e  
n e x t  seetk)n.  

3. EXTENSIBLE LANGUAGES 

Extensible programming languages attempted to 
solve the  p r o b l e m  of prolifer~xtion of s p e c i a l - p u r p o s e  
l anguages  by" providing c o n s t r u c t s  which allow a pro-  
g r a m m e r  to e x t e n d  a b a s e  language  to  a new language  
for a specif ic  p r o b l e m  domain .  ALGOL-68 [van Wijngaar- 
den  75]  and  ECL [Wegbrei t  71] are  e x a m p l e s  of exter ,si-  
ble languages .  1 

An ex t ens ib l e  l anguage  s u p p o r t s  syn tax ,  cont ro l -  
s t r u c t u r e ,  d a t a  type,  and  o p e r a t o r  e,r~ensions. A s v n t ~  
e x t e n s i o n  allows a p r o g r a m m e r  to  modify  the  s y n t a c t i e  
s t r u c t u r e  of t he  language.  A c o n t r o l - s t r u c t u r e  e x t e n s i o n  

changes the language control structures (typically by 
defining procedures). A data type extension introduces 
a new data type into the language. New data types are 
specified in terms of a small, fixed set of type construc- 
tors as mentioned above. In some languages the seman- 
tics for built-in primitives (e.g., p~tnt) can be extended 
to  work on the  new da ta  t y p e s  [Wegbrei t  71.]. An opera -  
to r  extension defines the semantics of an operator desig- 
nation when applied to user-defined data types. For 
example, the plus operator ('+') could be defined to be 
c o n c a t e n a t i o n  when  appl ied  to  two s t r i ng  values.  

Data type  and  o p e r a t o r  e x t e n s i o n s  can  be u s e d  to 
i n l p t e m e n t  t he  a b s t r a c t  en t i t i e s  and  o p e r a t i o n s  u sed  in 
an a lgor i thmf i  However,  e x t e n s i b l e  l anguages  do not  pro-  
vide a d e q u a t e  p r o t e c t i o n  to i n su re  t h a t  only m e a n i n g f u l  
a b s t r a c t  o p e r a t i o n s  are  p e r f o r m e d  on a value which 
r e p r e s e n t s  an a b s t r a c t  en t i ty .  Any o p e r a t i o n  which is 
legal  on the  d a t a  t y p e s  u s e d  to i m p l e m e n t  t he  a b s t r a c t  
en t i t y  can  be p e r f o r m e d  on it. For  example ,  if an a r r a y  
is u s e d  to i m p l e m e n t  a s t ack ,  any e l e m e n t  of t he  s t a c k  
can be changed because may element of an array can be 
reassigned. In other words, operations on the represeD- 
ration data type (array) can be performed on the 
abstract, data type (stack) even though those operations 
are not semantically valid on the abstract type. Extensi- 
ble languages do not provide a mechanism to restrict the 
operations on the abstract type. This situation raises 
the question "what is the role of type in a programming 
l anguage?"  

4. THE ROLE OF TYPE IN A PROGI~&MMING LANGUAGE 

Two views of t h e  role  of type  in a p r o g r a m m i n g  
l anguage  have b e e n  d i s c u s s e d  in t he  l i t e r a t u r e .  The f i rs t  
%ew is that a type is a set of values. A data type is 
defined by specifying the representation for the values. 
For exalnple, a queue can be described as an array and 
two indices, I;'RONT and HACK, which index the element 
at the front, respectively b~ck, of the queue. Operations 
on values of a particular abstract data type are coded as 
procedures but they are independent of the data type. 
This view is e m b e d d e d  in most p r o g r a m m i n g  languages 
(e.g., COBOL, FORTIL~N, PASCAL, 7hND PL/1) .  

The s e c o n d  view, r e f e r r e d  to as  the  " t y p e s  a re  no t  
se t s"  view, is t h a t  a type  is a l anguage  m e c h a n i s m  to 
en fo r ce  a u t h e n t i c a t i o n  and  s e c u r i t y  [Morris 7[@ Authen-  
t i ca t ion  e n s u r e s  t h a t  any value supp l i ed  to  an o p e r a t i o n  
is c o n s i s t e n t  with the type  e x p e c t e d  by t h a t  ope ra ,  ion. 
S e c u r i t y  e n s u r e s  t h a t  any opera[  ion app l ied  to  a value is 
mean ing fu l  for  t ha t  type .  EK:ensible  l anguages  a re  
b a s e d  on the  f irs t  view of t he  m e a n i n g  of t}~pe and, con- 
sequent ly ,  could  n o t  g u a r a n t e e  p r o t e c t i o n  which is 
in t r ins ic  to the s e c o n d  view. 

The r e l a t i o n s h i p  b e t w e e n  t h e s e  two views of type  
(.'an be m a d e  e i e a r e r  by looking at  t he  r e l a t i o n s h i p  
b e t w e e n  the  p r o b l e m  a p a r t i c u l a r  p r o g r a m  is solving and  
t h e  i m p l e m e n t a t i o n  of t h a t  p r o g r a m .  F igure  g shows the  
a b s t r a c t  and r e p r e s e n t a t i o n  levels  i n h e r e n t  in any p rob-  
l e m  which is solved by a eo rapu t e r .  The a b s t r a e t  en t i t i e s  
and  o p e r a t i o n s  are  t hose  a p r o g r a m m e r  c o n c e p t u a l i z e s  
when  solving a p ro b l em.  For  example ,  g r a p h i c s  appl iea-  
t.ions are  b a s e d  on objects such  as po'i~ts, lines, and  
polygons and o p e r a t i o n s  s u c h  as draw_line and 
shade_polygoTz. An i m p l e m e n t a t i o n  of a g r a p h i c s  pro-  
g r a m  m a y  use  a pair" of rea l  n u m b e r s  to  r e p r e s e n t  a 
point, t h r e e  r ea l  n u m b e r s  to r e p r e s e n t  a liz~.e (a point 
and a slope), and  a l inked  list  of pa i r s  of r ea l  n u m b e r s  to 
r e p r e s e n t  a .potyffon (a se t  of line's). The o p e r a t i o n s  

i~P  was I)robably the first extensibie taalguage since user- 
defined functions axe .revoked with the s~trr,e s>mtax as built-in fuanetions 
[McCarthy 6~]. ~i~s feature, as well as the fact that LISP programs amd 
data use the same representation and that LISP systems are almost al- 
ways interactive, has lead to ml entire subculture of application-specific 
LISP extensions [Bobrow 74]. 

% Lrm abstract ent!Ues and their operations are called ~m abstract 
data  ~I/pe. 
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ABSTRACT ENTITLES 
AND OPERATIONS 

IMPLEMENTED BY 

REPRESENTATION ENTITIES 
AND OPERATIONS 

Figure  2: Abs t r ac t  ve r sus  R e p r e s e n t a t i o n  Levels 

dravoline and shade_polygon can be  r e p r e s e n t e d  as pro-  
eedures .  

The "se t  of values" view of t ype  focuses  on the  
r e p r e s e n t a t i o n  level. That is, a type  which r e p r e s e n t s  a 
point is rea l ly  jus t  a pai r  of real  n u m b e r s .  The " types  
are  no t  se t s"  view focuses  on the a b s t r a c t  level. That  is, 
a type  d e n o t e s  t he  a b s t r a c t  da t a  type.  P r o g r a m s  coded  
using the  a b s t r a c t  da t a  t ypes  of t he  app l i ca t ion  domain  
are  eas ie r  to code  and  u n d e r s t a n d  b e c a u s e  i m p l e m e n t a -  
t ion deta i l  is s u p p r e s s e d  and t y p e - c h e c k i n g  can  provide  
m o r e  p r o t e c t i o n  aga ins t  e r ro r s .  

P r o m  a language  viewpoint,  at; a b s t r a c t  da ta  type  is 
a spec i f ica t ion  of t he  i m p l e m e n t a t i o n  of the a b s t r a c t  
en t i t i e s  and  ope ra t ions  which a re  encap:~ulated so t h a t  
t hey  only way to a cce s s  or modify  the en t i t i e s  is by the  
a b s t r a c t  opera t ions .  B e c e n t  l anguages  have inc luded  a 
c o n s t r u c t  t ha t  allows a p r o g r a m m e r  to define a b s t r a c t  
da ta  types .  Before d i scuss ing  the issues  involved in the  
des ign  of t h e s e  language  c o n s t r u c t s ,  r e s e a r c h  on nota-  
t ions to spec i fy  the  s e m a n t i e s  of an a b s t r a c t  da t a  type  is 
su rveyed .  

5. SEM/~NTIC SPECIFICATION OF AN 'ABSTRACT DATA 
TYPE 

A p r o g r a m m e r  should th ink  only in t e r m s  oF the  
a b s t r a c t  da ta  types ,  not  t h e i r  i m p l e m e n t a t i o n .  Conse- 
quently,  he  or she only n e e d s  to know the s e m a n t i c s  of 
t he  da t a  abs t r ac t i on .  The p r o b l e m  is how to spec i fy  the  
s e m a n t i c s  wi thout  giving an i m p l e m e n t a t i o n .  

This p r o b l e m  is the  s a m e  one faced by p r o g r a m m i n g  
language  des igne r s  when t rying to d e s c r i b e  the  s e m a n -  
t ics  of a p r o g r a m m i n g  language and, not  surpr is ingly ,  
the s a m e  techniques have been tried. There are two 
kinds  of semantic desc r ip t ions :  ope ra t iona l  and 
definit ional.  Opera t ional  spec i f i ca t ions  def ine the  
s e m a n t i c s  of a p r o g r a m  or a b s t r a c t  da t a  type by specify-  
ing the  mean ing  of e a c h  o p e r a t i o n  ia t e r m s  o[ a n o t h e r  
model ,  ca l led  the refererwe rn.odet, in o t h e r  words, giving 
an i m p l e m e n t a t i o n  in t e r m s  of a s imple  a b s t r a e t  mode l  
of c o m p u t a t i o n  (e.g., Vienna Definitional Language com-  
pu t a t i on  t r e e  [Wegn,zr 7~]). The advan tage  of this 
a p p r o a c h  is t h a t  s e m a n t i c  d e s c r i p t i o n s  are  easy  to wri te  
and  u n d e r s t a n d  b e c a u s e  it is s imi lar  to  p r o g r a m m i n g .  
The d i s advan t ages  are: 

I. t he  d e s c r i p t i o n s  can be quite  long and complex  
when  Urm o p e r a t i o n s  are  complex  or when t h e r e  are  
m a n y  d i f fe ren t  opera t ions ,  a 

2. it  is difficult to show a r e l a t ionsh ip  h e t w e e n  two 
a b s t r a c t  o p e r a t i o n s  (e.g., t ha t  t h e y  a re  inverses) ,  
and  

3. it is difficult to show the: equivalem~e of two opera-  
l ionel  spec i f i ca t ions .  

±,ong d e s o r i p U o n s  c a n  be avo ided  by tnaki,x{ 4 ,U: ~ r e f e r e n c e  mode l  
m o r e  c o m p l e x .  Fiat, tiffs med<es t h e  d e s c r i p t i o n s  h a r d e r  to  u n d e r s t a n d .  

Moreover,  how is the  m e a n i n g  of the  r e f e r e n c e  m o d e l  
e s t a b l i s h e d ?  

A def ini t ional  spec i f i ca t ion  def ines  the s e m a n t i e s  of 
an a b s t r a c t  d a t a  t ype  by speci fy ing  p r o p e r t i e s  of the  
values  and  o p e r a t i o n s  of the  type.  Alphard  [Waif 26] 
inc ludes  a def imt iona[  s e m a n t i c  d e s c r i p t i o n  with the  
d e c l a r a t i o n  of e a c h  a b s t r a c t  da t a  type  in a p r o g r a m .  
The d e s c r i p t i o n  is b a s e d  on H o a re ' s  ax iomat ic  a p p r o a c h  
to speci fy ing  p r o g r a m  s e m a n t i c s  [Hoare  69]. g u t t a g  
[Gut tag 50], Goguen et.=i. [ g o g u e n  75], and Liskov and 
Zilles [Liskov 74j have used  a def ini t ional  a p p r o a c h  b a s e d  
on a lgebra ic  re la t ions .  

Figure  3 gives an a lgebra ic  spec i f i ca t ion  of a queue.  
The n o t a t i o n  u s e d  in this e x a m p l e  was deve loped  by Gut- 
tag [Guttag fl0]. The a b s t r a c t  t ype  being spec i f ied  is 
QUEUE and has  a single p a r a m e t e r ,  n a m e d  T, which 
speci f ies  the  t ype  of t he  queue  e l e m e n t s .  4 The desc r ip -  
t ion c o n s i s t s  of a syn tac t i c ,  s e m a n t i c ,  and r e s t r i c t i o n  
spec i f ica t ion .  The s y n t a c t i c  spec i f i ca t ion  d e s c r i b e s  the  
names ,  domains ,  and r a n g e s  of t he  a b s t r a c t  ope ra t ions .  
For  example ,  t h e  create._q o p e r a t i o n  t a k e s  no a r g u m e n t s  
and r e t u r n s  a QUEU&. 

The s e m a n t i c  spec i f i ca t ion  d e s c r i b e s  the  mean ing  of 
the  a b s t r a c t  o p e r a t i o n s  by a s e t  of equa t ions  which 
r e l a t e  t he  opera t ions .  For  example ,  s e m a n t i c  equa t ion  3 
r e l a t e s  fr'orT.t_...q to add-_cI by no t ing  t h a t  a f te r  adding  an 
e l e m e n t  to  an e m p t y  queue,  t he  e l e m e n t  is at the  front .  
If t he  queue  was not  empty ,  the  e l e m e n t  at  the  f ron t  was 
the  one at  t he  f ron t  be fo re  t h e  new e l e m e n t  was added,  

The r e s t r i c t i o n s  spec i f i ca t ion  d e s c r i b e s  l imi ta t ions  
on the  use of the  ope ra t ions .  For  example ,  if a queue  is 
empty ,  rernove_q is undef ined .  

A se t  of equa t ions  should  be c o n s i s t e n t  (i,e., it 
should  be  imposs ib le  to der ive  a false s t a t e m e n t  f r o m  
the  equa t ions  when t a k e n  t o g e t h e r )  and c o m p l e t e  (e.g., 
t h a t  any we l l - fo rmed  fo rmula  or its nega t ion  can be 
p roved  t rue) .  Cons i s t ency  has  b e e n  ea s i e r  to show t h a n  
c o m p l e t e n e s s .  Consequent ly ,  r e s e a r c h  has  focused  on 
deriving p r o p e r t i e s  which a re  ana logous  to c o m p l e t e n e s s  
and  sa t i s fy  p rac t i ca l  c o n s t r a i n t s  (e.g., suff ic ient ly  com-  
p le te  [Guttag 80]). 

The p r o b l e m  with t he  a lgebra ic  approach ,  as well as 
the  o the r  a p p r o a c h e s  to s e m a n t i c  spec i f ica t ions ,  is t h a t  
the  effor t  r e q u i r e d  to  develop the  specifieal , ion does  not  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

4 The s p e c i f i c a t i o n  a c t u a l l y  de f i ne s  a fa ,vJ ly  of t ypes ,  q u e u e s  wi th  
d i r le : ' en t  e l e m e n t  t>~,es. 

type  QUEU-E iT:TYPE] 

s y n t a x  
create._q: --> QUEUE 
add_q: QUEUE* T - >  QUEUE 
remove_q:  QUEUE - >  QUEUE 
fr on k _ q :  QUEUE --> T 
isEmpty_q: QUEUE --> BOOLEAN 

s e m a n t i c s  
dec lare  q:QUEUE, x:T 
1. i sEmpty_q(erea te_ .q0  ) = t r u e  
a. isEmpty_R(add_q(x,q))  = fa l se  
3. f ront_q(add_q(q,x))  = if i sgmpty_q(q)  

t h e n  x 
e l s e  front__q(q) 

4. remove_q(add_q(q ,x) )  = if  isEmpty_.q(q) 
t h e n  c r e a t e _ q 0  
e l se  ad d__q(rem ove__q(q), x) 

restrictions 
i sEmpty_q(q)  ==> failure(front_..q,q) 
isEmpty__q(q) ==> f a i l u r e ( r emove_q ,@ 

Figure  3: Algebra ic  Relat ion ~pec i f i ea t ion  
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pay-off. Well-writ ten c o m m e n t s  are  a lmos t  always eas ie r  
to u n d e r s t a n d .  

Some work has b e e n  done  on a u t o m a t i c  se lec t ion  of 
k n p l e m e n t a t i o n s  for a b s t r a c t  d a t a  types  [Dewar 79, 
Gotlieb 74, Low 78, Rowe 78]. However,  m o s t  of this  work 
u s e d  an opera t iona l  spec i f i ca t ion  of t h e  da ta  type  s eman -  
t ics  because  it is ha rd  to d e d u c e  enough  in fo rma t ion  
f rom a defini t ional  spec i f i ca t ion  to p roduce  a p r ac t i c a l  
i m p l e m e n t a t i o n .  

6. lANGUAGE CONSTRUCTS 

The S]MULA clctss was the first language construct to 
associate the abstract operations ,.dth the entities on 
which t h e y  were  def ined  [Bir twis t le  7~]. A class  com-  
bines  t he  p r o e e d n r e  def ini t ions  which i m p l e m e n t  the  
a b s t r a e t  o p e r a t i o n s  with t he  type  d e c l a r a t i o n s  which 

i m p l e m e n t  the abstract ent i t ies .  However, en t i t i e s  
declared in a class can be accessed directly without 
using the class operations. Classes do not provide pro- 

tection as discussed i:i Section 4. 8 

CLU [liskov 7711 and Alphard [Wulf 78] we.re the first 
languages to provide a data abstraction construct simi- 
lar to c.lasses ~enich also e n f o r c e d  p r o t e c t i o n .  An e x a m -  
pile of the  d e c l a r a t i o n  of t he  QUEUE a b s t r a c t i o n  spec i f ied  
Jr,. the  p rev ious  sec t ion  is given in Figure  4. This imple-  
m e n t a t i o n  is a bounded queue while the semantic 
specification was for an unbounded queue. The export- 
statement lists the identifiers wbicb, will be visible 
outside the ~ostraetion. R¢~ declare~ the representa- 
tion for q~zeue values. Notice that argumehts to I he pra- 
.................................. 

5 interestingly, the designers of S,.~34UT~A never thought about limit- 
ing access to the class entities [Da~hl 79]. 

q u e u e :  module[T:  type ,N:natura l ]  
e x p o r t  e r e  ate, i sEmpty ,  add_q, remove_q,  ~ront__q 

* I m p l e m e n t  queue by  c i r cu l a r  buffer  with two indexes:  f ron t  and  back.  F r o n t  i n d ex es  
* the  f i rs t  e l e m e n t  on the  queue and  b a c k  indexes  the  n e x t  f ree  locat ion.  The queue  
* is e m p t y  when f ron t=back .  
, /  

rep = record 
q: array 0..N-I of T 
front, back: 0..N-I 

end 

e r ea t e :  p r o c e d u r e ( i n c u r  x:rep) = 
b e g i n / *  init ial ize r ep  when queue c r e a t e d  * /  

x . f ront ,  x .baek  := 0 
e n d  

i sEmpty :  p roeedure (x : r ep ) :boo~ean  = 
b e g i n  

r e t u r n ( x . f r o n t =  x .back)  
e n d  

add_q: p rocedure (x : rep ;y :T)  = 
beg in  

i f  ( x .baok+ l )  rood N n o t =  x . f ron t  t h e n  
x.q[x, baek]  : :  y 
x.back := (x.back+l) inodN 

else 
r a i s e  queue__overfiow 

e n d  if 
e n d  

remove_q:  proc .edure(x: rep) :T = 
b e g i n  

i f  x .baek  no t=  x . f ront  Lhen 
x . f ron t  := ( x . f r o n t + l )  rood N 

e l s e  
r a i s e  queue_unde:-fiow 

e n d  ff 
~nd  

front_x1: p r o e e d u r e ( x : r e ? ) : T  = 
beg in  

i f  x .back  : lot= >:.front t h e n  
r e t u r n ( x . f r o n t )  

£:[se 
r a i s e  queue_underf iow 

e n d  if 
e n d  

e n d  t I* queue  * /  

F igure  4: Dec la ra t ion  of a Bounded  q u e u e  
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e e d u r e s  in t h e  a b s t r a c t i o n  a r e  d e c l a r e d  to b e  of  t y p e  
r ep .  W h e n  a queue v a l u e  is  p a s s e d  a s  a n  a r g u m e n t  of 
t y p e  rap  to a p r o c e d u r e  in  t h e  a b s t r a c t i o n ,  i t  is u n s e a l e d  
so  t h a t  t h e  i n t e r n a l  s t r u c t u r e  of  t h e  v a l u e  c a n  b e  
a c c e s s e d  a n d  m o d i f i e d  i n s i d e  t h e  a b s t r a c t i o n .  O u t s i d e  
t h e  a b s t r a c t i o n  t h e  r e p r e s e n t a t i o n  of que~ze v a l u e s  c a n -  
n o t  b e  a c c e s s e d .  

Two q u e u e s  a r e  d e c l a r e d  a n d  i m p l i c i t l y  i n i t i a l i z e d  
(by  ca l l s  on  create) a s  follows: 

d e c l a r e  q l : q u e u e ( i n t e g e r ,  E5) 
q 2 : q u e u e ( p r o c e s s _ L y p e ,  15) 

An e l e m e n t  is  a d d e d  to  t h e  q u e u e  of i n t e g e r s  by:  

q l . a d d _ q ( i )  

O 1, t h e  q u e u e  o n  w h i c h  t h e  o p e r a t i o n  is  p e r f o r m e d ,  is 
i m p l i e i U y  b o u n d  to  t h e  f i r s t  a r g u m e n t  to  t h e  p r o c e d u r e  
add__q. N o t i c e  how t h e  r e s t r i c t i o n s  s p e c i f i e d  in t h e  
s e m a n t i c  s p e e i f i e a t i o n  a r e  i m p l e m e n t e d  in front . .q a n d  
re77Love_.~. 

M o s t  p r o g r a m m i n g  l a n g u a g e s  d e s i g n e d  in t h e  l a s t  
few y e a r s  h a v e  i n c l u d e d  a d a t a  a b s b ' a c t i o n  c o n s t r u c t  
(e .g. ,  ADA [ADA 79],  MESA [ C e s e h k e  77],  MODULA [Wir th  
77], a n d  RIGEL [Rowe 80]) .  D i f f e r e n t  l a n g u a g e s  u s e  
d i f f e r e n t  n a m e s  fo r  t h e  c o n s t r u c t  (e .g. ,  c a p s u l e ,  c l u s t e r ,  
e n v e l o p e ,  f o r m ,  or  m o d u l e ) ,  s but, e a c h  c o n s t r u c t  s e r v e s  
t h e  s a m e  p u r p o s e .  The  r e m a i n d e r  of  t h i s  s e c t i o n  
d i s c u s s e s  s o m e  of  t h e  l a n g u a g e  d e s i g n  i s s u e s  r e l a t e d  to  
t h e s e  c o n s t r u c t s .  

The  f i r s t  d e s i g n  i s s u e  is  w h e t h e r  a d a t a  a b s t r a c t i o n  
c a n  d e c l a r e  m o r e  t h a n  o n e  d a t a  t y p e .  U p  to  t h i s  p o i n t  
e a c h  a b s t r a c t  d a t a  t y p e  d e f i n e d  on l y  o n e  d a t a  t y p e  in 
t h e  p r o g r a m .  F o r  e x a m p l e ,  w h e n  t h e  gueue  a b s t r a c t i o n  
is i n s t a n t i a t e d  wit, h ~ s p e c i f i c  t y p e  p a r a m e t e r ,  s a y  
i.nteger, a n d  n u m b e r  of  e l e m e n t s ,  s a y  25, a d a t a  t y p e  
queue[intege'r, 25] is d e f i n e d .  S o m e  d a t a  a b s t r a c t i o n s  
r e q u i r e  t h e  d e c l a r a t i o n  of m o r e  t h a n  o n e  d a t a  t y p e .  
M o r e o v e r ,  i t  m a y  be  i m p o s s i b l e  to  s e p a r a t e  t h e  i m p l e -  
m e n t a t i o n s  of t h e s e  t y p e s .  An e x a m p l e  is a v i r t u a l  t e r -  
m ined  a b s t r a c t i o n  w h i c h  a l lows m u l t i p l e  w i n d o w s  of d a t a  
to  be  v i s i b l e  s i m u l t a n e o u s l y  on  t h e  s c r e e n .  The  a b s t r a c -  
t i o n  m u s t  d e f i n e  a v/'rtuat._2er-rnir~ag t y p e  a n d  a voindovo 
t y p e .  The  i m p l e m e n t a t i o n s  of L hese  a b s t r a c t  da.~a t y p e s  
c a n n o t  b e  s e p a r a t e d  b e c a u s e  o p e r a t i o n s  on  ~aAndovYs 
m u s t  h a v e  a c c e s s  to  t h e  virtuag__terrrvinal, i m p l e m e n t a -  
t ion .  

A s e c o n d  d e s i g n  i s s u e  is w h e t h e r  t h e  i n t e r f a c e  ko a 
d a t a  a b s t r a c t i o n  (i .e. ,  t h e  t y p e s  a n d  p r o c e d u r e  h e a d e r s )  
is  s e p a r a t e d  f r o m  t h e  i m p l e m e n t a t i o n  of  t h e  a b s t r a c t i o n .  
In t h e  queue e x a m p l e ,  t h e  i m p l e m e n t a t i o n  was  n o t  
s e p a r a t e d  f r o m  t h e  i n t e r f a c e  s p e e i f i e a t i o n .  C o n s e -  
q u e n t l y ,  n o t i c e  h o w  y o u  m u s t  r e a d  t h r o u g h  t h e  i m p l e -  
m e n t a t i o n  c o d e  to d i s c o v e r  t h e  n u m b e r  a n d  t y p e  of 
a r g u m e n t s  to  a n  a b s t r a c t  o p e r a t i o n ,  for  e x a m p l e  
frortt_q. S e p a r a t i o n  of t h e  i n t e r f a c e  is a g o o d  i d e a  
b e c a u s e  p r o g r a m m e r s  o n l y  s e e  t h e  i n f o r m a t i o n  n e e d e d  
to  u s e  t h e  a b s t r a c t i o n .  

A t h i r d  d e s i g n  i s s u e  is  w h e t h e r  d a t a  a b s t r a c t i o n s  
c a n  b e  p a r a m e t e r i z e d  a n d ,  if so,  w h a t  k i n d s  of p a r a m e -  
t e r s  a r e  a l lowed.  F o r  e x a m p l e ,  t h e  queue a b s t r a c t i o n  
h a s  two p a r a m e t e r s  t h a t  s p e c i f y  t h e  t y p e  of t h e  que'tze 
e l e m e n t s  a n d  t h e  m a x i m u m  n u m b e r  of e l e m e n t s  in t h e  
queue ( m u s t  it. be  a c o m p i l e - t i m e  c o n s t a n t ? ) .  The  
t r a d e - o f f  on  w h e t h e r  o r  n o t  to  h a v e  p a r a m e t e r i z e d  
a b s t r a c t i o n s  is b e t w e e n  p r o g r a m m i n g  e a s e  a n d  i m p l e -  
m e n t a t i o n  e f f i c i e n c y .  A p a r a m e t e r i z e d  a b s t r a c t i o n  
a l lows o n e  p r o g r a m  f r a g m e n t  to  d e f i n e  m a n y  d i s t i n c t  
a b s t r a c t i o n s .  C o n s e q u e n t l y ,  w r i t i n g  a n d  m a i n t a i n i n g  
p r o g r a m s  s h o u l d  b e  e a s i e r  b e c a u s e  t h e r e  is o n l y  o n e  
c o p y  of t h e  code .  H o w e v e r ,  to i n s u r e  r u n - t i m e  e f f i c i e n t  
i m p l e m e n t a t i o n ,  a c o m p i l e r  will be  c o n s i d e r a b l y  m o r e  
c o m p l e x .  And, in  t h e  c a s e  of t y p e  p a r a m e t e r s ,  m a y  
r e s u l t  in r u n - t i m e  i n e f f i c i e n c i e s  ksee  t h e  e x a m p l e  of a 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

s ]~oaJ.tor eor, s t ructs  in systeq~ programming languages [Hoare 74] 
are sirrd!ar to data abstract.ion constructs. They have a notion of pro 
eeas and synchronization as well as encapsulation and protection. 

r e o u r s i v e  p a r a m e t e r i z e d  a b s t r a c t i o n  in  [ A t k i n s o n  78]) .  'A 
r e l a t e d  i s s u e  is  w h e t h e r  p a r a m e t e r i z e d  a b s t r a c t i o n s  c a n  
be  s e p a r a t e l y  c o m p i l e d .  

The  l a s t  d e s i g n  i s s u e  r e l a t i n g  to  d a t a  a b s t r a c t i o n  
c o n s t r u c t s  is w h e t h e r  c o n s t r a i n t s  c a n  b e  a s s o c i a t e d  w i t h  
t y p e  p a r a m e t e r s  p a s s e d  to  d a t a  a b s t r a c t i o n s  a n d  w i t h  
v a l u e s  p a s s e d  to  p r o c e d u r e s  [Jones 78]. For  e x a m p l e ,  
s u p p o s e  t h e r e  is a n  a b s t r a c t i o n  w i t h  a t y p e  p a r a m e t e r  
fo r  t h e  e l e m e n t s  of  t h e  a b s t r a c t  s t r u c t u r e  a n d  a n  
a b s t r a c t  o p e r a t i o n  t o  s o r t  t h e  s t r u c t u r e .  Any  t y p e  v a l u e  
p a s s e d  to  t h i s  a b s t r a c t i o n  m u s t  h a v e  a l e s & 2 h a n  o p e r a -  
t i o n  w h i c h  c a n  b e  u s e d  to d e f i n e  t h e  s o r t  o p e r a t i o n .  If a 
l e s s _ t h a n  o p e r a t i o n  is n o t  s u p p l i e d ,  s o r t  w o u l d  b e  m e a n -  
i n g l e s s .  A c o n s t r a i n t  is  n e e d e d  on  t h e  f o r m a l  t y p e  
p a r a m e t e r  w h i c h  c a n  be  c h e c k e d  e i t h e r  a t  c o m p i l e -  o r  
r u n - t i m e  to  d e t e r m i n e  t h a t  t h e  l e s s _ t h a n  o p e r a t i o n  
e x i s t s .  

A n o t h e r  e x a m p l e  of a c o n s t r a i n t  is  to  l i m i t  t h e  
o p e r a t i o n s  w h i c h  c a n  be  p e r f o r m e d  on  a n  e n t i t y  p a s s e d  
as  a n  a r g u m e n t  t o  a p r o c e d u r e .  S p e c i f i c a t i o n  of  t h e s e  
c o n s t r a i n t s  c a n  m a k e  p r o g r a m s  m o r e  r e l i a b l e  s i n c e  
a s s u m p t i o n s  w h i c h  m u s t  be  s a t i s f i e d  fo r  t h e  p r o g r a m  to  
w o r k  c a n  b e  c h e c k e d  b y  a c o m p i l e r .  U n d e r  s o m e  c i r -  
c u m s t a n c e s ,  t h e  c o n s t r a i n t s  m a y  l e a d  to  m o r e  e f f i c i e n t  
i m p l e m e n t a t i o n s .  

7. TYPE HIERARCHIES AND GENERIC PROCEDURES 

P a r a m e t e r i z e d  d a t a  a b s t r a c t i o n s ,  d i s c u s s e d  in t h e  
p r e v i o u s  s e c t i o n ,  d e f i n e  a h i e r a r c h y  b e t w e e n  t y p e s .  Th e  
p a r a m e t e r i z e d  a b s t r a c t i o n  is a g e n e r a l i z a t i o n  of a n  
i n s t a n c e  of t h e  a b s t r a c t i o n  w h i c h  h a s  a p a r t i c u l a r  v a l u e  
b o u n d  t o  t h e  p a r a m e t e r .  F o r  e x a m p l e ,  
queue[T:type,  N.'natural] is a g e n e r a l i z a t i o n  of 
queue[integer,25].  P r o g r a m m i n g  l a n g u a g e  t y p e  s y s t e m s  
d e f i n e  o t h e r  t y p e  h i e r a r c h i e s :  s u b t y p e s  a n d  u n i o n  t y p e s .  

PASCAL was  t h e  f i r s t  l a n g u a g e  to  i n t r o d u c e  s u b -  
t y p e s .  S u b r a n g e s  of i n t e g e r s  a n d  e n u m e r a t e d  t y p e s  
c o u l d  be  d e f i n e d .  Fo r  e x a m p l e ,  1..10 i s  a s u b r a n g e  of 
i n t eger  ( c a l l e d  t h e  base type). S u b r a n g e s  a r e  u s e d  to  
l i m i t  t h e  p o s s i b l e  v a l u e s  a v a r i a b l e  c a n  h a v e  a n d  to  
d e f i n e  t h e  d o m a i n  of a n  a r r a y  i n d e x .  O p e r a t i o n s  o n  t h e  
b a s e  t y p e  a r e  a l s o  d e f i n e d  on  t h e  s u b r a n g e  t y p e  b u t  m a y  
be  i n f e a s i b l e  (i .e. ,  t h e  r e s u l t  m a y  riot  be  in t h e  
s u b r a n g e ) .  

U n i o n  t y p e s  i n t r o d u c e  a n o t h e r  k i n d  of  t y p e  h i e r a r -  
chy .  ? A u n i o n  t y p e  l i s t s  a n u m b e r  of  a l t e r n a t i v e  t y p e s  
t h a t  a p a r t i c u l a r  v a r i a b l e  m a y  ho ld .  F o r  e x a m p l e ,  t h e  
d e c l a r a t i o n  

d e c ! a r e  x : u n i o n ( i n t e g e r ,  r e  el, c h a r )  

d e f i n e s  a v a r i a b l e  w h i c h  m a y  ho ld  a n  integer,  real  o r  
c h a r  v a l u e .  At a n y  p o i n t  in  t h e  c o m p u t a t i o n ,  x will h o l d  a 
v a l u e  o f  o n e  of t h e s e  t y p e s .  L a t e r ,  t h e  t y p e  of t h e  v a r i -  
a b i e  m a y  b e  c h a n g e d  to  one  of t h e  o t h e r  a l t e r n a t i v e s .  

U n i o n  t y p e s  a r e  u s e f u l  w h e n  a c o m p u t a t i o n  is t h e  
s a m e  e x c e p t  for  t h e  t y p e s  of  t h e  v a l u e s .  F o r  e x a m p l e ,  to 
s u m  t h e  e l e m e n t s  o f  a n  a r r a y  t h e  p r o g r a m  l o o k s  v e r y  
s i m i l a r  w h e n  t h e  a r r a y  e l e m e n t s  a r e  i n t e g e r s  o r  r e a l s :  

SUM: procedure(A:  a r r a y  1.. 10 o f  T):T = 
d e c l a r e  x:T 
b e g i n  

x : = 0  
for i in 1.. 10 do 

x := x + All] 
e n d  for  

e n d / *  SU?vt * /  

The  d i f f e r e n c e s  in  t h i s  c o d e  w h e n  T is  a n  i n t eger  a n d  a 
real  a r e  t h e  c o n s t a n t  u s e d  to  i n i t i a l i z e  x a n d  t h e  c o d e  
p r o d u c e d  fo r  t h e  ' + '  o p e r a t o r .  C o m p i l e r s  fo r  l a n g u a g e s  
w i t h  u n i o n  t y p e s  c a n  so lve  t h e s e  p r o b l e m s  b y  g e n e r a t i n g  
c o d e  for  al l  t y p e s  in t h e  u n i o n  a n d  s e l e c t i n g  t h e  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

~/arian' r cords are another language construct  to realize union 
types. ,, e nrz.~or d{ff~.rv-nee is that variant records include an e.xlolieit 
deelaraU_ n o r t.i~te keg which specifies the curt'eat ty]~e of l.he value. 
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a p p r o p r i a t e  code  a t  r u n - t i m e  (e.g., ALGOL 68 [van 
Wijngaa rden  75]]. Ano the r  a p p r o a c h  is to force  the  pro-  
g r a m m e r  to  p e r f o r m  the  t e s t  explici t ly:  

c a s e  t ype (x )  of 
i n t ege r :  x := x + A[i] 
real :  x := x + A[i] 

e n d  c a s e  

Notice t h a t  t h e  '+ '  o p e r a t i n n  on t he  f i rs t  ( s e c o n d )  l ine is 
integer (Teal) addi t ion .  This a p p r o a c h  m a k e s  the  pro-  
g r a m m e r  m o r e  aware  of t he  code  be ing  g e n e r a t e d  and  
allows h i m / h e r  to leave out. c a s e s  which  are  g u a r a n t e e d  
no t  to occur .  

In t h e  SUM p r o c e d u r e  ' + '  is an  e x a m p l e  of a 9 e n e r / c  
o p e r a t i o n  b e c a u s e  it is de f ined  for m a n y  d i f f e ren t  t y p e s .  
While '+ '  is a bu i l t - in  ope ra t ion ,  s o m e  l a n g u a g e s  allow 
u s e r - d e f i n e d  g e n e r i c  o p e r a t i o n s  a n d  p r o c e d u r e s  (e.g.,  
ADA [ADA 79]). For e x a m p l e ,  a p r o g r a m  c a n  def ine  m a n y  
p r o c e d u r e s  n a m e d  f wi th  d i f f e ren t  n u m b e r s  and  t y p e s  of 
p a r a m e t e r s .  For  e a c h  call on f code  for t he  c o r r e c t  pro-  
e e d u r e  will be g e n e r a t e d  by e x a m i n i n g  t he  n u m b e r  a n d  
t y p e s  of a c t u a l  p a r a m e t e r s .  Note that t ype  p a r a m e t e r -  
ized d a t a  a b s t r a c t i o n s  u s u a l l y  have  s o m e  g e n e r i c  p ro-  
c e d u r e s .  

B. TYPF,-CHECKING 

The goal  of t y p e - c h e c k i n g  is to  i n s u r e  t h a t  t he  
o p e r a t i o n  p e r f o r m e d  on a va lue  is m e a n i n g f a ]  in t he  
s e n s e  of Sec laon  4. The u s e f u l n e s s  of d a t a  a b s t r a c t i o n  
c o n s t r u c t s  d e p e n d s  on r e a s o n a b l e  t y p e - c h e c k i n g  ru l e s .  
If the  r u l e s  a r e  'coo c o m p l e x  or r e s t r i c t i v e ,  p r o g r a m m e r s  
will n o t  u s e  t h e  dal.a a b s t r a c t i o n  c o n s t r u c t s  or" t h e y  will 
find a way  to c i r c u m v e n t  t he  t ype  s y s t e m .  ] 'his s e e [ i on  
d e s e r i b e s  t h e  two baMc a p p r o a c h e s  to t y p e - c h e c k i n g ,  
n a m e  e q u i v a l e n c e  a n d  s t r u c t u r a l  equ iva l ence ,  a nd  s o m e  
of the  p r o b l e m s  with t h e m .  

N a m e  e q u i v a l e n c e  de f ines  two va lue s  to be t ype  
c o m p a t i b l e  if t he  " n a m e s "  of the  t y p e s  a re  t h e  s a m e .  
For  e x a m p l e ,  g iven  

d e e t a r e  x,y: i n t e g e r  

z a n d  'y a r e  t y p e  c o m p a t i b l e  b e c a u s e  the  iden t i f i e r  wh ich  
def ines  the i r  type,  in th i s  c a s e  "irdeger, is t h e  s a m e .  
Even if z and  ?t were  d e c l a r c d  on s e p a r a t e  l ines,  e.g., 

d e c l a r e  x: i n t e g e r  
y: i n t e g e r  

t h e y  a r e  still  t y p e  c o m p a t i b l e  b e c a u s e  the iden t i f i e r  
which  de f ines  t h e  t ype  is t he  s a m e .  

Suppose ,  however ,  t h a t  t he  t y p e  was spec i f i ed  by  a 
t y p e - c o n s t r u c t o r  (e.g., a r r ay ,  r ecord ,  file, or r e l a t i o n )  
r a t h e r  t h a n  by a type  ident i f ier .  ]n th is  ease ,  ._~ end  7y do 
no t  have  t h e  s a m e  type  iden t i f i e r  so ri ley ace not  t ype  
c o m p a t i b l e .  For  e x a m p l e ,  g iven  

d e c l a r e  x ,y:  a r r a y  i . . ] 0  of i n t e g e r  
z: a r r a y  1..10 of i n t e g e r  

a: an d  y a r e  t y p e  compat . iblc ,  b u t  n e i t h e r  z a n d  z n o r  ~/ 

an d  z a re  type  c o m p a t i b l e .  To m a k e  t h e m  type  c o m p a t i -  
ble a t y p e  n a m e  mus t .  be  d e c l a r e d  as  follows 

d e c l a r e  T: t ype  = a r r a y  1.. l0  of  i n t e g e r  
x,y:T 

z:T 

Now, alI t h r e e  v a r i a b l e s  a r e  t ype  c o m p a t i b l e  b e c a u s e  
t h e y  have  the  s a m e  t ype  ident i f ie r .  

S t r u c t u r a l  e q u i v a l e n c e  de f ines  two va lue s  to be t y p e  
c o m p a t i b l e  if t he  d a t a  r e p r e s e n t a t i o n  is t h e  s a m e ,  
r e g a r d l e s s  of how it is d e c l a r e d .  For  e x a m p l e ,  g iven  

d e c l a r e  T: type  = a r r a y  t . .10  of integer" 
x: T 
y: a r r a y  1..10 of i n t e g e r  
z: a r r a y  1.. 10 of i n t e g e r  

all t h r e e  v a r i a b l e s  a re  type  c o m p a t i b l e .  

The i s su e  rea l ly  is w h e t h e r  t he  d e c l a r a t i o n  o[ a t ype  
iden t i f i e r  (T in t h e  e x a m p l e s  above)  de f ines  a new d a t a  

type  ( n a m e  e qu iva l e nc e )  or  w h e t h e r  it is j u s t  a s h o r t e r  
no t a t i on ,  or m a c r o ,  for  the  type  s p e c i f i c a t i o n  ( s t r u c t u r a l  
equ iva l ence ) .  B e c a u s e  the  t h e m e  of th i s  p a p e r  h a s  b e e n  
t h a t  p r o t e c t i o n  c a n  m a k e  p r o g r a m s  m o r e  re l iable ,  t h e  
r e a d e r  might,  a s s u m e  t h a t  n a m e  e q u i v a l e n c e  is bes t .  
This a s s u m p t i o n  is fa lse  b e c a u s e  n a m e  e q u i v a l e n c e  does  
i n t r o d u c e  s o m e  p r o b l e m s .  

S u p p o s e  one  w a n t e d  to  def ine  a l i b r a r y  func t i on ,  
n a m e d  SUM, to s u m  the  e l e m e n t s  of an  a r r a y  and  t h a t  
t y p e - c h e c k i n g  was b a s e d  on n a m e  equ iva l ence .  SUM 
s h o u l d  work for  a n y  o n e - d i m e n s i o n a l  a r r a y  r e g a r d l e s s  of 
how its  t ype  is spec i f ied .  8 A s s u m i n g  t h a t  t h e  f o r m a l  a r g u -  
m e n t  t y p e  is spe c i f i e d  by an  a r r a y - c o n s t r u c t o r ,  e.g., 

SUM: p r o c e d u r e ( A :  a r r a y  1.. 10 of  i n t ege r ) :  i n t e g e r  

all a r r a y  v a r i a b l e s  d e c l a r e d  in t h e  p r o g r a m ,  w h e t h e r  
spe c i f i e d  by a t y p e  iden t i f i e r  or  a n  a r r ay -eons~ ; rue to r ,  
wi!! be type i n c o m p a t i b l e  with A. 

The s a m e  problem,  a r i s e s  with u s e r - d e f i n e d  pro-  
o r d u r e s .  W he ne ve r  a s t r u c t u r e d  var iab le  is to be  p a s s e d  
as  a n  a r g u m e n t  to  or  r e t u r n e d  as  t h e  r e s u l t  of a p ro-  
c e d u r e ,  a t ype  m u s t  be def ined.  B e c a u s e  {,he s a m e  p ro -  
o r d u r e s  a re  n e e d e d  on different,  a b s t r a c t  t y p e s ,  e i t h e r  
s e v e r a l  cop ie s  of e a c h  p r o c e d u r e  c a n  be d e f i n e d  (one  for 
e a c h  d i s t i n c t  t ype )  or  t he  d i s t i n c t  a b s t r a c t  t y p e s  c a n  be  
de f ined  as one n a m e d  t,ype. Most t i m e s  a p r o g r a m m e r  
will do t he  l a t t e r  b e c a u s e  it s a v e s  s p a c e  and  avoids  t he  
p r o b l e m  of hav ing  to r e m e m b e r  to u p d a t e  m u l t i p l e  
c.opies of a p r o c e d u r e  w he n  a bug  is fixed. C o n s e q u e n t i y ,  
p u r e  n a m e  e q u i v a l e n c e  m a y  no t  he lp  t ype  s e c u r i t y .  

S t r u c t u r a l  e q u i v a l e n c e  so lves  th i s  p r o b l e m  b u t  it 
h a s  o t h e r  p r o b l e m s .  The m a j o r  one is t he  c o m p l e x i t y  
a n d  e f f in iency  of t y p e - c h e c k i n g  a t  c o m p i l e - t i m e .  For  
e x a m p l e ,  t h i n k  a b o u t  the  a l g o r i t h m  r e q u i r e d  to d e t e r -  
m i n e  t h a t  

d e e l a r e  TI: t ype  = r e c o r d  f1: T; f 2 : ~ T 2  e n d  
T2: t y p e  = r e c o r d  f l :  T; fg: ~T1 e n d  

a re  t y p e  c o m p a t i b l e .  Moreover ,  d e p e n d i n g  on how s t r u e -  
t u r a l  e q u i v a l e n c e  is def ined ,  s o m e  ba d  p r o g r a m  b u g s  
m a y  no t  be  d e t e c t e d  [Welsh 77]. For  e x a m p l e ,  if 

v a t  x: r e c o r d  re , im:  rea l  e n d  
y: r e c o r d  irn, re: r ea l  e n d  

a re  t ype  c o m p a t i b l e  (bo th  a r e  r e c o r d s  with two fields 
e a c h  with t h e  s a m e  t ype  n a m e ) ,  t h e  a s s i g n m e n t  of ac to ~/, 
or vice ve r sa ,  will p r o d u c e  v e r y  s t r a n g e  r e s u l t s  if t he  
a s s i g n m e n t  is p e r f o r m e d  by a b lock  copy  o p e r a t i o n .  One 
so lu t ion  to th i s  p r o b l e m  is to r e q u i r e  t h a t  b o t h  r e c o r d s  
have  t h e  s a m e  n u m b e r  of fields with i d e n t i c a l  s e l e c t o r  
n a m e s  in t he  s a m e  o r d e r  e a c h  with c o m p a t i b l e  t ypes .  
Not ice  how c o m p l i c a t e d  t y p e - c h e c k i n g  is b e c o m i n g  and  
no t e  that, t h e  p r o g r a m m e r  m u s t  r e m e m b e r  t h e s e  r u l e s  
too. 

Many v a r i a n t s  of t h e s e  two ba s i c  a p p r o a c h e s  to 
t y p e - c h e c k i n g  a re  poss ib le .  The  i de a  is to def ine  a t y p e -  
c h e c k i n g  ru le  which wiil be  " r igh t "  m o s t  of the  t~me, 
which  will be r e a s o n a b l y  e a s y  to i m p l e m e n t ,  a n d  which  
e a n  be  u s e d  to  d e s c r i b e  t h e  t y p e  p r o t e c t i o n  t h e  pro-  
g r a m m e r  d e s i r e s .  E x a m p l e s  o[ s o m e  v a r i a n t s  are: 

1. s t r u c t u r a l  e q u i v a l e n c e  c a n  be a p p l i e d  to  only  s o m e  
t y p e  c o n s t r u c t o r s  (e.g., r e c o r d  a nd  a r r a y  t y p e s  b u t  
n o t  e n u m e r a t e d  t y p e s )  [Mitchel l  79], and 

~. type  c o n s t r u c t o r s  c a n  be  t y p e - c h e c k e d  us ing  s t r u c -  
t u r a l  e q u i v a l e n c e  end n a m e d  t y p e s  can  be t ype -  
c h e c k e d  us ing  n a m e  e q u i v a l e n c e  [Rowe {30]. 

While t h e s e  v a r i a n t s ,  a nd  o t h e r s ,  c o m e  close: to an  idea l  
t y p e - c h e c k i n g  rule ,  no rule  is p e r f e c t  b e c a u s e  t.ype- 
c h e c k i n g  is a s y n t a c t i c  i m p l e m e n t a t i o n  of a s e m a n t i c  
func t ion .  

u Jn th is  example  we ignore Em prob lems  of dynmrae or variable- 
s ized ,arrays and" of var iable  e l emen t  types .  
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9. SU NM~aRY 
Research in data abstract ion is searching for nota- 

tions, methodologies, and tools to make programs more 
reliable, easier to read and understand, and therefore, 
easier to maintain and enhance. Specific directions 
which have been investigated are: 

i. data type extensicns to programming languages, 

2. formal specification of data abstract ion semantics,  

3. language mechanisms to encapsulate data abstrac- 
tions, and 

4. type systems which are flexible, yet secure, and can 
be effmiently type-checked. 

Many areas remain to be explored including tools 
for the development of data abstractions, libraries of 
data abstractions, specifications of performance infor- 
mation [Bentley 80], and user-controlled compilation 
and optimization systems. 
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