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ABSTRACT 

I t  has  r e c e n t l y  become a p p a r e n t  t h a t  o n l y  b y  s t r i v i n g  f o r  t h e  
u t m o s t  s i m p l i c i t y  i n  p r o g r a m m i n g  l a n g u a g e s  can one hope t o  
p r o d u c e  p r o g r a m s  w h i c h  e x p r e s s  t h e i r  s e m a n t i c s  c l e a r l y .  Thus 
i t  i s  e s s e n t i a l  t o  examine  any  new l a n g u a g e  f e a t u r e  t o  see i f  
i t s  c o n t r i b u t i o n  t o  ease  o f  e x p r e s s i o n  o u t w e i g h s  i t s  c o s t  i n  
t e r m s  o f  l a n g u a g e  c o m p l e x i t y .  

T h i s  t h e s i s  examines  e x c e p t i o n  h a n d l i n g  mechanisms i n  
t h i s  l i g h t .  Such mechanisms a r e  i n c l u d e d  i n  t h e  p r o g r a m m i n g  
l a n g u a g e s  P L / I ,  CLU and  Ada, and  e x t e n s i v e  p r o p o s a l s  have  been  
made by  L e v i n .  A l l  t h e  mechanisms a r e  " h i g h - l e v e l "  i n  t h e  
sense  t h a t  t h e y  can be s i m u l a t e d  by  c o n v e n t i o n a l  l a n g u a g e  
f e a t u r e s .  T h e i r  d e s i g n e r s  o f f e r  o n l y  t h e  v a g u e s t  i n d i c a t i o n  
o f  t h e i r  r a n g e  o f  a p p l i c a b i l i t y ,  and  when t h e  m o t i v a t i n g  
examp les  a r e  r e - w r i t t e n  w i t h o u t  e x c e p t i o n  h a n d l i n g  t h e r e  i s  
o f t e n  an  imp rovemen t  i n  c l a r i t y .  T h i s  i s  p a r t l y  because  o f  t h e  
r e d u c e d  w e i g h t  o f  n o t a t i o n ,  and  p a r t l y  because  t h e  e x c e p t i o n  
h a n d l i n g  mechanisms o b s c u r e  wha t  i s  r e a l l y  h a p p e n i n g .  

The same t e c h n i q u e s  w h i c h  p r o d u c e  t h e s e  i m p r o v e m e n t s  i n  
p r o g r a m s  can  be a p p l i e d  t o  a x i o m a t i c  d e f i n i t i o n s  o f  d a t a  t y p e s .  
T h i s  f i n d i n g  c o n t r a d i c t s  t h e  c l a i m  o f  some o t h e r  w o r k e r s  i n  
d a t a  a b s t r a c t i o n  t h a t  e x c e p t i o n s  a r e  e s s e n t i a l  f o r  t h e  
d e s c r i p t i o n  o f  d a t a  t y p e s  l i k e  s t a c k .  

The r o l e  o f  e x c e p t i o n  h a n d l i n g  mechanisms i n  t h e  
c o n s t r u c t i o n  o f  f a u l t - t o l e r a n t  c o m p u t e r  sys tems  i s  a l s o  
examined .  I t  has  been s u g g e s t e d  t h a t  e x c e p t i o n  h a n d l i n g  and  
f a u l t - t o l e r a n c e  a r e  r e a l l y  d i f f e r e n t  f a c e t s  o f  t h e  same 
p r o b l e m .  However,  c a r e f u l  e x a m i n a t i o n  o f  t h e s e  f a c i l i t i e s  
l e a d s  t o  t h e  c o n c l u s i o n  t h a t  e x c e p t i o n  h a n d l i n g  i s  o n l y  
r e l e v a n t  t o  a n t i c i p a t e d  e v e n t s ,  whereas  f a u l t - t o l e r a n c e  
a d d r e s s e s  t h e  p r o b l e m  o f  r e s i d u a l  d e s i g n  e r r o r s  w h i c h  a r e  o f  
t h e i r  n a t u r e  t o t a l l y  u n e x p e c t e d .  The v e r y  r e a l  p r o b l e m s  o f  
s u r v i v a l  a f t e r  a  component  v i o l a t e s  i t s  s p e c i f i c a t i o n  i s  n o t  
a d d r e s s e d  by  e x c e p t i o n  h a n d l i n g .  
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INTRODUCTION 

Much r ecen t  r e sea rch  i n  t h e  a r e a s  of p rog raming  language design and 

p rog raming  methodology has been devoted t o  proposing and de f in ing  new 

language f e a t u r e s ,  and indeed whole new languages.  This  t h e s i s  

r e p r e s e n t s  a  depa r tu re  from t h a t  t r e n d .  It  opposes a language f e a t u r e ,  

and one which has r e c e n t l y  become f a sh ionab le :  except ion handl ing.  

0.1 The Quest for SirnpZiei ty  

U n t i l  t h e  e a r l y  1970 ' s  language des ign  was considered t o  be a  process  

of  innovat ion,  of c r e a t i n g  new and v a r i e d  f e a t u r e s  which would make 

pmgramning easy f o r  a  growing u s e r  popula t ion .  The t a s k  has now 

changed. We a r e  coming t o  r e a l i z e  t h a t  "powerful" p rog raming  languages 

can compound problems r a t h e r  than  c o n t r i b u t e  t o  t h e i r  s o l u t i o n .  The 

a v a i l a b i l i t y  of a  l a r g e  number of f e a t u r e s  can be a  burden i n s t e a d  of  

a  convenience. 

It has been convincingly argued t h a t  bu i ld ing  l a r g e  programs is 

i n t r i n s i c a l l y  d i f f i c u l t  because of "ou r  i n a b i l i t y  t o  do much" [21]: 

o u r  a b i l i t y  t o  mas t e r  complexity is s t r i c t l y  l i m i t e d .  We can hope t o  

s o l v e  l a r g e  and complicated p rog raming  problems only  by d iv id ing  them 

i n t o  manageable p a r t s  and by keeping each p a r t  a s  s imple a s  pos s ib l e .  

F o r  t h i s  e f f o r t  t o  be succes s fu l  o u r  most b a s i c  t o o l ,  t h e  p rog raming  

language i t s e l f ,  must a l s o  be kept  a s  s imple a s  pos s ib l e .  An 

unneces sa r i l y  complex language b r i s t l i n g  wi th  ornamental " f e a t u r e s "  is 

an added burden which cannot be t o l e r a t e d .  There is a  p re s s ing  need f o r  

conso l ida t ion ,  no t  innovat ion ,  i n  programming languages.  S i m p l i c i t y  

should be pursued not  a s  one g o a l  amongst 118 [95] but  a s  t h e  p r i n c i p a l  

o b j e c t i v e  of  language des ign .  



The need f o r  s i m p l i c i t y  has been e loquen t ly  argued i n  [45],  

[79], 1321 and [39] .  I t  is not necessary t o  r e p e a t  t h e s e  arguments 

here .  I n s t e a d  I w i s h  t o  cons ide r  t h e i r  impact on t h e  design of  languages 

and language f e a t u r e s .  

0.2 What i s  a Simple Programming Language? 

A s imple language is not  ob ta ined  j u s t  by minimizing t h e  number of  

f e a t u r e s  it con ta in s .  It is a l s o  necessary t o  ensure  t h a t  t h e  included 

f e a t u r e s  r e f l e c t  n a t u r a l  concepts  i n  t h e  mind of t h e  progranmer, and t o  

minimize t h e  interdependence of t h e  f e a t u r e s .  A u n i v e r s a l  Turing machine 

provides  a  lower bound on t h e  number o f  f e a t u r e s  necessary t o  perform 

computation. Howerver, it is c l e a r  t h a t  p r i m i t i v e s  which r e f l e c t  o u r  

thought  processes  a r e  needed if programs a r e  t o  be comprehensible. 

I n  des ign ing  Algol 68 an a t tempt  was made t o  keep t h e  number of 

concepts  included i n  t h e  language smal l .  Th i s  was accomplished by 

gene ra l i z ing  each f e a t u r e  a s  much a s  p o s s i b l e ,  subsuming o t h e r  f e a t u r e s  

i n  t h e  process .  The t r o u b l e  w i th  t h i s  approach i s  t h a t  t h e  gene ra l i zed  

f e a t u r e s  are f o r e i g n  t o  t h e  way most p r o g r a m e r s  t h i n k  about problems. 

One example w i l l  s e r v e  t o  i l l u s t r a t e  t h i s  p o i n t .  The concepts  of  

"va r i ab l e "  and "cons tan t"  were we l l  understood by p r o g r a m e r s  i n  Algol 60 

and its successors .  P o i n t e r s  were no t  s o  well understood, bu t  t hey  were 

cons ide red 'neces sa ry  t o  provide an adequate d a t a  s t r u c t u r i n g  c a p a b i l i t y .  . 
However, i n s t ead  of  inc lud ing  a  r e s t r i c t e d  form of p o i n t e r  s p e c i a l i z e d  

f o r  t h i s  purpose, " re fe rences"  were invented and gene ra l i zed  u n t i l  they  

subsumed t h e  no t ions  of v a r i a b l e  and cons t an t .  I n s t e a d  of 



cons t  i : c o m ~ l e x  = c: 

v a r  v:complex; - 

v a r  pc :po in t e r  t o  complex; - - 

Algol 68 uses  t h e  d e c l a r a t i v e  forms 

e i = c ;  

mf complex v  = - l o c  c m p l e x ;  

ref mf complex pc = l o c  r e f  complex; . -- - -- 

Three* concepts  have been r ep l aced  by one: un fo r tuna t e ly  t h i s  is not  a  

s i m p l i f i c a t i o n .  References a r e  d i f f i c u l t  t o  reason about;  making t h e  

p r o g r a m e r  use them when o rd ina ry  v a r i a b l e s  a r e  adequate complicates  h i s  

t a s k .  It is not  even p o s s i b l e  t o  produce a  subse t  of  t h e  language ( s ay ,  

f o r  t each ing  purposes) which does no t  i nc lude  r e f e r ences .  

The des igne r s  of Algol 68 were aware o f  t h e  dangers o f  complexity.  

I n  o r d e r  t o  make t h e  i n t e r a c t i o n  of t h e  va r ious  f e a t u r e s  a s  t r a c t a b l e  a s  

p o s s i b l e ,  one of  t h e i r  design goa l s  was "or thogonal i ty" .  Fea tures  were 

intended t o  be independent,  and t o  combine i n  r e g u l a r  ways. The mode 

concept i n t e r a c t s  wi th  c o n t r o l  s t m c t u r e s  very r e g u l a r l y :  the o rd ina ry  

i f  ... then  ... e l s e  is a  "void choice c l a u s e  using boolean"; an i n t e g e r  - 
valued cond i t i ona l  express ion  is an ' ' i n t ege r  choice  c l a u s e  us ing  

b 0 ~ 1 e a n " ~  and s o  onn  Or thogonal i ty  is c e r t a i n l y  a  d e s i r a b l e  proper ty  f o r  

the composition of  semantics  i n  a  languagey and Algol 68 would be even 

more d i f f i c u l t  t o  understand i f  it were no t  so  r e g u l a r .  However, 

* I n  f a c t y  a t  l e a s t  one more important  concept,  r e c u r s i v e  d a t a  s t r u c t u r e s ,  
was avoided too .  



r e g u l a r i t y  is not  a  s u b s t i t u t e  f o r  s i m p l i c i t y :  both a r e  e s s e n t i a l  

p r o p e r t i e s  of  a  wel l -designed language. 

The need f o r  s i m p l i c i t y  means t h a t  any new f e a t u r e  must be 

exmined  very c r i t i c a l l y  t o  determine whether  o r  no t  it should be  

included i n  a  language. Fo r  e x m p l e y  a  choice  c o n s t r u c t  is d e s i r a b l e  

because it permi ts  enumeration of  ca se s  - but  guarded comands [22] a r e  

p r e f e r a b l e  t o  if then e l s e  .and un labe l l ed  case  s t a t emen t s  because they  --- 

make e x p l i c i t  t h e  cond i t i on  t o  which each s ta tement  sequence corresponds.  

Procedures and a b s t r a c t  d a t a  t ypes  a r e  amongst t h e  mst powerFu1 t o o l s  

a v a i l a b l e  f o r  dea l ing  with l a r g e  problems - p r e c i s e l y  because 

a b s t r a c t i o n  is one of o u r  most s i g n i f i c a n t  mental a i d s  [21] .  

0.3 Exceptions and Exception Handling 

The problem of programs t h a t  f a i l  t o  perform t h e i r  a l l o t t e d  t a s k s  has 

always e x i s t e d .  Over t h e  l a s t  f i v e  o r  s i x  yea r s  a  b e l i e f  has a r i s e n  

t h a t  t h i s  p r o b l m  can be e l imina t ed )  o r  a t  l e a s t  s i g n i f i c a n t l y  eased, by 

t h e  i n t roduc t ion  of  language c o n s t r u c t s  f o r  'lexception handling1' .  Such 

f e a t u r e s  have been proposed by Goodenough and Leviny and a r e  p re sen t  i n  

t h e  p rog raming  languages PL/Ig Bliss, CLUj  Mesa and Ada. 

I do not b e l i e v e  t h a t  except ion handl ing mechanisms a r e  necessary.  

P r imar i l y  t h i s  is because t h e r e  is no s i n g l e  mental  p rocess  f o r  them 

t o  cap ture .  Ra ther>  f a i l u r e s  occu r  because of t h r e e  p r o b l m s :  

( i l  dec id ing  e x a c t l y  what a  p r o g r m  should do; 

( i i l  w r i t i n g  code t o  do it c o r r e c t l y ;  

( i i i l  r e l y i n g  on an underlying machine which may f a i l .  

There a r e  techniques  f o r  dea l ing  wi th  each of t h e s e  d i f f i c u l t i e s .  

Formal s p e c i f i c a t i o n s  and s t r u c t u r e d  programming he lp  us t o  cope wi th  ( i )  



and ( i i l  r e s p e c t i v e l y .  By r e c u r s i v e  a p p l i c a t i o n  t o  t h e  underlying machine 

they  can a l s o  reduce ( i i i l ,  a l though hardware and sof tware  

f a u l t - t o l e r a n c e  techniques  may be necessary i n  add i t i on .  

I s h a l l  argue t h a t  a t t m p t i n g  t o  b r ing  t h e s e  d i v e r s e  concerns 

under  t h e  comon heading o f  "except ion handl ing techniques1'  has r e s u l t e d  

i n  t h e  al l -errbracing d e f i n i t i o n  of except ions  a s  t hose  cond i t i ons  

brought t o  t h e  a t t e n t i o n  of  a  p m g r m ' s  invoker  [ 3 0 ] ,  and t h e  invent ion  

of  except ion handling mechanisms powerFu1 enough t o  subsume t h e  role 

not  only of sub rou t ines  bu t  o f  co rou t ines  and jumps tob .  It s e e m  l i k e l y  

t h a t  such mechanism w i l l  reduce r e l i a b i l i t y  r a t h e r  than i n c r e a s e  it. 

Not on ly  do they  complicate  t h e  p rog raming  language, they  do s o  i n  t h e  

most c r i t i c a l  p laces .  Exception handl ing mechanisms have been engineered 

s o  t h a t  t h e i r  use is economic on ly  when they  w i l l  be r a r e l y  exe rc i s ed  - 

t h e  very circumstance i n  which an e r r o r  of l o g i c  is l i k e l y  t o  r m a i n  

undetected.  T h e i r  use has been u q e d  when t h e m  a r e  many cases  needing 

d i f f e r e n t  t r ea tmen t J  bu t  i n s t e a d  of  making t h e  handling of each case  

e x p l i c i t  a t  t h e  p l ace  where it may occur,  except ion handl ing mechanisms aim 

t o  h ide ' f rom s c r u t i n y  both t h e  e x i s t e n c e  of t h e  d i f f e r e n c e  ca se s  and t h e  

program's response.  

This  t h e s i s  aims t o  show t h a t  unusual and undesired events ,  i f  

a n t i c i p a t e d ,  can be adequate ly  d e a l t  wi th  i n  e x a c t l y  t h e  same way a s  

comon and d e s i r a b l e  events :  by t h e  a p p l i c a t i o n  of t h e  o rd ina ry  cons t rucks  

o f  s t r u c t u r e d  pmgranming. On t h e  o t h e r  hand, t h e  occurmnce  of  an 

unan t i c ipa t ed  event  cannot be  d e a l t  wi th  a t  a l l .  That is why one of the*  

p r o g r a m e r ' s  major  r e s p o n s i b i l i t i e s  is t o  a n t i c i p a t e  a l l  p o s s i b l e  events :  



a language f e a t u r e  which pre tends  t o  t a k e  ove r  t h a t  r e s p o n s i b i l i t y  is  

both misguided and dangerous. 

On p r a c t i c a l  grounds, t oo ,  except ion  handling seems t o  be poorly 

motivated.  Many s t r a n g e  and wonderful language f e a t u r e s  have been 

proposed over  t h e  l a s t  twenty-f ive y e a r s .  It seems l i k e l y  t h a t  f o r  even 

t h e  most baroque t h e r e  is one example which shows t h e m  t o  be u s e f u l :  

t h e  very  example which was m s p o n s i b l e  f o r  the i r  invent ion .  Nevertheless ,  

I have f a i l e d  t o  f i n d  an example of a  progrmming problem amenable t o  

s imple and n a t u r a l  s o l u t i o n  by an except ion  handling mechanism which cannot be 

s o  so lved  without  one. 

Apart  f rm t h e  l a c k  of  r e a l  need, t h e r e  a r e  o t h e r  gruunds f o r  

ob j ec t i ng  t o  except ion handl ing mechanisms. Most of t h e  mechanisms 

proposed t o  d a t e  a m  badly designed.  They impai r  r e a d a b i l i t y  and program 

pruof ,  i n t roduce  problems such a s  c lear ing-up ,  v i o l a t e  modular i ty  

assumptions,  and i n  some formula t ions  even al low one process  t o  i n t e r f e r e  

with anothex. 

Implementation is a n o t h e r  p m b l m .  The increased  c o s t  o f  a  compiler  

which implements an except ion handling mechanism may be smal l ,  and may not  

be s i g n i f i c a n t  t o  t h e  employers of t h e  c m p i l e r  w r i t e r s .  This  is 

prubably t r u e  of  t h e  compilers  f o r  PL/I, t h e  only widely a v a i l a b l e  

language t o  i nco rpo ra t e  except ion handl ing.  Unfortunately,  t h e  i n d i r e c t  

c o s t s  a r e  much l a r g e r ,  and m u s t  be born by t h e  u se r s  of  such a  compiler.  

It is l i k e l y  t o  be l a r g e r ,  s lower,  more prone t o  bugs, and l e s s  

e x p l i c i t  with  i t s  e r r o r  messages. And some of  t h e s e  c o s t s  a r e  i n f l i c t e d  

on t h e  u s e r  every t ime  a  program is  compiled, even i f  t h e  except ion 

mechanfsm i s n e v e r  used. 



My r e j e c t i o n  o f  except ion  handling mechanism does no t  mean t h a t  I 

m e n t i r e l y  s a t i s f i e d  wi th  e x i s t i n g  p rog raming  languages.  Many s t r o n g l y  

typed  languages do not  p m v i d e  a  convenient  way f o r  a  procedure t o  

r e t u r n  r e s u l t s  of d i f f e r e n t  t ypes ,  and except ion handling mechanisms have 

been used a s  a  way of  s imu la t i ng  such r e s u l t s .  I w i l l  use a  t ype  

c o n s t r u c t o r  c a l l e d  oneof f o r  producing d i sc r imina t ed  unions of types ;  t h i s  en- 

a b l e s  "except ional"  r e s u l t s  t o  be c m u n i c a t e d  i n  t h e  same way a s  

o rd ina ry  ones.  Human f a l l i b i l i t y  a l s o  f o r c e s  me  t o  recognize  t h a t  t h e  

t o t a l l y  unexpected w i l l  sometimes. occur ,  and t h a t  some way must be found 

o f  minimizing t h e  consequences of such a  ca t a s t rophe .  There have indeed 

been proposa ls  f o r  doing so ;  t hey  have i n  comon t h e  d i v i s i o n  of  t h e  

system i n t o  compartments which a t t m p t  t o  conta in  t h e  ca t a s t rophe  and i ts  

consequences. Each nes ted  recovery compartment r e p r e s e n t s  a  frame of  

r e f e r ence  i n  which p rog re s s ive ly  more d i s a s t r o u s  events  am a n t i c i p a t e d ,  

bu t  p rog re s s ive ly  l e s s  comprehensive recovery is at tempted.  Catas t rophes  

a r e  surv ived  r a t h e r  than  handled. 

0.4  Structure of t h i s  Thesis 

Chapter  I a t tempts  t o  d e f i n e  t h e  t l lexcept ion ' l .  The d e f i n i t i o n s  used 

by t h e  des igne r s  of  va r ious  except ion  handl ing mechanisms a r e  compared, 

bu t  none is  found t o  be s a t i s f a c t o r y .  

Chapter  2 e x m i n e s  some e a r l y  methods of dea l ing  wi th  except ions .  

The t rea tment  is  chronological^ it inc ludes  methods a p p l i c a b l e  t o  Algol 60 

and F o r t r a n >  t h e  p r i m i t i v e  except ion  handling of PL/I, and except ions  i n  

Algol 68. 

Chapter  3 cons iders  t h e  m r e  r e c e n t  p roposa ls  f o r  except ion handl ing 

mechantsms. They g e n e r a l l y  provide  more s t r u c t u r e  than  do PL/I ON 



cond i t i ons ,  but  t h e r e  is g r e a t  v a r i a t i o n  between d i f f e r e n t  languages.  

CLU, Mesa and Ada a r e  s t u d i e d  i n  d e t a i l ,  a s  a r e  t h e  proposals  of Levin. 

Chapter  4 is e n t i t l e d  "Exception Handling i n  Action".  I t  con ta in s  

examples which have been used by t h e  des igne r s  of va r ious  except ion 

mechanisms i n  a n a t t e m p t  t o  j u s t i f y  them. I p re sen t  t h e  o r i g i n a l  

form of t h e  example and a  r ev i sed  ve r s ion  which achieves a  s i m i l a r  

wi thout  s p e c i a l  purpose language f e a t u r e s .  

Chapter  5 examines except ions  i n  s p e c i f i c a t i o n s  of d a t a  types  

e f f e c t  

The 

ax iomat ic  method of t ype  d e f i n i t i o n  is b r i e f l y  in t roduced ,  and used t o  

r i g o r o u s l y  d e f i n e  the oneof t ype  c o n s t r u c t o r  used i n  Chapter  4. ' S t ack '  

and 'SymbolTablel a r e  def ined using oneof, i l l u s t r a t i n g  t h a t  except ions  

and " a b s t r a c t  e r r o r s "  [ 2 7 ]  unneces sa r i l y  complicate  t h e  problem of  d a t a  

t ype  d e f i n i t i o n .  

Chapter  6 looks a t  t h e  language f e a t u r e s  assumed by my examples i n  

Chapter  4. S p e c i f i c a l l y ,  va r ious  languages a r e  examined t o  s e e  i f  t h e  

oneof c o n s t r u c t o r  can be convenien t ly  provided. The t rea tment  of 

procedures  a s  manipulable va lues  is  motivated,  and t h e  complexity of t h e s e  

f e a t u r e s  is compared t o  t h a t  o f  except ion handl ing.  

Chapter  7 i n v e s t i g a t e s  techniques  f o r  dea l ing  wi th  ca t a s t rophes ,  

i . e .  t h e  t o t a l l y  unexpected. The key i d e a  is found t o  be containment,  and 

va r ious  containment s t r a t e g i e s  a r e  surveyed. Operating systems and 

t h e  Newcastle Recovery Block scheme a r e  considered,  and t h e  way i n  which 

they  d i f f e r  from except ion handl ing mechanisms is brought o u t .  Because t h e  

p o s s i b i l i t y  of hardware f a i l u r e  is ever -presen t ,  c a t a s t rophe  handl ing 

seems t o  be an e s s e n t i a l  p a r t  of  a  r e l i a b l e  system. Exception handling has 

no such fundamental role. 



Chanter 8 sunmarizes my main arguments and draws t h e  conclusion 

t h a t  exception handling mechanisms a r e  not a  des i rab le  f e a t u r e  o f  a  

modern programing language. 



C h a p t e r  1  

WHAT ARE EXCEPTIONS? 

T h i s  c h a p t e r  w i l l  a t tempt  t o  answer t h e  ph i lo soph ica l  ques t ion  "what 

is an except ion" and t o  examine t h e  o b j e c t i v e s  of  r e c e n t  p roposa ls  f o r  

except ion handling mechanisms. The d e t a i l s  of  i n d i v i d u a l  mechanisms a r e  

de fe r r ed  t o  l a t e r  chap te r s :  here  I a t tempt  t o  i s o l a t e  t h e  perceived 

need which they  were designed t o  s a t i s f y .  

The s t a r t i n g  po in t  f o r '  most of t h e  r e c e n t  developments i n  except ion 

handl ing 2s  t h e  1975 papers  of  Goodenough [29] [ 3 0 ] .  He d e f i n e s  

except ions  a s  t hose  cond i t i ons  which an ope ra t i on  b r ings  t o  the a t t e n t i o n  

o f  i ts invoker .  He claims t h a t  it is c h a r a c t e r i s t i c  of an except ion 

t h a t  its s i g n i f i c a n c e  is known only  o u t s i d e  t h e  ope ra t i on  which d e t e c t s  it. 

Exceptions a r e  no t  n e c e s s a r i l y  r a r e l y  a c t i v a t e d :  a  procedure may gene ra t e  

except ions  many times i n  t h e  course  of  a  s i n g l e  c a l l .  The f i r s t  p a r t  of  

Goodenoughls d e f i n i t i o n  is of course  q u i t e  u n i v e r s a l :  it inc ludes  any 

r e s u l t s  o r  observable  e f f e c t s  of  t h e  opera t ion .  H i s  p roposa ls  f o r  

except ion handl ing a r e  equa l ly  gene ra l ,  and have been c r i t i c i s e d  on those  

grounds ( s e e ,  f o r  example, [99] , [68]  and [16]1. A s  f a r  a s  I know t h e r e  

has  never  been a  language which planned t o  i nco rpo ra t e  a  mechanism of  such 

power, and it would be u n f a i r  o f  m e  t o  launch t h e  ca se  a g a i n s t  except ion 

handl ing by r epea t ing  t h e  c r i t i c i s m s  of o t h e r s .  It is more app rop r i a t e  t o  

s ea rch  f o r  a  l e s s  gene ra l  d e f i n i t i o n .  

1.1 Cristian ' s  view of Exceptions 

I n  [I61 C r i s t i a n  a t tempts  t o  s e t  o u t  r i go rous  d e f i n i t i o n s  of t h e  concepts  

involved i n  except ion handling. He s t a t e s  t h a t  an except ion occurs  if the 

s t anda rd  p recond i t i on  of an ope ra t i on  is f a l s e  when t h a t  opera t ion  is invoked. 



The "s tandard  precondi t ion"  of an ope ra t i on  is def ined  a s  t h e  weakest 

p recondi t ion  guaranteeing t h e  t e rmina t ion  of t h e  ope ra t i on  i n  a  s t a t e  

which s a t i s f i e s  its pos tcondi t ion .  A l a t e r  paper  concerned wi th  t h e  

automatic  d e t e c t i o n  of except ions  [ a ]  echoes t h i s  d e f i n i t i o n .  

An opera t ion  may be invoked with i t s  precondi t ions  f a l s e  f o r  two 

reasons .  F i r s t ,  it is p o s s i b l e  t h a t  t h e  d e s i g n e r  o r  implementor of t h e  

ope ra t i on  documented it i n c o r r e c t l y .  It can then happen t h a t  a l though 

the invoker  meets t h e  publ ished precondi t ion ,  t h e  ope ra t i on  cannot poss ib ly  

e s t a b l i s h  its pos tcondi t ion  because t h e  r e a l  p recondi t ion  is s t r o n g e r  than 

t h e  publ ished one. 

The second p o s s i b i l i t y  is t h a t  t h e r e  is a  mistake i n  t h e  code which 

invokes t h e  ope ra t i on .  It is t h e  duty of t h e  p r o g r a m e r  who uses  an 

ope ra t i on  t o  ensu re  t h a t  it is invoked only from those  s t a t e s  which do 

s a t i s f y  t h a t  o p e r a t i o n ' s  p recondi t ion .  If t h e  p r o g r a m e r  is neg l igen t  i n  

t h a t  du ty  a  p rog raming  e r r o r  occurs .  

I t  is a  t ru i sm t h a t  p r o g r a m i n g  e r r o r s  should be co r r ec t ed ,  no t  

"handled".  If t h e  programmer is aware of t h e  mistake then of  course he 

should c o r r e c t  it. If, a s  t o o  o f t e n  happens, he i s  unaware of t h e  e r r o r  

then  he cannot c o r r e c t  it, but  n e i t h e r  can he handle  i t s  e f f e c t .  Before 

he can even cons ide r  w r i t i n g  an except ion  hand le r  he must be aware t h a t  t h e  

except ion can occur ,  which imp l i e s  t h a t  t h e  gene ra t i on  of an except ion  

s i g n a l  must be p a r t  of  t h e  s p e c i f i e d  behaviour  of t h e  ope ra t i on .  But, by 

d e f i n i t i o n ,  no except ion  occurs  when t h e  ope ra t i on  is used according t o  

i t s  s p e c i f i c a t i o n !  



1.2 Exceptions in CLU 

The language CLU ( s e e  Sec t ion  3.2) i nco rpo ra t e s  an except ion  handl ing 

mechanism. The r e f e r e n c e  manual [ 61 ]  s t a t e s  t h a t  an except ion  occurs  when 

a  r o u t i n e  cannot complete t h e  t a s k  it is  designed t o  perform. 

Supe rF ic i a l l y  t h i s  d e f i n i t i o n  is very l i k e  t h a t  of C r i s t i a n ;  provided 

t h a t  the precondi t ion  of a  r o u t i n e  is s a t i s f i e d  it should always be a b l e  

t o  complete its t a s k .  However, t h e  examples i n  t h e  manual and t h e  informal  

na tu re  of  t h e  CLU d e f i n i t i o n  make a  more g e n e r a l  i n t e r p r e t a t i o n  poss ib l e .  

It is t h e  du ty  of t h e  des igne r  of an ope ra t i on  t o  ensure  t h a t  it is 

not  imprac t i ca l  o r  impossible .  One might imagine a  c l i e n t  going t o  a  

sof tware  des igne r  and ask ing  f o r  t h e  p rov i s ion  of a  ' t a b l e '  wi th  two 

ope ra t i ons ;  ' t a b l e  : =  I n s e r t ( n a n e ,  d a t a ,  t a b l e ) '  and 

d a t a  := LookUpCname, t a b l e d ' .  A s  a  r e s p o n s i b l e  p r o f e s s i o n a l  t h e  so f tware  

engineer  ought t o  t e l l  t h e  c l i e n t  t h a t  the 'LookUp' ope ra t i on  cannot be 

implemented i n  i t s  f u l l  g e n e r a l i t y :  ' d a t a '  can only be r e tu rned  i f  t h e  

'name' has been i n s e r t e d  i n t o  t h e  ' t a b l e ' .  'LookUp' must be guarded by a  

precondi t ion  t o  t h i s  e f f e c t .  The c l i e n t  may t h e r e f o r e  dec ide  t h a t  he 

needs an ope ra t i on  'boo1 :=  IsInCname, t a b l e ) '  so-that t h i s  p recondi t ion  

can be  checked. The eng inee r  should then  adv i se  t h e  c l i e n t  t h a t  i n  t h e  

i n t e r e s t s  of e f f i c i e n c y  he should  p r e f e r  an ope ra t i on  'LookUpIfPossiblel  

which returns '  e i t h e r  t h e  ' d a t a '  o r  an i n d i c a t i o n  t h a t  t h e  name was no t  

i n  t h e  t a b l e .  



Now l e t  u s  examine aga in  t h e  s ta tement  f r o m  [ G I ] .  "An except ion 

occurs  when a  r o u t i n e  cannot complete t h e  t a s k  it is designed t o  

perform,," The t a s k  o f  'LookUpIfPossible '  is always pos s ib l e :  a  

p r o f e s s i o n a l  was employed t o  ensu re  t h i s  is s o .  However, it is not  

what t h e  c l i e n t  wanted; he wanted 'Lookup'. From his p o i n t  of  view 

an except ion occurs  when 'name1 is not i n  ' t a b l e ' .  From t h e  s u b j e c t i v e  

viewpoint of t h e  c l i e n t  we can indeed f i n d  s i t u a t i o n s  where a  r o u t i n e  

cannot complete i t s  t a s k .  From t h e  o b j e c t i v e  viewpoint of t h e  sof tware  

eng inee r  t h e r e  is no such s i t u a t i o n ,  o r  a t  l e a s t  he has t r i e d  t o  ensu re  

t h a t  t h e r e  is none. 

There a r e  many examples of such " sub jec t ive"  except ions :  t ak ing  t h e  

t o p  o f  an empty s t a c k ,  read ing  f r o m  an empty f i l e  and d iv id ing  by ze ro  

immediately come t o  mind'. Each such ope ra t i on  can be r e a l i z e d  i n  two ways. 

The domain of t h e  ope ra t i on  can inc lude  "holes" ,  i . e .  t h e r e  can be va lues  

f o r  which t h e  ope ra t i on  is not  def ined .  This  is t h e  way d i v i s i o n  is 

u s u a l l y  t r e a t e d :  it is no t  def ined  i f  t h e  d i v i s o r  is  ze ro .  A l t e r n a t i v e l y ,  

t h e  range can con ta in  a  "bump", an e x t r a  va lue  o f  a  d i s t i n c t  type .  I t  is 

p o s s i b l e  t o  d e f i n e  a  ( d i f f e r e n t )  d i v i s i o n  ope ra t i on  on a l l  p a i r s  of 

i n t e g e r s  whose range is t h e  union of t h e  r a t i o n a l  numbers and t h e  

d i s t i n g u i s h e d  valuelZERO DIVIDE', Figure 1.1 i l l u s t r a t e s  t h e  examples. 

It is worth emphasizing t h a t  t h e r e  a r e  no errors involved.  The v e r s i o n s  

wi th  t h e  ho l e s  i n  t h e  domain a r e  p e r f e c t l y  accep tab l e  f r o m  a  t h e o r e t i c a l  

p o i n t  of view; t hey  a r e  a l s o  eminent ly  p r a c t i c a l  providing t h a t  t h e  

domain can be checked cheaply. This  is s o  wi th  d i v i s i o n ,  f o r  example. 

They become i m p r a c t i c a l  ( b u t  no t  wrong1 when t h e  domain is  expensive t o  

check, a s  wi th  ' LookU p' . 



F i g u r e  1 . 1  : P a r t i a l  a n d  T o t a l  V e r s i o n s  o f  T h r e e  F u n c t i o n s  



This ,  then ,  is one d e f i n i t i o n  of except ion:  t h e  " inconvenient"  

r e s u l t  of an ope ra t i on .  I t  should be remembered t h a t  it is t o t a l l y  

subjec t ive ; ;  it may neve r the l e s s  be q u i t e  u se fu l .  

1.3 Exceptions as Apology Messages 

Another u o s s i b l e  i n t e r p r e t a t i o n  o f  except ion was h in t ed  a t  above. There 

may be s i t u a t i o n s  where a  r o u t i n e  cannot complete i t s  t a s k  because t h e r e  

a r e  i n s u f f i c i e n t  r e sou rces  a v a i l a b l e .  These s i t u a t i o n s  w i l l  a r i s e  d e s p i t e  

t h e  b e s t  e f f o r t s  of t h e  sof tware  engineer :  they  a r e  t h e  i n e v i t a b l e  

consequences of a t tempting t o  implement an i n f i n t e  a b s t r a c t i o n  on a  f i n i t e  

machine. 

The i n f i n i t e  s e t  of i n t e g e r s ,  easy t o  d e f i n e  and f a m i l i a r  i n  use,  

cannot be r ep re sen t ed  on a  computer which can assume only a  f i n i t e  number 

of s t a t e s .  The sane  a p p l i e s  t o  many convenient a b s t r a c t i o n s :  unbounded 

t a b l e s ,  queues and s t a c k s  cannot be implemented on f i n i t e  computers. 

What should t h e  consc i en t ious  so f tware  eng inee r  do when h i s  c l i e n t  

asks  f o r  an implementation of  an unbounded t a b l e ?  Unlike t h e  Lookup of  a  

no t -ye t - i n se r t ed  i tem, t h e r e  is nothing wrong wi th  t h e  a b s t r a c t i o n .  

Nevertheless ,  he must t e l l  h i s  c l i e n t  t h a t  t h i s  c l ean  s imple  and d e s i r a b l e  

a b s t r a c t i o n  is impossible  t o  implement, and o f f e r  one of two u n a t t r a c t i v e  

a l t e r n a t i v e s .  The f irst  is a  d i f f e r e n t  a b s t r a c t i o n ,  such a s  a  bounded 

s t a c k  o r  a  f i n i t e  s e t  o f  i n t e g e r s ,  which i s  not  only no t  what t h e  c l i e n t  

wants bu t  is a l s o  c lumsier  and more complicated t o  use.  The second 

a l t e r n a t i v e  is a  p a r t i a l  implementation of t h e  des i r ed  a b s t r a c t i o n ,  an 

implementation which w i l l  work o f t e n  enough t o  s a t i s f y  t h e  c l i e n t  bu t  

which w i l l  sometimes f a i l  and emit an app rop r i a t e  apology message. The 

genera t ion  of an except ion can be viewed a s  j u s t  such an apology message. 



The e a r l i e s t  r e f e r ence  I have been a b l e  t o  t r a c e  which cons iders  

except ions  i n  t h i s  way is [74] .  This  paper  commences "During t h e  

execut ion of  a  program a  number of excep t iona l  condi t ions  can a r i s e ,  not 

f r o m  program def ined  a c t i o n ,  bu t  a s  a  r e s u l t  of exceeding some computer 

l i m i t a t i o n " .  This  is cur ious  because t h e  paper  goes on t o  cons ide r  

except ion handling i n  PL/I; of  t h e  e igh teen  except ion cond i t i ons  l i s t e d  

on ly  one a r i s e s  f r o m  a  computer l i m i t a t i o n .  

Here, then ,  is ano the r  d e f i n i t i o n :  an except ion is an admission 

by t h e  implementation o f  an a b s t r a c t i o n  t h a t  it cannot comply with its 

s p e c i f i c a t i o n .  This  d e f i n i t i o n  is o b j e c t i v e  provided t h a t  one has a  

s p e c i f i c a t i o n  desc r ib ing  t h e  r equ i r ed  behaviour.  A p a r t i c u l a r  

implementation may s a t i s f y  a  r e s t r i c t e d  set  of axioms but  f a i l  t o  s a t i s f y  

a  more demanding s p e c i f i c a t i o n .  

' 

An implementation of any programming language inco rpo ra t i ng  i n f i n i t e  

a b s t r a c t i o n s  may b e n e f i t  f r o m  a  mechanism f o r  say ing  what t o  do when t h e  

implementation is i n s u f f i c i e n t .  An except ion handling mechanism designed 

f o r  and r e s t r i c t e d  t o  t h i s  purpose might be a  u s e f u l  ad junc t  t o  an i n f i n i t e  

language. Unfortunately,  except  f o r  t h e  s h o r t  paragraph i n  [74] c i t e d  above, 

except ion  handl ing mechanisms have been n e i t h e r  designed n o r  adve r t i s ed  

on t h e  b a s i s  o f  t h i s  usage. Even Goodenough's e l a b o r a t e  s c e n a r i o s  [ 3 0 ]  

do not  i nc lude  t h e  use o f  except ions  f o r  s i g n a l l i n g  implementation 

i n s u f f i c i e n c i e s .  More r e c e n t l y  Levin and o t h e r s  a t  Xerox Palo Al to  

Research Cen te r  have c l a s s i f i e d  t h e  use of  t h e  Mesa s i g n a l l i n g  mechanism 

and have noted t h a t  one use is t o  r e p o r t  f a i l u r e  of an implementation.* 

* P r i v a t e  comnunicat ion.  



Nevertheless ,  it is i n  gene ra l  f a i r  t o  say  t h a t  no mechanism has y e t  been 

designed t o  d e a l  s p e c i f i c a l l y  w i th  t h e  problem of  implementing i n f i n i t e  

a b s t r a c t i o n s  on f i n i t e  machines. The except ion handling mechanisms t h a t  

w i l l  be examined i n  t h i s  t h e s i s  do not  address  t h e  problem. Because they 

a r e  p a r t  o f  t h e  p rog raming  language and may t h e r e f o r e  invoke unbounded 

a b s t r a c t i o n s ,  they  a r e  themselves unimplementable i n  gene ra l .  Fo r  example, 

an except ion handl ing mechanism would not  be u s e f u l  f o r  dea l ing  wi th  

overflow of  t h e  run-time s t a c k  used f o r  procedure c a l l s .  Where could one 

put  t h e  l inkage  t o  t h e  except ion  hand le r  and t h e  r o u t i n e s  it c a l l s ?  

Moreover, wh i l e  except ion handl ing mechanisms a r e  designed f o r  dea l ing  w i t h  

r e s u l t s  t h a t  can only be i n t e r p r e t e d  o u t s i d e  of  t h e  ope ra t i on  t h a t  

d e t e c t s  them ( s e e  Goodenoughls remark quoted above) ,  it is c h a r a c t e r i s t i c  

of  an implementation i n s u f f i c i e n c y  t h a t  its d e t a i l s  a r e  meaningful 

on ly  i n s i d e  t h e  implementation o f  t h e  a b s t r a c t i o n .  E f f e c t i v e  recovery 

f r o m  an implementation i n s u f f i c i e n c y  is p o s s i b l e  only i f  information about 

t h e  implementation is a v a i l a b l e .  Yet it is t h e  very purpose of t h e  

a b s t r a c t i o n  t o  hide t h a t  in-Formation. 

To i l l u s t r a t e  t h i s  po in t ,  cons ide r  t h e  a b s t r a c t i o n  " i n t e g e r " .  Given 

t h e  e x t e r n a l  information t h a t  t h e  implementation of i n t e g e r s  broke when 

adding 32 760 t o  10, t h e r e  is nothing t h a t  the u s e r  can do. Only i f  he 

is aware t h a t  t h e  i n t e g e r s  a r e  r ep re sen t ed  a s  a  row of s i x t e e n  b inary  

d i g i t s  according t o  t h e  two ' s  complement convention w i l l  he be a b l e  t o  

determine i f  u s e f u l  computation can be cont inued wi th  -32 766. A 

knowledge of t h e  e x t e r n a l  s p e c i f i c a t i o n  (Peano ' s  axioms) a lone  is 

i n s u f f i c i e n t  . 
The problem is e s s e n t i a l l y  t h e  same f o r  p r o g r a m e r  def ined  

a b s t r a c t i o n s .  It is obviously incumbent onan  implementation t o  apologise  



when it cannot append a va lue  t o  a list because it has run o u t  of s t o r e .  

However, it is not  c l e a r  t h a t  t h e  u s e r  module can do anything use fu l  when 

t h e  apology is rece ived .  The lists module has f a i l e d  t o  comply with i ts  

s p e c i f i c a t i o n ,  which is t h e  on ly  b a s i s  on which t h e  u s e r  module can a c t .  

Perhaps then a mechanism f o r  dea l ing  wi th  implementation i n s u f f i c i e n c i e s  

should al low f o r  t h e  generation of except ions  Ci.e.  apology messages) bu t  

should no t  provide,  w i t h i n  t h e  programming language, any mechanism f o r  

'handling t h e s e  except ions  and cont inu ing  execut ion .  Th i s  is  c o n s i s t e n t  

w i th  cond i t i ona l  co r r ec tnes s .  Providing t h a t  t h e  program t e rmina t e s  

normally its r e s u l t s  w i l l  be i n  accord wi th  i ts  s p e c i f i c a t i o n s ;  however, 

should t h e  program f a i l  t o  t e rmina t e  normally,  e i t h e r  by looping 

i n d e f i n i t e l y  o r  by gene ra t i ng  an apology message, then nothing may be 

assumed about any r e s u l t  it may produce. 

This  view of  a program a s  an o b j e c t  which poss ib ly  may f a i l  i n  an 

unp red i c t ab l e  way is one t h a t  has  t r a d i t i o n a l l y  been adopted by ope ra t i ng  

systems. Various techniques  f o r  cont inu ing  meaningful computation have 

been developed; t h i s  t o p i c  is g iven  f u r t h e r  cons ide ra t i on  i n  Chapter  7. 

A s  was i nd i ca t ed  i n  t h e  i n t r o d u c t i o n ,  t h e s e  techniques  a r e  e s s e n t i a l l y  

d i f f e r e n t  from those  of programmed except ion handling, which dea l  w i t h  

a n t i c i p a t e d  f a i l u r e s .  

E.C. Hehner* has suggested ano the r  approach t o  the.problem of implementation 

in su f f i c i ency .  Given a p a r t i c u l a r  program and a p a r t i c u l a r  implementation, it is 

p o s s i b l e  t o  supply implementation denendent annota t ions  which i n s t r u c t  t h e  

implementation how t o  proceed when it cannot comply wi th  t h e  axioms. 

* P r i v a t e  communication. 



For  example, if a program manipula tes  r a t i o n a l  numbers which a r e  

implemented w i t h  b inary  f l o a t i n g  po in t  b inary ,  t h e  anno ta t i ons  could 

t e l l  t h e  implementation t o  use an approximation when it cannot r ep re sen t  

t h e  r e s u l t  of d iv id ing  one by t h r e e .  This  p a r t i c u l a r  example shows t h a t  

abandoning t h e  computation is no t  always t h e  app rop r i a t e  response t o  an 

implementation i n s u f f i c i e n c y .  Perhaps implementation dependent 

i n s t r u c t i o n s  on how t o  cont inue  cannot  be avoided. 

Nevertheless ,  t h e  no t ion  of  ex t ens ive  anno ta t i ons  is i n t e l l e c t u a l l y  

unappealing. The problem of  dea l ing  wi th  approximate a r i t h m e t i c  is 

s u f f i c i e n t l y  important  f o r  numerical a n a l y s t s  t o  have developed techniques  

f o r  minimizing and e s t ima t ing  rounding e r r o r s .  It is q u i t e  reasonable  f o r  

a  programming language t o  provide a s  an a b s t r a c t i o n  numbers wi th  a  

f i n i t e  accuracy and bounded range; t h e  numerical a n a l y s t  can then  s tudy  

t h e  propagat ion of  rounding e r r o r s  w i th in  t h e  p rog raming  language. This  

argument can be  gene ra l i zed  t o  t h e  claim t h a t  whenever one would r e q u i r e  

con t inua t ion  a f t e r  t h e  d e t e c t i o n  of an implementation i n s u f f i c i e n c y  one 

a l s o  needs a  theory  i n  which t o  reason  about t h e  v a l i d i t y  of  t h e  r e s u l t s .  

The b e s t  way of ob t a in ing  t h i s  i s  t o  a l t e r  t h e  s p e c i f i c a t i o n  s o  t h a t  t h e  

' implementat ion in su f f i c i ency"  is new p a r t  of t h e  expected behaviour.  I n  

o t h e r  words, t h e  unimplementable a b s t r a c t i o n  must be given up i n  f avour  of 

a  more modest implementable one, even if it is l e s s  convenient.  

1.4 Levin's View of Exceptions 

Lev in ' s  t h e s i s  [59] d e a l s  s o l e l y  wi th  t h e  s u b j e c t  of  except ion handl ing,  

and proposes a  new and powerful mechanism f o r  incorpora t ion  i n t o  p rog raming  

languages.  Never the less ,  he is fo rced  t o  admit t h a t  he f a i l e d  t o  f i n d  a  

d e f i n i t i o n  of "except ion".  He r e j e c t s  t h e  com-non g u i d e l i n e  t h a t  an 



except ion is a  r a r e l y  occur r ing  event ,  j u s t i f y i n g  t h i s  s tand wi th  t h e  

example of looking up a  name i n  t h e  compi le r ' s  symbol t a b l e .  There a r e  

two p o s s i b l e  r e s u l t s :  name absent  and name p re sen t .  Which of  t h e s e  is 

more f r e q u e n t  depends on con tex t .  Why should one r e s u l t  be considered a s  

an except ion when t h e  o t h e r  is no t?  Levin ' s  s o l u t i o n  t o  t h i s  dilemna 

is t o  t r e a t  both r e s u l t s  a s  except ions .  

Levin a l s o  rejects t h e  i d e n t i f i c a t i o n  o f  except ions  with e r r o r s ,  

a l though he inc ludes  e r r o r s  a s  a  proper  subse t  of except ions .  However, 

he does  not  d e f i n e  t h e  term error.  He i s  a l s o  w i l l i n g  t o  c l a s s i f y  

both input /ou tput  i n t e r r u p t s  and o t h e r  i n t e r p r o c e s s  comnunication a s  

except ions  should t h i s  be convenient .  

How then does  Levin d i s t i n g u i s h  except ion handl ing from o t h e r  

t echn iaues  of program cons t ruc t ion?  He o f f e r s  t h e  g u i d e l i n e  t h a t  except ion 

handl ing is  t o  be p r e f e r r e d  when a  p r o g r a m e r  wishes t o  "play down" 

t h e  processing of a  p a r t i c u l a r  c a s e  i n  o r d e r  t h a t  ano the r  ca se  may be 

emphasised. O f  course,  i n  t h e  end t h i s  comes down t o  a  m a t t e r  of  t a s t e .  

Levin cons ide r s  t h a t  t h i s  l a ck  of  a  f i r m  boundary i n c r e a s e s  t h e  

a p p l i c a b i l i t y  of  h i s  mechanism and is t h e r e f o r e  d e s i r a b l e .  

It is c l e a r  even from t h e  t i t l e  of t h i s  t h e s i s  t h a t  my views d i f f e r  

from those  of  Levin. A s  f a r  a s  t a s t e  is  concerned, mine is t o  p r e f e r  t o  

see e x p l i c i t l y  where d i f f e r e n t  c a s e s  may occur;  a s  Levin p o i n t s  ou t ,  

guarded comnands [22] express  t h i s  adequate ly .  (So do o rd ina ry  c o n d i t i o n a l  

s t a t emen t s . )  I n  my view it is not  s u r p r i s i n g  t h a t  Levin f a i l e d  t o  

formula te  a  s a t i s f a c t o r y  d e f i n i t i o n  of except ion:  except ions  cannot be 

def ined  because t hey  do not  e x i s t  a s  an a b s t r a c t  concept ,  I am not  

c la iming here  t h a t  Lev in ' s  i dea  of  s e p a r a t i n g  t h e  t r ea tmen t  of c e r t a i n  



r a r e  ca se s  f r o m  t h a t  of o t h e r ,  more common c a s e s  is never  he lp fu l .  

However, some works i n  t h i s  f i e l d  e l e v a t e  e r r o r s  and except ions  t o  t h e  

s t a t u s  of an a b s t r a c t  and fundamental concept .  I n  p a r t i c u l a r ,  Abstract 

Errors for Abstract Data Types [27] d e f i n e s  a  whole mathematical system 

c a l l e d  "Er ro r  Algebras" f o r  dea l ing  wi th  "except ions"  such a s  looking f o r  

a  name which is  not  i n  a  symbol t a b l e .  Although t h e  t heo ry  is complicated 

it does not  permit recovery from except ions .  A s i m p l i f i e d  way of  dea l ing  

wi th  such s i t u a t i o n s  is descr ibed  i n  Chapter  5. 

Another paper  which sugges t s  t h a t  "except ion" is an a b s t r a c t  no t ion  

i s  [ 6 7 ] ,  which provides  an axiomatic  d e s c r i p t i o n  of some uses  of t h e  Ada 

except ion handling mechanism. The au tho r s  f i n d  it necessary t o  s t a t e  

t h a t  "Our s p e c i f i c a t i o n s  and proof r u l e s  apply t o  programs wi th  except ions  

r e g a r d l e s s  of  whether except ions  a r e  used only  f o r  error s i t u a t i o n s  o r  a s  

a  method of  programming normal program behaviour." It is a s  i f  t hey  be l i eve  

t h a t  it is p o s s i b l e  t o  w r i t e  axioms which d i s t i n g u i s h  t h e  two cases !  

1.5 Exceptions inAda 

I n  view of t h e  probable  economic importance of t h e  Ada programming language 

it is p e r t i n e n t  t o  a sk  how its des igne r s  i n t e r p r e t e d  t h e  term "except ion".  

The d e t a i l s  of t h e  p a r t i c u l a r  mechanism they  adopted a r e  d i scussed  i n  

Sec t ion  3.5; we a r e  here  concerned wi th  t h e  more ph i lo soph ica l  ques t i on  

"What i s  an Ada except ion?".  

The r a t i o n a l e  f o r  the design of Ada i s  descr ibed  i n  [ % I .  Sec t ion  12.1 

s t a t e s  t h a t  except ion handling "provides  a f a c i l i t y  f o r  l o c a l  t e rmina t ion  

upon d e t e c t i o n  of  e r r o r s " .  Exception handling should be r e s t r i c t e d  " t o  

even t s  t h a t  can be considered ( i n  some sense )  a s  e r r o r s ,  o r  a t  l e a s t  a s  



t e rmina t ing  cond i t i ons" .  However, the term " e r r o r "  is not  def ined,  and it 

is c l e a r  from t h e  contex t  t h a t  t h e  l a s t  phrase means on ly  t h a t  an except ion 

w i l l  l ead  t o  t h e  te rmina t ion  of  t h e  c u r r e n t  invoca t ion .  

Sec t ion  7.2, which d i s c u s s e s  t h e  implementation of  parameter  passing,  

g i v e s  ano the r  c l u e  a s  t o  t h e  i n t e r p r e t a t i o n  of  an except ion .  Parameters 

i n  Ada can be implemented e i t h e r  by r e f e r ence  o r  by copying: i n  noma2 

s i t u a t i o n s  t h e  semantics  a r e  i d e n t i c a l .  The ca se  of a  subprogram te rmina ted  

by an except ion is c l a s s i f i e d  a s  abnormal: t h e  f a c t  t h a t  ou t  parameters  

may o r  may not  be updated is s t a t e d  t o  be of no importance. The r ev i sed  

d e f i n i t i o n  of Ada [96] r e t a i n s  t h i s  r u l e  (Sec t ion  6.21 and adds more 

concerning opt imiza t ion  i n  t h e  presence of  f u n c t i o n s  which may gene ra t e  

except ions  (Sec t ion  11.81. S p e c i f i c a l l y ,  ope ra to r s  whose r e s u l t  va lues  

depend only  upon t h e i r  arguments may be invoked a s  soon a s  t h o s e  arguments 

a r e  known, "even i f  t h i s  invoca t ion  may cause an except ion t o  be 

propagated".  "The ope ra t i on  need not  be invoked a t  a l l  i f  i t s  va lue  is 

not  needed, even i f  t h e  invoca t ion  would r a i s e  an except ion."  

When promulgating t h e s e  r u l e s  t h e  des igne r s  of Ada seemed t o  have i n  

mind express ions  such a s  ' a  o r  funCb1'; t hey  wished t o  permit t h e  - 
invoca t ion  of  ' f u n f b I 1  t o  be omit ted when ' a '  is  t r u e  even if it could 

r a i s e  an except ion.  This  is c o n s i s t e n t  wi th  an i n t e r p r e t a t i o n  of 

except ions  a s  i n d i c a t i n g  an implementation i n s u f f i c i e n c y .  Suppose t h a t  t h e  

invoca t ion  of 'funCb1' would r e q u i r e  more r e sou rces  than a r e  a v a i l a b l e  and 

would t h u s  gene ra t e  an except ion i n d i c a t i n g  t h i s  f a c t .  C lea r ly  an 

implementation which avo ids  invoking 'funCb1' and t h u s  produces t h e  c o r r e c t  

r e s u l t  i n s t e a d  of an apology message is t o  be applauded. Omitting t h e  

invoca t ion  is not s e n s i b l e  i f  except ions  r e p r e s e n t  e s s e n t i a l  r e s u l t s .  It 



t h e r e f o r e  seems t h a t  except ions  i n  Ada a r e  intended a s  a  means of 

i n d i c a t i n g  implementation i n s u f f i c i e n c i e s .  

Unfor tuna te ly  t h e  examples given i n  t h e  Report [96] do not  observe 

t h i s  i n t e n t i o n .  Sec t ion  12.4 p r e s e n t s  a  s t a c k  package wi th  procedures  

'Push'  and 'Pop' but  no p r e d i c a t e  'IsErnpty1. In s t ead  t h e  'Pop' procedure 

may r a i s e  t h e  except ion 'Underflow' i f  it is app l i ed  t o  an empty s t a c k .  

'Underflow' i s  t h u s  an e s s e n t i a l  p a r t  of t h e  r e s u l t  of 'Pop' .  On t h e  

o t h e r  hand, t h e  'Push' procedure may r a i s e  t h e  except ion  'Overflow1, 

which presumably i n d i c a t e s  an implementation i n s u f f i c i e n c y .  (One cannot 

be s u r e  because t h e  semantics  of t h e  package a r e  no t  s p e c i f i e d . )  These 

two except ions  r ep re sen t ing  such d i f f e r e n t  concepts  a r e  genera ted  wi th  

t h e  same syntax  and a r e  dec la red  on t h e  same l i n e .  

Sec t ion  1 .6  of  t h e  Ada r e f e r ence  manual a l s o  provides  some c l u e s  about  

t h e  meaning of  "exception".  It s t a t e s  t h a t  Ada recognizes  t h r e e  c a t e g o r i e s  

of  e r r o r .  The first a r e  e r r o r s  which must be de t ec t ed  a t  compile t ime; it 

seems c l e a r  t h a t  t h i s  ca tegory  i nc ludes  s y n t a c t i c e r r o r s ,  such a s  r e a l  

numbers wi th  m u l t i p l e  exponents and cons t an t  o b j e c t s  on t h e  le f t -hand  s i d e  

of  assignments.  O f  course,  sequences of  c h a r a c t e r s  which v i o l a t e  t h e  Ada 

syntax  i n  t h i s  way a r e  no t  Ada programs a t  a l l .  However, such "non-programs" 

a r e  o f t e n  in formal ly  r e f e r r e d  t o  a s  "programs wi th  e r r o r s " ,  and it would 

be c h u r l i s h  t o  o b j e c t  t o  t h i s  usage. Indeed, it is  t h e  on ly  guide t o  t h e  

mean'ing of " e r ro r "  o f f e r ed  by t h e  manual, s o  I w i l l  assume t h a t  an e r r o r  

is t h a t  which d i v i d e s  programs f r o m  non-programs. 

The t h i r d  ca tegory  of e r r o r  is  c o n s i s t e n t  wi th  t h i s  i n t e r p r e t a t i o n .  

"The language s p e c i f i e s  c e r t a i n  r u l e s  t h a t  must be obeyed by Ada programs, 

a l though Ada compilers  a r e  no t  r equ i r ed  t o  check t h a t  such r u l e s  a r e  not  



v i o l a t e d . "  Programs which v i o l a t e  t h e  r u l e s  of  Ada i n  t h i s  way a r e  s a i d  

t o  be "erroneous",  and t h e  e f f e c t  of execut ing  them is not  p r ed i c t ed  by 

t h e  r e f e r ence  manual. 

The remaining ca tegory  con ta in s  " e r r o r s  t h a t  must be de t ec t ed  a t  

run t ime.  These a r e  c a l l e d  except ions" .  These phrases  lead  very r a p i d l y  

t o  a  c o n t r a d i c t i o n .  If t h e  i n t e r p r e t a t i o n  of  "error" der ived  above is 

indeed c o r r e c t ,  then  except ions  can only  occu r  i n  non-programs. And y e t  

except ion handling c e r t a i n l y  seems t o  be a  p a r t  of t h e  Ada language: a  

whole c h a p t e r  of t h e  r e f e r ence  manual is devoted t o  it! But i f  except ions  

can be genera ted  by v a l i d  Ada programs, what is an e r r o r ?  

The purpose of a  p rog raming  language d e f i n i t i o n  i s  t o  determine 

unambiguously both t h e  set of c h a r a c t e r  s t r i n g s  which r ep re sen t  programs 

i n  t h e  language and t h e  meaning of  t h o s e  programs. With i t s  r e f e r e n c e s  

t o  "erroneous programs" and "except ions"  t h e  Ada r e f e r e n c e  manual f a i l s  t o  

do t h e s e  t h i n g s .  I n  t h e  scope of  t h e  d e c l a r a t i o n  

i : i n t e g e r  range 1 . . I 0  

is 'i := 15 '  an Ada assignment? No, because '15 '  does not  s a t i s f y  t h e  

range c o n s t r a i n t  of  ' i ' ,  which t h e  manual s ays  it must. O r  yes ,  because 

t h e  e f f e c t  of t h i s  assignment is t o  r a i s e  t h e  except ion  ' c o n s t r a i n t  - e r r o r 1 .  

I am t h u s  unable t o  answer t h e  ques t ion  which in t roduced  t h i s  s e c t i o n .  

It  seems t h a t  t h e  des igne r s  of  Ada d i d  not  have a  very  c l e a r  i dea  of  what 

an except ion ought t o  be. None of  t h e  p o s s i b l e  i n t e r p r e t a t i o n s  a r e  

c o n s i s t e n t  wi th  t h e  t e x t  and examples of t h e  r e f e r e n c e  manual. The r e s u l t  

of t h i s  is not  j u s t  ambiguity over  whether c e r t a i n  t e x t s  a r e  Ada programs; 

a s  w i l l  be demonstrated i n  Sec t ion  3.5, t h e  very  semantics  of  l e g a l  

programs can sometimes be s u r p r i s i n g .  



1.6 Summary 

It is clear that exceptions have several unrelated uses: announcing 

programming errors, apologising for implementation insufficiencies, 

delivering "unusual" results and achieving interprocess communication 

are the examples mentioned in this chapter. Perhaps a mechanism which 

could serve all of these purposes would be useful. Very general mechanisms 

have appeared in the history of programing languages; the goto statement 

is an obvious example. Gotos, like exceptions, can be used to simulate 

many language features. There is another similarity, too: both exceptions 

and gotos are provided by the hardware (as interrupts and jumps). 

It is no discredit to the pioneers of programming to have investigated 

the properties of such universal mechanisms. But the goto belongs to an 

earlier age. We are no longer seeking mechanisms which do as many different 

things as possible; rather we are trying first to decide what we want to do, 

and then looking for ways to do exactly that. 

The designers of exception mechanisms have not been very successful in 

their quest for the all-embracing. A run-time exception handling mechanism 

is clearly inappropriate for dealing with mistakes which occurred when the 

program was written. Insufficiencies of implementation cannot of their 

nature be "handled" by a mechanism which is part of the programming language. 

Exception mechanisms have been devised which deal with unusual results and 

interprocess communication, but such mechanisms can only be justified on 

the basis of a useful comonality between these things, and then only if 

they are simple to understand and implement. Exceptions may be a useful 

design notion, but such utility must be demonstrated, not assumed. 



Chapter 2 

A HISTORICAL VIEW OF EXCEPTION HANDLING 

This chapter attempts to put the recent flurry of interest in 

exception handling in perspective. Inconvenient results and 

undesired events are not new phenomena; it is interesting to 

see how they were dealt with before the invention of special 

purpose exception handling mechanisms. Algol 60 and Fortran 

will be used to illustrate the techniques available. 

One of the first languages to provide a specialized exception handling 

mechanism was PL/I. It was developed by the IBM Corporation in the 19601s, 

although it was not standardized until 1976. The PL/I exception mechanism 

was clearly conceived as a means of trapping a varied collection of 

language-defined run-time errors. The deficiencies in the PL/I mechanism 

are noted and the extensions provided by the implementors of the Multics 

operating system are discussed. 

The other major language of the 1960's was Algol 68. Whereas PL/I 

provides a large number of specialized constructs, each intended for a 

specific application, Algol 68 offers a small core of very general facilities, 

with no mechanism specifically designed for exception handling. The 

methods used to handle undesired events are examined. 

2.1 Exceptions i n  Fortran and Algol 60 

Algol 60 and Fortran do not include any mechanism specifically designed for 

exception handling. Hill [44] considers the problem in the context of a 

function of 'A' with an integer argument 'n'. He assumes that 'A' is only 

defined for 'n 2 O', and that the legality of 'n' is checked in the body of 



t h e  func t ion .  If t h e  check f a i l s ,  what a c t i o n  should be taken? Th i s  

problem is q u i t e  fundamental:  t h e  idea  t h a t  c e r t a i n  t h i n g s  a r e  not  def ined  

cannot  be expressed i n  an a lgo r i t hmic  language. Undefinedness can only be 

i n t e r p r e t e d  a s  freedom t o  do anything t h e  implementor s e e s  f i t .  Thus, 

i f  Hill's ques t ion  is  understood i n  its s t r i c t e s t  terms, any answer is 

v a l i d .  Having s t a t e d  t h a t  ' A '  has a  l i m i t e d  domain, i f  a  u s e r  is f o o l i s h  

enough t o  invoke it o u t s i d e  t h a t  domain he cannot blame anyone but  himself 

f o r  t h e  consequences. However, s i n c e  prograrrrners a r e  human and mis takes  

do happen, t h e  reasonableness  of t h e  a c t i o n  should ' n '  be nega t ive  i s  a  

l e g i t i m a t e  engineer ing  concern. 

One p o s s i b l e  a c t i o n  i s  t o  complete t h e  func t ion  ' A '  by decree ing  t h a t  

i n  t h e  ca se  'n < 0 '  t h e  r e s u l t  is  ' x ' .  Then t h e  func t ion  implemented is 

not  ' A '  a t  a l l  but  a  n e w  func t ion  'A",  where 'A'Cnl' = 'ACnl' i f  

n  E Dom(All, and ' x '  o therwise.  Nevertheless ,  a l l  c o r r e c t  c a l l s  of ' A '  

can be rep laced  by c a l l s  of  'A"  wi thout  any change i n  t h e  a c t i o n  of  a  

program conta in ing  them. But what of  t h e  i n c o r r e c t  c a l l s ?  I f  ' x '  is 

d i s t i n c t  f r o m  a l l  t h e  v a l i d  r e s u l t s  of ' A '  Ci.e. 'x  t RanCAlll then  t h e  

r e s u l t  of 'A"  can be t e s t e d .  Th i s  has t h e  disadvantage t h a t  t h e  p r o g r a m e r  

must remember t o  perform t h e  t e s t ;  he is no more l i k e l y  t o  do t h a t  than t o  

remember t o  t e s t  t h e  precondi t ion  ' n 2  O ' !  H i l l  a l s o  p o i n t s  ou t  t h a t  i f  

A 1  1 is c a l l e d  w i th in  a  complex express ion  t h e  r e s u l t  may be impossible  t o  

tes t .  Furthermore, i f  'RanCAl' is  t h e  whole of t h e  r e s u l t  type,  no 

s u i t a b l e  ' x '  is a v a i l a b l e .  

If t h e  requirement of f u n c t i o n a l i t y  is dropped when t h e  va lue  of  ' n '  

is o u t s i d e  t h e  permi t ted  range,  many more courses  of a c t i o n  become a v a i l a b l e .  

H i l l  lists t h e  fo l lowing  p o s s i b i l i t i e s :  



( i l  Terminate t h e  program a f t e r  p r i n t i n g  a message, a s  is usua l ly  

done f o r  s tandard  f u n c t i o n s  l i k e  square  m o t .  

(ii) Add an e x t r a  ou tput  parameter ,  A Boolean r e s u l t  can be 

used t o  i n d i c a t e  t h e  success  of  t h e  c a l l .  If s e v e r a l  e r r o r s  

a r e  p o s s i b l e  an e x t r a  i n t e g e r  r e s u l t  can be used t o  i n d i c a t e  

which e r r o r  occurred.  However, some va lue  must still be 

r e tu rned  a s  t h e  r e s u l t  of  t h e  func t ion .  

(iii) Use a Boolean f u n c t i o n  which has a s  i t s  r e s u l t  t h e  v a l i d i t y  of  

' n ' ,  and s e t s  an ou tput  parameter  t o  t h e  va lue  of t h e  r equ i r ed  

func t ion  'A(n) '  only if 'n E Dom(A1 ' .  

( i v l  Add a l a b e l  parameter  t o  ' A ' ,  and jump t o  t h a t  l a b e l  if ' n '  is 

i n v a l i d .  Th i s  is allowed i n  Algol 60 [ 7 3 ]  [I91 but  no t  i n  ANSI 

For t ran  [ 3 ] .  

(v l  Add a procedure parameter  t o  ' A ' ,  and c a l l  t h a t  procedure i f  ' n '  

i s  i n v a l i d .  O f  course,  c o n t r o l  r e t u r n s  t o  ' A '  when t h e  procedure 

completes,  and one of  t h e  o t h e r  p o s s i b i l i t i e s  l i s t e d  above must 

then  be adopted. However, t h e  choice  of  what t o  do can 'be 

in f luenced  by r e s u l t s  r e tu rned .by  t h e  procedure.  It  is a l s o  

pos s ib l e ,  i n  Algol, t o  inc lude  i n  t h e  procedure a non-local  go to  

and t h u s  not  t o  r e t u r n  a t  a l l .  

H i l l  p r e f e r s  method ( i v l ,  even though he is opposed t o  t h e  widespread use of 

go to  s ta tements :  "The shock of  a goto,  jumping away from t h e  scene of  

a c t i o n  t o  s t a r t  p ick ing  up t h e  p i e c e s  elsewhere,  seems t o  me t o  be j u s t  what 

is r equ i r ed  ..." My view depends on whether it is  easy  t o  t e s t  i f  t h e  

parameters  a r e  i n  t h e  r i g h t  domains. If they  a r e ,  t hen  ( i l  seems t o  be 

most app rop r i a t e .  The ob jec t ion  t h a t  t h i s  p rec ludes  recovery is not  well 



foundedJ f o r  it is easy  t o  t e s t  t h e  parameter  before  c a l l i n g  t h e  func t ion  

and t o  program an app rop r i a t e  recovery a c t i o n  a t  t h a t  po in t .  If it is not 

easy  t o  t e s t  t h e  precondi t ion  then  t h e  func t ion  should be gene ra l i zed  u n t i l  

it is  - using " impossible  o r  methods ( i i l  o r  (iii1 . 
A v a r i a n t  of method (v )  was used ex t ens ive ly  i n  t h e  AED Free-Storage 

Package [81] .  I n  t h i s  system is was p o s s i b l e  t o  p a r t i t i o n  t h e  a v a i l a b l e  

f r e e  s t o r e  i n t o  s e v e r a l  zones, which might themselves  be p a r t i t i o n e d  i n t o  

sub-zones and s o  on r e c u r s i v e l y .  Each zone obta ined  a  cache of f r e e  s t o r e  

from i ts  pa ren t J  which it then d i s t r i b u t e d  t o  i t s  u s e r s .  Sometimes a  

zone might no t  conta in  enough s t o r a g e  t o  s a t i s f y  a r eques t ,  a  t y p i c a l  

l lexcept ional l l  s i t u a t i o n .  Th i s  and s i m i l a r  e v e n t u a l i t i e s  were d e a l t  wi th  by 

c a l l i n g  a  so -ca l l ed  Help Procedure, a  procedure Lsuppl i@d :bg[ â‚¬h user ,  t h e  

-. i n t e g e r  r e s u l t  of which t o l d  t h e  s t o r a g e  system how t o  proceed, Various 

p r i m i t i v e  r o u t i n e s  were a v a i l a b l e  s o  t h a t  t h e  Help Procedure  couldJ  a s  a  

s i d e  e f f e c t J  manipulate  t h e  zone and a t tempt  t o  c u r e  t h e  problem. 

One of t h e  s i g n i f i c a n t  t h i n g s  about  a  Help Procedure i s  t h a t  it was 

no t  a s s o c i a t e d  wi th  a  p a r t i c u l a r  c a l l  on t h e  package but  wi th  a  zone of  

s to r age .  A zone was e s t a b l i s h e d  by c a l l i n g  a  procedure whose parameters  

def ined  t h e  a t t r i b u t e s  of  t h e  zoneJ inc lud ing  t h e  Help Procedure.  Help 

procedures  were a s s o c i a t e d  with t h e  data a b s t r a c t i o n  of  s t o r a g e  zone, no t  

wi th  the control  a b s t r a c t i o n  of  r eques t i ng  a  p i ece  of s t o r e .  This  

d i s t i n c t i o n  appears  aga in  i n  connexion wi th  Algol 68 t r a n s p u t  (see Sec t ion  

2.5)  and i n  t h e  proposa ls  of Levin 1591 ( s e e  Sec t ion  3.41. 

2.2 C l e a ~ i n g  Up 

Before going on t o  d e s c r i b e  t h e  except ion handling mechanism of PL/IJ 

it is necessary  t o  d i g r e s s  a  l i t t l e  and examine one of t h e  problems t h a t  



mechanism f a i l s  t o  so lve .  It  o f t e n  happens t h a t  a  program i n i t i a t e s  an 

a c t i v i t y  which r e q u i r e s  completion even if  t h e  program f a i l s .  Indeed, 

it is  a major  func t ion  of an ope ra t i ng  system t o  r e s t o r e  i t s e l f  t o  some 

s tandard  s t a t e  a f t e r  a  u s e r  program has run, r e g a r d l e s s  of  whether t h a t  

program worked c o r r e c t l y .  Th i s  involves  clearing up t h e  a r b i t r a r i l y  

complex mess t h e  u s e r  program le f t  behind. 

Clear ing  up i s  a l s o  necessary  on a  s m a l l e r  s c a l e .  Any r o u t i n e  which 

a l l o c a t e s  ~ t o r a g e ~ i n i t i a t e s  a  p e r i p h e r a l  t r a n s f e r  o r  i n d i c a t e s  i n  some 

g l o b a l  f a sh ion  t h a t  it is a c t i v e ,  must ensure  t h a t  t h e  s t o r a g e  is re turned ,  

t h e  t r a n s f e r  completed o r  cance l led ,  and t h e  g l o b a l  i n d i c a t i o n  r e s e t  before  

it t e rmina t e s .  There is normally no d i f f i c u l t y  i n  ach iev ing  t h i s  provided 

t h a t  t e rmina t ion  is always vo luntary ,  i .e.  due t o  completion of t h e  body of 

t h e  r o u t i n e  o r  execut ion of  a  normal r e t u r n ,  Problems a r i s e ,  however) i f  

it is p o s s i b l e  f o r  a  r o u t i n e  t o  be te rmina ted  abnomally. Thi s  can occur  

if a  c a l l  is made t o  a  procedure a t  a  lower l e v e l  which, on d e t e c t i n g  some 

undes i rab le  event ,  u n i l a t e r a l l y  dec ides  no t  t o  r e t u r n .  Even i f  t h e  

c a l l i n g  r o u t i n e  is aware t h a t  t h i s  may happen, it is inconvenient ,  expensive 

and sometimes impossible  f o r  o r d e r  t o  be r e s t o r e d  before  c a l l i n g  every 

such procedure.  

Abnormal t e rmina t ion  can only  occu r  i f  t h e  p rog raming  language a l lows  

some form of non-local go to  s ta tement .  I n  For t ran  [3] a  sub-program o r  

func t ion  must r e t u r n  t o  its c a l l e r  ( u n l e s s  it executes  a  STOP s t a t emen t )  

which causes  execut ion of t h e  e n t i r e  program t o  be concludedl .  I n  Algol 60 

it is p o s s i b l e  t o  jump t o  a  l a b e l  i n  any s t a t i c a l l y  enc los ing  block; it 

is a l s o  p o s s i b l e  t o  pas s  l a b e l s  a s  parameters  through an a r b i t r a r y  number 

of procedure c a l l s .  



O f  Hill's proposa ls  f o r  dea l ing  w i t h  f a u l t s  i n  f u n c t i o n s )  both pass ing  

l a b e l s  and procedures  a s  parameters  ( i v  and vl  may g i v e  rise t o  t h e  c lear -up  

problem if t h e  o v e r a l l  e f f e c t  is t o  jump from a  r o u t i n e  body t o  a  scope 

o u t s i d e  t h a t  which c a l l e d  t h e  offending func t ion .  The language PL/I provides  a  

mechanisni f o r  t r app ing  except ions  which a l l  but compels t h e  p m g r a m e r t o  use 

,such non-local jumps. 

2.3 Exception Mechanisms i n  PL/I 

PL/I was t h e  first gene ra l  purpose p rog raming  language t o  inc lude  s p e c i f i c  

f a c i l i t i e s  f o r  handling except ions)  known i n  PL/I a s  eonditi'ons. It is  

p o s s i b l e  f o r  p r o g r a m e r s  t o  d e f i n e  t h e i r  own cond i t i ons ,  and t h e r e  a r e  

twenty language-defined cond i t i ons  which a r e  de t ec t ed  e i t h e r  by t h e  hardware 

o f  t h e  computers f o r  which PL/I was designed)  t h e  sof tware  of t h e  language 

implementation o r  t h e  l i b r a r y  of  b u i l t - i n  func t ions .  Th i s  d e s c r i p t i o n  i s  based 

on [68] and .[4]. 

A p r o g r a m e r  des igna t e s  what a c t i o n  i s  t o  be taken on t h e  occurrence 

of  an except ion cond i t i on  by dynamically e s t a b l i s h i n g  a  so -ca l l ed  on-unit 

a s  a  handler  f o r  t h a t  c o n d i t i k .  When a  condi t ion  occurs  during the 

performance of  some ope ra t i on )  t h e  opera t ion  is i n t e r r u p t e d  and t h e  most 

r e c e n t l y  e s t a b l i s h e d  on-uni t  is invoked; if no on-unit  has been e s t a b l i s h e d  

a  d e f a u l t  a c t i o n  is taken.  

Exception handlers  a r e  c a l l e d  on-uni t s  because t hey  a r e  e s t a b l i s h e d  

by t h e  use of t h e  ON s ta tement .  The handler  has t h e  s y n t a c t i c  form of a  

begin block o r  a  s i n g l e  s ta tement  ( i n  p r a c t i c e  u s u a l l y  a  c a l l  s t a t emen t ) .  

Examples ( a f t e r  [68]) a r e  



ON UNDERFLOW PUT LIST ( Underflow i n  Tabula te  1 ; 

ON OVERFLOW BEGIN; 
CALL P; 
GO TO L; 

END : 

The e f f e c t  of the ON s ta tement  is  cons t ra ined  by t h e  block s t r u c t u r e  

of t h e  language (where block means begin block o r  procedure b lock) .  An 

ON s ta tement  e s t a b l i s h e s  t h e  given handler  f o r  t h e  named cond i t i on  u n t i l  

t h e  c u r r e n t  block is  l e f t ;  a t  t h a t  t ime t h e  handler  f o r  t h e  dynamically 

enc los ing  block aga in  becomes c u r r e n t .  The enc los ing  hand le r  can a l s o  be 

r e - e s t ab l i shed  e x p l i c i t l y :  t h e  REVERT s ta tement  is used f o r  t h i s  purpose. 

If more than  one ON s ta tement  f o r  t h e  same condi t ion  occurs  i n  any blockJ 

t h e  prev ious ly  e s t a b l i s h e d  handler  becomes i n a c c e s s i b l e ;  t h e  REVERT 

s ta tement  cannot be used t o  r e i n s t a t e  an o l d  hand le r  e s t a b l i s h e d  i n  t h e  

c u r r e n t  block. Thus t h e  ON s ta tement  has some of t h e  p r o p e r t i e s  of a  

d e c l a r a c t i o n  (such a s  l a s t i n g  on ly  u n t i l  t h e  end of t h e  block)  and some of  

t h e  p r u p e r t i e s  of  assignment (such a s  being a b l e  t o  completely o b l i t e r a t e  a  

previous v a l u e ) .  

The d i s t i n g u i s h i n g  f e a t u r e  of PL/I except ion handling is captured i n  

t h e  phrase  l 'dynamically enc los ing  blockr1, i . e .  t h e  block which c a l l e d  t h e  

c u r r e n t  block. For  a  begin block t h i s  isJ  of courseJ  its t e x t u a l l y  

enc los ing  block. HoweverJ a  procedure block may be c a l l e d  from many 

d i f f e r e n t  p l aces  and may t h u s  be provided wi th  d i f f e r e n t  handlers  f o r  its 

cond i t i ons  on each invoca t ion .  MoreoverJ t h o s e  handlers  cannot  be determined 

from a  s t a t i c  scan of  t h e  programJ but on ly  from i ts  simulated execut ion.  

PL/I cond i t i on  handlers  t h u s  behave r a t h e r  l i k e  f r e e  v a r i a b l e s  i n  Lisp.  Th i s  

is remarkable because such dynamic i n h e r i t a n c e  is  not used i n  any o t h e r  p a r t  



of t h e  language. PL/I f r e e  v a r i a b l e s  fo l l ow  normal Algol scope r u l e s ,  and 

even condi t ion  p r e f i x e s  (d i scussed  below) have s t a t i c  scope. 

Condi t ions i n  PL/I a r e  d iv ided  i n t o  va r ious  groups. Computational 

cond i t i ons  occu r  during eva lua t ion  of an e x p r e s s i o n . o r  assignment.  Examples 

a r e  SUBSCRIPTRANGE, which occurs  i f  an a t tempt  is  made t o  acces s  a  

non-ex is ten t  a r r a y  element, ZERODIVIDE, and STRINGSIZE, which occurs  if an 

a t tempt  is made t o  a s s ign  a  s t r i n g  t o  a  v a r i a b l e  of  i n s u f f i c i e n t  l ength .  

Input-output  cond i t i ons  a r e  always a s s o c i a t e d  wi th  a  p a r t i c u l a r  f i l e  

a s  well a s  wi th  an a c t i o n .  Examples of input-output  cond i t i ons  a r e  

ENDFILE (an a t tempt  t o  read  beyond t h e  end of a  s e q u e n t i a l  f i l e )  and 

UNDEFINEDFILE, which occurs  when an e x t e r n a l  f i l e  s a t i s f y i n g  t h e  requirements  

of t h e  program cannot be found. When on-uni t s  f o r  t h e s e  cond i t i ons  a r e  

e s t a b l i s h e d  a  f i l e  must be named, i . e .  one must write 

ON ENDFILE ( f i l e )  Action; 

and not  

ON ENDFILE Action; 

I n c i d e n t a l l y ,  t h e  ENDFILE cond i t i on  is t h e  only way of d e t e c t i n g  t h e  end of 

a  s e q u e n t i a l  f i l e  i n  PL/I. 

There a r e  some o t h e r  cond i t i ons  mentioned i n  t h e  language d e f i n i t i o n ,  

such a s  AREA, s i g n a l l e d  when a  s t o r a g e  a r e a  is t o o  smal l  t o  accommodate a  

demand f o r  based s to rage ,  and ERROR, which t h e  implementation may s i g n a l  

when an i l l e g a l  program is de t ec t ed .  However, when an implementation-defined 

l i m i t  is exceeded t h e  PL/I s t anda rd  guaran tees  on ly  t h a t  one o r  more of  

a  l is t  of  t e n  cond i t i ons  w i l l  be r a i s e d .  

Each language def ined  condi t ion  has a  d e f a u l t  handler ,  which is invoked 



if t h e  p r o g r a m e r  does no t  e s t a b l i s h  h i s  own; t h e  d e f a u l t  handler  can a l s o  

be e s t a b l i s h e d  e x p l i c i t l y  be w r i t i n g  

ON condi t ion  SYSTEM; 

The handlers  f o r  some cond i t i ons  a r e  allowed t o  r e t u r n  c o n t r o l  t o  t h e  

i n t e r r u p t e d  ope ra t i on  whi le  o t h e r s  a r e  no t .  For  example, t h e  UNDERFLOW 

cond i t i on  a r i s e s  if t h e  r e s u l t  of a  f l o a t i n g  po in t  opera t ion  is  t o o  smal l  

t o  r ep re sen t .  If t h e  handler  f o r  t h i s  condi t ion  r e t u r n s ,  eva lua t ion  is 

cont inued wi th  ze ro  a s  t h e  r e s u l t .  The d e f a u l t  handler  f o r  UNDERFLOW p r i n t s  

a  message and then  r e t u r n s .  Conversely, t h e  handler  f o r  FIXEDOVERFLOW is 

not  allowed t o  r e t u r n .  

The p r o g r a m e r  may d e f i n e  h i s  own cond i t i ons  and then s p e c i f y  handlers  

f o r  them with ON s t a t emen t s .  Such cond i t i ons  must be e x p l i c i t l y  r a i s e d  w i t h  

t h e  SIGNAL s ta tement .  It  is not  p o s s i b l e  t o  a s s o c i a t e  programmer-defined 

cond i t i ons  wi th  d a t a  s t r u c t u r e s  i n  t h e  way t h e  ENDFILE cond i t i on  is a s s o c i a t e d  

wi th  f i l e s .  MacLaren [68] c o m e n t s  a s  fo l l ows  on t h i s  a s p e c t  of PL/I: 

Allowing p r o g r a m e r  def ined  cond i t i ons  i s  a  n a t u r a l  way t o  un i fy  t h e  
t rea tment  of except ions .  However a  p r o g r a m e r  def ined  cond i t i on  is 
r e a l l y  nothing more than a  procedure v a r i a b l e  wi th  t h e  fo l lowing  
p e c u l i a r  p r o p e r t i e s :  

Assignment t o  t h e  v a r i a b l e  i n  one block a c t i v a t i o n  has no e f f e c t  on 
assignments i n  prev ious  block a c t i v a t i o n s .  The va lues  ass igned  t o  
t h e  v a r i a b l e  must be procedures  wi th  no parameters .  Assignments a r e  
made by ON and REVERT s ta tements .  The only way t o  acces s  t h e  va lue  
of  t h e  v a r i a b l e  is by a  SIGNAL s ta tement .  

C lea r ly  a  p r o g r a m e r  can handle h i s  own except ions  more f l e x i b l y  by 
using t h e  normal procedure v a r i a b l e s  provided i n  PL/I. 

Various ad hoe f a c i l i t i e s  complete t h e  PL/I except ion handling 

machinery. There a r e  a  few g l o b a l  v a r i a b l e s  which t h e  p r o g r a m e r  can t e s t  

wi th in  a  cond i t i on  handler  t o  d i s cove r  more about  t h e  cause o f  t h e  except ion.  

For  example, t h e  CONVERSION condi t ion  occurs  dur ing  s t r i n g  t o  numeric 



conversion when t h e  s t r i n g  does no t  have t h e  syntax  of a  numeral. The 

PL/I pseudo-variable  ONSOURCE con ta in s  t h e  of fending  s t r i n g ;  moreover, i ts  

va lue  may be changed i n  an a t tempt  t o  r e p a i r  t h e  f a u l t .  However, t h e  exac t  

e f f e c t  of such a n  assignment is an a r e a  i n  which implementations tend  t o  

d e p a r t  f r o m  t h e  PL/I s t anda rd  (see [ 6 8 ] ) .  

Condition prefixes provide a  way of  "d isab l ing"  c e r t a i n  cond i t i ons ,  

g e n e r a l l y  t h e  computational cond i t i ons .  If a  cond i t i on  occurs  and it is 

enabled,  t h e  app rop r i a t e  on-uni t  is invoked. Disab l ing  a  cond i t i on  is 

equ iva l en t  t o  a s s e r t i n g  t h a t  it w i l l  no t  occur.  It fo l lows  t h a t  any such 

occurrence is a  f a i l u r e  and t h a t  f u r t h e r  execut ion is undefined. The p o i n t  

of  t h i s  r u l e  is t o  enable  expensive checking (such a s  t h a t  of  a r r a y  s u b s c r i p t s )  

t o  be tu rned  o f f :  if t h e  p r o g r a m e r  has a s s e r t e d  t h a t  a  cond i t i on  w i l l  not  

occur ,  the implementation is r e l i e v e d  of any r e s p o n s i b i l i t y  i f  it does.  

OVERFLOW is enabled by d e f a u l t  because most hardware w i l l  t r a p  it 

automat ica l ly ;  SUBSCRIPTRANGE is d i sab l ed  by d e f a u l t  because it i s  usua l ly  

d e t e c t a b l e  on ly  by sof tware  checks.  

Condition p r e f i x e s  a r e  nothing more than compiler  d i r e c t i v e s  which 

a r e  a f f i x e d  t o  i nd iv idua l  s t a t emen t s  o r  blocks and c o n t r o l  t h e  genera t ion  

of  checks.  T h e i r  scope is t h u s  s t a t i c ,  c o n t r a s t i n g  wi th  t h a t  of  ON 

s ta tements .  For  example, i n  

(NOOVERFLOW): BEGIN; 
ON OVERFLOW CALL ove re r ro r ;  

x  = x + v 
(OVERFLOW]: a = b * c ;  

CALL PCx + a )  

END ; 



t h e  overf low condi t ion  is d i sab l ed  throughout t h e  begin block except  i n  

t h e  s ta tement  l a b e l l e d  (OVERFLOW): occurrence of overflow dur ing  t h e  

execut ion of ' a  = b * c '  w i l l  r e s u l t  i n  t h e  invoca t ion  of t h e  procedure 

' o v e r e r r o r ' ,  a s  d i r e c t e d  by t h e  ON s ta tement .  Whether overf low is enabled 

dur ing  t h e  execut ion of  'P '  depends on t h e  condi t ion  p r e f i x  a t t ached  t o  

t h e  body of  'PI, which may be s e p a r a t e l y  compiled. If 'P '  n e i t h e r  d i s a b l e s  

OVERFLOW nor  e s t a b l i s h e s  i t s  own condi t ion  handler ,  occurrence of overf low 

i n ' P 1 w i l l  a l s o  cause ' o v e r e r r o r '  t o  be invoked. 

A comon misconception is t h a t  PL/I on-uni t s  provide t h e  a b i l i t y  t o  

t r a p  hardware i n t e r r u p t s .  They do not .  It is  e s s e n t i a l  t o  t h e  language 

t h a t  cond i t i ons  occur  on ly  a t  d i s c r e t e  p o i n t s .  A t  a l l  such p o i n t s  t h e  

"machine" of t h e  PL/I language d e f i n i t i o n  must be i n  a  wel l -def ined s t a t e ,  

s o  t h e  cond i t i on  handler  can manipulate  both program v a r i a b l e s  and t h e  

hidden v a r i a b l e s  of t h e  implementation. If an i n t e r r u p t  occurred while  

t h e  system was performing an " i n d i v i s i b l e "  a c t i o n ,  such a s  a l t e r i n g  t h e  

s t a t e  of  t h e  free s t o r e  system, and a r b i t r a r y  u s e r  code were t o  be executed 

i n  response,  t h e  e f f e c t  could no t  be p red i c t ed .  

A s  one of  t h e  first languages t o  i nc lude  a  s p e c i a l i z e d  except ion 

handl ing mechanism, it would be s u r p r i s i n g  if  PL/I was e n t i r e l y  s a t i s f a c t o r y  

i n  t h i s  r e spec t .  Notions of  what a r e  and what a r e  no t  good p rog raming  

p r a c t i c e s  have changed s i n c e  PL/I was designed. The r e s u l t  is t h a t  t h e  

except ion handling f a c i l i t i e s  of  PL/I a r e  a t  va r i ance  with c u r r e n t  i d e a s  of 

program s t r u c t u r i n g  

Any PL/I procedure i n h e r i t s  from i ts  c a l l e r  a  n e s t  of  handlers  f o r  

va r ious  cond i t i ons .  The consequences of t h e  occurrence of  a  given cond i t i on  

i n  a  procedure cannot be determined by looking a t  t h e  t e x t  of  t h a t  



procedure and its a c t u a l  parameters.  They depend on s t a t emen t s  executed 

i n  o the r ,  pos s ib ly  s e p a r a t e l y  compiled, procedures,  and may vary f r o m  

one c a l l  t o  t h e  next .  The only way t o  avoid t h i s  dependence is t o  i nc lude  

an on-uni t  f o r  every conceivable  condi t ion  i n  every procedure: even then it 

is p o s s i b l e  t h a t  t h e  inconce ivable  may occur .  The c u r r e n t  emphasis on 

r e l i a b i l i t y  r e q u i r e s  t h a t  occurrence of  t h e  t o t a l l y  unexpected should cause 

an alarm (such a s  an e r r o r  h a l t ) ;  t h i s  cannot be achieved i n  PLA. 

The dynamic na tu re  of on-uni t s  makes each cond i t i on  behave l i k e  a  

g l o b a l  v a r i a b l e ,  o r  more p r e c i s e l y  l i k e  a  g l o b a l  s t a c k .  The argument u sua l ly  

pu t  forward i n  defense o f  t h i s  mechanism is t h a t  t h e  invoker  of a  l i b r a r y  

procedure should be a b l e  t o  t r e a t  a  cond i t i on  a r i s i n g  i n  t h a t  procedure i n  

the same way a s  when it a r i s e s  i n  h i s  own code. Th i s  may indeed be d e s i r a b l e  

provided t h e  condi t ion  has one s p e c i f i c  meaning, a s  is  t h e  c a s e  f o r  a  few 

of t h e  language def ined  cond i t i ons  such a s  ENDPAGE. But f o r  t h e  r e s t ,  and 

f o r  programmer def ined  cond i t i ons ,  t h e  meaning of a  cond i t i on  r a i s e d  by an 

a l i e n  sub rou t ine  may be completely d i f f e r e n t  f r o m  t h e  meaning of a  cond i t i on  

of  t h e  same name r a i s e d  by t h e  r e s t  of  t h e  program. I cannot ag ree  t h a t  

the p rov i s ion  of  a s i n g l e  handler  is d e s i r a b l e  a priori. 

Trying t o  e s t a b l i s h  d i f f e r e n t  handlers  f o r  d i f f e r e n t  occur rences  of 

t h e  same condi t ion  is very  cumbersome. MacLaren g i v e s  t h e  example of a  

program wi th  s e v e r a l  GET s t a t emen t s  which should t a k e  d i f f e r e n t  a c t i o n s  i f  

t hey  encounter  t h e  end of  t h e  i npu t  f i l e .  Each one must be p re f ixed  by an 

' O N  ENDFILE Cfl ...' s t a t emen t  which s e t s  up t h e  a p p r o p r i a t e  handler ,  and 

probably pos t f i xed  by a  'REVERT ENDFILE ( f ) '  s ta tement  too .  Th i s  is 

expensive t o  implement and obscures  t h e  func t ion  of  t h e  program. 

These problems may be avoided by e s t a b l i s h i n g  one condi t ion  handler  



f o r  'ENDFILE ( f l '  which s e t s  a  Boolean v a r i a b l e  'end of  f i l e  F', and t e s t i n g  - - - 
t h i s  a f t e r  each GET. Assuming t h a t  the c o r r e c t  hand le r  is  always invoked, 

and t h a t  t h e  p r o g r a m e r  remembers t o  check t h e  s t a t e  of  'end - of - f i l e  - F ' ,  

a l l  w i l l  be well; but  t h i s  is a  cumbersome way of implementing a  p r e d i c a t e  

t h a t  could have been provided by t h e  i npu t  system a t  l i t t l e  c o s t .  

Another problem with PL/I on-uni t s  is f i n d i n g  a  s e n s i b l e  a c t i o n  f o r  

t h e  condi t ion  handler  t o  t ake .  F i r s t ,  t h e r e  is  a list o f  ad 'hoe 

r e s t r i c t i o n s  on what a  condi t ion-handler  can do. The r e s t r i c t i o n s  vary  from 

one condi t ion  t o  another ;  t hey  a r e  intended t o  permit  t h e  genera t ion  of 

e f f i c i e n t  code. (This  i s  d iscussed  i n  d e t a i l  i n  [681.) 

Second, one should no t e  t h a t ,  un l e s s  s p e c i a l  p r ecau t ions  a r e  taken,  a  

cond i t i on  handler  is i n s i d e  i t s  own scope. Should t h e  same c o n d i t i o n ' o c c u r  

i n s i d e  t h e  on-uni t ,  t h e  on-uni t  is  invoked aga in  r e c u r s i v e l y .  "Taking 

s p e c i a l  p recaut ions"  i s  q u i t e  inconvenient .  The fo l lowing  s o l u t i o n  is 

a f t e r  MacLaren. 

BEGIN; 
ON OVERFLOW 
BEGIN; 

OM OVERFLOW GOT0 r e c u r s i v e  overflow handler ;  
/*  Remainder of  t h e  overflow on-uni t  * /  

END; 

GOT0 s t a r t ;  

r e c u r s i v e  overf low handler :  
REVERT OVERFLOW; 
SIGNAL OVERFLOW; 

s t a r t :  
/* Main P a r t  of  Block */ 

END ; 

Such c o n t o r t i o n s  a r e  very  d i f f i c u l t  t o  fo l low.  

Las t ly ,  some method must be found t o  t e rmina t e  t h e  handler .  One 

way of  doing t h i s  is by t h e  execut ion of  a  STOP s ta tement ,  which t e rmina t e s  



t h e  e n t i r e  program. This  could be app rop r i a t e  if  t h e  cond i t i on  were 

c a t a s t r o p h i c .  Another p o s s i b i l i t y  is execut ing t h e  END s ta tement  which 

t e rmina t e s  t h e  handler;  t h i s  impl ies  a  r e t u r n  t o  t h e  con tex t  which r a i s e d  

t h e  condi t ion .  While it may be reasonable  t o  r e t u r n  a f t e r  some cond i t i ons  

[such a s  an ENDFILE which has been handled by s e t t i n g  a  v a r i a b l e 1 , i t  i s  

sometimes d e s i r a b l e  t o  abandon t h e  opera t ion  which r a i s e d  t h e  condi t ion ;  

moreover, a  r e t u r n  is  p roh ib i t ed  a f t e r  e i g h t  of t h e  language-defined 

cond i t i ons .  I n  t h e s e  cases ,  assuming t h a t  one does not  want t o  STOP, it is 

necessary  t o  execute  a  GOT0 s ta tement  and t o  t r a n s f e r  c o n t r o l  t o  the block 

a c t i v a t i o n  t h a t  e s t a b l i s h e d  t h e  on-uni t ,  o r  t o  a  scope enc los ing  it. 

Such a  t r a n s f e r  of  c o n t r o l  is p o t e n t i a l l y  non-local,  and may t h e r e f o r e  

cause an a r b i t r a r y  number of  procedure and block invoca t ions  t o  be abandoned. 

This  obviously g i v e s  r i s e  t o  t h e  c lear -up  problem descr ibed  i n  Sec t ion  2.2. 

The implementation w i l l  presumably c l e a r  upes t ab l i shed  on-uni t s  and s t a c k  

frames, but PL/I does not provide a  mechanism which permi ts  a  programmer t o  

do h i s  own c l e a r i n g  up of f i l e s  o r  o f f - s t a c k  s t o r a g e .  

2.4 Exception Handling i n  Multics 

The Mul t ics  system was developed a t  M.I.T. a s  a  r e sea rch  p r o j e c t  intended 

t o  examine how a  r e l i a b l e  ope ra t i ng  system wi th  a  mu l t i t ude  of  u s e r  

i n t e r f a c e s  could b e s t  be cons t ruc ted .  It was determined a t  t h e  s t a r t  t h a t  

t h e  system should be w r i t t e n  i n  a  h igh- leve l  language and be publ ished 

[ 141. A machine independent high l e v e l  language was t h e r e f o r e  r equ i r ed ,  and 

a t  t h e  time of  t h e  i ncep t ion  of  t h e  p r o j e c t ,  PL/I was considered t o  f i t  t h i s  

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

Mul t ics  provides  an except ion handling mechanism der ived  from PL/I ON 

cond i t i ons  but inc lud ing  s e v e r a l  ex tens ions .  The first extens ion  is t h e  



prov i s ion  by t h e  system o f  t h e  procedures  ' cond i t i on  - ', ' r eve r s ion  - ' and 

' s i g n a l  - ' which correspond t o  t h e  PL/I ON, REVERT and SIGNAL s ta tements ,  

but  a r e  more gene ra l .  These procedures  enable  p r o g r a m e r s  i n  languages 

o t h e r  than PL/I t o  use t h e  Mul t ics  except ion handling mechanism. Th i s  is 

p o s s i b l e  because, a s  we have seen, t h e  e f f e c t  of t h e  PL/I ON, REVERT and 

SIGNAL s t a t emen t s  is dynamic. 

The major  ex tens ion  t o  PL/I cond i t i on  handling was an a t tempt  t o  

s o l v e  t h e  c lear -up  problem. Any block which performs an a c t i o n  which may 

need t o  be c l ea red  up, such a s  opening a  f i l e  o r  a l l o c a t i n g  o f f - s t a c k  

s to rage ,  should group t h e  necessary  ' c l e a r i n g  up' a c t i o n s  i n t o  t h e  handler  

f o r  a  s p e c i a l  condi t ion  c a l l e d  ' c leanup ' .  If t h e  block completes normally 

t hen  t h i s  handler  becomes d i s e s t a b l i s h e d  on block e x i t  i n  t h e  usua l  way. 

However, i f  t h e  block is  te rmina ted  by a  non-local GOTO, a  system r o u t i n e  

c a l l e d  t h e  unwinder is given c o n t r o l .  The unwinder goes down t h e  chain of  

a c t i v a t i o n  r eco rds  and f i n d s  each r o u t i n e  which is  about  t o  be abor ted .  

Before r e l e a s i n g  i ts  l o c a l  v a r i a b l e s  and ca r ry ing  ou t  any o t h e r  c l e a r i n g  up 

t h a t  t h e  system r e a l i s e s  i s  necessary,  t h e  unwinder s ea rches  f o r  a  handler  

f o r  ' c l eanup ' .  If one is found, it is invoked. It is  important  t o  r e a l i s e  

t h a t  a  s p e c i a l  mechanism is used t o  invoke t h e  cleanup handlers ;  t h e  

unwinder cannot r a i s e  t h e  ' c leanup '  cond i t i on  i n  t h e  normal way. Th i s  is 

because t h e  handler  f o r  each about-to-be-aborted invoca t ion  must be executed 

e x a c t l y  once; if t h e r e  is no handler  then no c l e a r i n g  up is necessary.  An 

o rd ina ry  s i g n a l  r a i s e d  a t  t h e  source  of  t h e  t r a n s f e r  would cause on ly  

t h e  most r e c e n t l y  e s t a b l i s h e d  handler  t o  be executed. Thus, t h e  use of 

t h e  ON mechanism f o r  e s t a b l i s h i n g  cleanup a c t i o n s ,  while  convenient  

s y n t a c t i c a l l y ,  does no t  g r e a t l y  i n f luence  t h e  cleanup mechanism i t s e l f .  The 



condition mechanism does ensure that cleanup handlers are automatically 

reverted when the context which established them ceases to exist. 

Nevertheless, the manner in which they are invoked must be quite separate 

from the normal method of invoking a handler. 

Another extension provided by the Multics implementors was the use of 

the condition mechanism to trap asynchronous interrupts - primarily attention 

interrupts from a user's terminal. Similar facilities are provided by many 

IBM implementations. Such interrupts can occur at any time and can 

invalidate the assumption made by the handler that the implementation is in 

a consistent state. Of the Multics extension MacLaren writes 

it almost always works, but there do appear to be a few obscure 
windows that cause occasional failure. This situation is satisfactory 
for interrupts from the terminal. It would probably not be acceptable 
for process control interrupts. 

When writing this he was obviously unaware of the frustration caused to a 

user by a system which randomly ignores some of the things typed at a 

terminal. 

Given PL/I and the task of designing a reliable operating system, the 

Multics team had options other than adopting PL/I-like condition handling. 

One course of action was not to use a special exception handling mechanism 

at all. Organick [75, p. 1911 discusses this possibility. 

Signalling via the SIGNAL statement offers the programmer an attractive 
way to invoke a subroutine without actually having to specify its 
name, letting its designation be determined dynamically, as determined 
by the ON statement most recently executed for the same condition. ... 
You may be wondering if signalling is merely a fancy programmer's 
convenience for avoiding the need to set and return proper status 
arguments. Isn't it the case that a condition can always be reflected 
backward via possibly a chain of such status returns until it reaches 
the procedure that knows what to do about it (i.e. what handler to 
invoke)? Certainly, but even this approach has-its shortcomings, 



e s p e c i a l l y  i f  t h e  cha in  of  r e t u r n s  i s  long and an tecedents  on t h i s  
chain a r e  unable t o  add any new con tex tua l  information ( i .e .  i n t e l l i g e n c e )  
t h a t  w i l l  c l a r i f y  o r  q u a l i f y  t h e  ( recovery)  a c t i o n  t h a t  should be taken.  

A s  a  r u l e  of  thumb, t h e r e f o r e ,  recognized e r r o r s  and o t h e r  cond i t i ons  
should be s i g n a l l e d  r a t h e r  than r e l ayed  a s  s t a t u s  arguments whenever 
t h e  inmediate  c a l l e r s  a r e  no t  expected t o  be ' smar t '  enough t o  improve 
t h e  q u a l i t y  of t h e  ' r ecovery '  f r o m  t h e  given cond i t i on .  

The claimed advantage of  cond i t i on  handling is t h a t  n o t i f i c a t i o n  of an 

excep t iona l  event  can be passed up t h e  c a l l  cha in  u n t i l  a  procedure w i l l i n g  

and a b l e  t o  handle t h e  event  is found, without  t h e  i n t e rven ing  procedures  

having t o  know anything about it. If s t a t u s  arguments a r e  used then  every 

procedure i n  t h e  c a l l  chain must be aware of t h e i r  s i g n i f i c a n c e .  

However, t h i s  advantage is l a r g e l y  f i c t i o n a l .  I n  a  h i e r a r c h a l  

system, each l a y e r  of  procedures  r e p r e s e n t s  a  l e v e l  of a b s t r a c t i o n .  Dealing 

wi th  an except ion means e i t h e r  a c t i n g  on it a t  t h e  c o r r e c t  l e v e l  of a b s t r a c t i o n  

o r  pass ing  it up t h e  h ie ra rchy .  But passing it up involves  changing t h e  

meaning t o  t h a t  app rop r i a t e  a t  t h e  h ighe r  l e v e l .  There is t h u s  ve ry  l i t t l e  

d i f f e r e n c e  between s e t t i n g  s t a t u s  r e t u r n s  a t  each c a l l  and r e l a y i n g  an 

app rop r i a t e  except ion .  I n  both c a s e s  t h e  problem must be analysed and 

i n t e r p r e t e d  i n  t h e  l i g h t  o f  a l l  t h e  c u r r e n t  information.  Even if t h e  

c o r r e c t  response is t o  pas s  t h e  problem up a  l e v e l ,  t h i s  cannot be 

determined without  examining it f irst .  

To make t h i s  concre te ,  l e t  us  cons ide r  t h e  example of a  f u n c t i o n  

' i n v e r t '  which e i t h e r  d e l i v e r s  t h e  i nve r se  of  a  mat r ix  o r  r a i s e s  the 

' z e rod iv ide '  except ion i n  t h e  ca se  t h a t  t h e  mat r ix  is s i n g u l a r .  Suppose t h a t  

t h i s  func t ion  is c a l l e d  f r o m  a  procedure 'Solve '  which is a t tempt ing  t o  

s o l v e  a  s e t  of  s imultaneous equa t ions .  Organick 's  argument is t h a t  t h e  

c a l l e r  of ' So lve ' ,  say  'Main', having been informed of  t h e  s i n g u l a r i t y ,  can 

then  a t tempt  t o  re -so lve  i n  a  space of  reduced d imens iona l i ty .  But f o r  



'Main' t o  i n t e r p r e t  t h e  ' z e rod iv ide '  except ion a s  n o t i f i c a t i o n  of 

s i n g u l a r i t y  is q u i t e  a g a i n s t  t h e  s p i r i t  of s t r u c t u r e d ,  modular programming. 

The c a l l e r  of  'So lve '  has  no bus iness  knowing t h a t  ' i n v e r t '  is e v e r  

c a l l e d ,  f a r  l e s s  t h a t  t h e  ' z e rod iv ide '  except ion imp l i e s  a  s i n g u l a r i t y .  

Indeed it may not  - f o r  'So lve '  may do many ' d iv i s ions  f o r  its own 

purposes,  any one of  which may s i g n a l  ' z e rod iv ide ' ,  because of  a  

programming e r r o r  i f  f o r  no b e t t e r  reason.  It is r e a l l y  f o r  'Solve '  t o  

determine what t o  do if ' I n v e r t '  f a i l s ,  f o r  on ly  'Solve '  knows enough 

about what i s  being inve r t ed  t o  t a k e  s e n s i b l e  a c t i o n .  If a l l  it can do 

is t o  s i g n a l  t o  its c a l l e r  " s o l u t i o n s  may no t  e x i s t " ,  then  t h a t  is  f a i r  

enough. It is a  very d i f f e r e n t  p i ece  of  information f r o m  " ~ e r o d i v i d e ~ ~ .  

Organick 's  " r u l e  of  thumb" a l s o  i gno re s  an e s s e n t i a l  p rope r ty  of  a  

h i e r a r c h a l  system. A given procedure must be c a l l a b l e  from a  v a r i e t y  of  

h ighe r  l e v e l  procedures,  and cannot t h e r e f o r e - u s e  any knowledge about  t h o s e  

h ighe r  l e v e l s .  It fo l l ows  t h a t  it is impossible  t o  dec ide  whether the 

immediate c a l l e r  is "smart" enough t o  improve t h e  q u a l i t y  of t h e  recovery:  

it i s  not  even p o s s i b l e  t o  know who t h e  immediate c a l l e r  is. 

2.5  Exception Handling i n  Algol 68 

I n  c o n t r a s t  wi th  PL/I, Algol 68 con ta in s  no s p e c i a l  purpose except ion 

handling machinery. It is i n t e r e s t i n g  t o  s e e  how Algol 68 d e a l s  w i t h  t hose  

s i t u a t i o n s - i n  which PL/I r e s o r t s  t o  r a i s i n g  a  cond i t i on .  

Many of t h e  PL/I computat ional  cond i t i ons  a r i s e  because o f  t h e  f i n i t e  

n a t u r e  of  t h e  computer on which t h e  language is implemented. Such 

f a i l u r e s  of r e p r e s e n t a t i o n  i nc lude  normal a r i t h m e t i c  underflow and overflow. 

I n  t h e s e  c a s e s  t h e  Algol 68 Report [97]  is  s p e c i f i c  i n  leav ing  subsequent 

a c t i o n s  undefined. S imi l a r ly ,  t h e  r e s u l t  of d i v i s i o n  by ze ro  is an 



44 

undefined va lue .  The implementer i s  given complete freedom t o  do a s  he 

l i k e s ,  and t h e  p r o g r a m e r  must t a k e  c a r e  t o  avoid t h e  consequences. 

This  s i t u a t i o n  i s  no t  a l t o g e t h e r  s a t i s f a c t o r y ,  but  t h e  des igne r s  

of  Algol 68 were fo rced  t o  make a  compromise. They were an i n t e r n a t i o n a l  

group designing a  language f o r  a  va r i ed  c o l l e c t i o n  of  machines. Fo r  

example, on ICL 1900 s e r i e s  computers overf low i n  a  f i x e d  p o i n t  opera t ion  

sets a  s p e c i a l  r e g i s t e r  but  does not  i n t e r r u p t  t h e  normal execut ion sequence. 

The overf low can only  be de t ec t ed  by e x p l i c i t l y  t e s t i n g  t h e  r e g i s t e r .  

If Algol 68 were t o  i n s i s t  t h a t  some s p e c i f i c  a c t i o n  be taken on 

encounter ing overflow, an implementation f o r  such a  machine would be 

p r o h i b i t i v e l y  expensive. (When IBM designed PL/I t hey  were i n  a  b e t t e r  

p o s i t i o n :  on cond i t i ons  could correspond t o  e x a c t l y  t h o s e  e v e n t u a l i t i e s  

which t h e  hardware of t h e  System/360 was a b l e  t o  t r a p . )  

What Algol 68 does provide a r e  a i d s  t o  he lp  i n  avoiding overf low i n  

t h e  first p l ace .  There a r e  a  number of "environment enqu i r i e s " ,  whereby a  

program can determine t h e  maximum and minimum va lues  of  a  given type,  t h e  

number of  d i f f e r e n t  p r e c i s i o n s  o f  a r i t h m e t i c  a v a i l a b l e ,  and s o  on [97, 

$10.2.11. If cond i t i ons  l i k e  overf low a r e  l i a b l e  t o  a r i s e  i n  only a  few 

p l a c e s  t hey  can be avoided by c a r e f u l  programming, but i f  t hey  may occu r  

almost anywhere t h e  language is of no r e a l  help.  Arguably, of course,  

PL/I is  of l i t t l e  more help;  a l l  one can do i n  t h e  l a t t e r  c a s e  is  t o  

e s t a b l i s h  a  g l o b a l  handler  which p r i n t s  a  message and s t o p s .  

Environment e n q u i r i e s ,  invented by Naur, a r e  undoubtedly one of  t h e  

most succes s fu l  a s p e c t s  of  Algol 68; t h e  i dea  has been adopted by most of  

its successors ,  inc lud ing  Modified Algol 60 [19] .  The r e l a t i o n s h i p  wi th  

except ions  should be c l e a r .  When asked t o  i nc lude  a  f u n c t i o n  wi th  a  



r e s t r i c t e d  domain, t h e r e  a r e  two t h i n g s  t h a t  a  language des igne r  might 

reasonably  do. The first is t o  provide a  means whereby membership of  t h e  

domain may be t e s t e d :  t h a t  is  t h e  r o l e  of environment enqu i r i e s .  The 

second is  t o  extend t h e  domain and make t h e  f u n c t i o n  t o t a l ;  i n  t h i s  c a s e  

t h e  range must a l s o  be extended by t h e  add i t i on  of "except ional"  r e s u l t s .  

A d i f f e r e n t  approach is used by t h e  Algol 68 t r a n s p u t  ( i . e .  i npu t  

and ou tpu t )  mechanism. Information i n  t h e  system r e s i d e s  i n  "books" 

con ta in ing  t e x t ,  some i d e n t i f i c a t i o n ,  t h e  p o s i t i o n  of  t h e  l o g i c a l  end of t h e  

t e x t ,  and s o  on. An Algol 68 f i l e  is t h e  means of  communication between a  - 
program and a  book; a  book may be l inked  t o  s e v e r a l  f i l e s  s imultaneously 

( v i a  one o r  more channels ,  which correspond t o  t ypes  of dev ices ] .*  There 

a r e  e n q u i r i e s  t o  determine whether a  book opened on a  f i l e  may be accessed 

i n  p a r t i c u l a r  ways, such a s  ' g e t  p o s s i b l e ' ,  which is t r u e  if t h e  f i l e  may 

be used f o r  input ,  and ' r e i d f  p o s s i b l e ' ,  which is t r u e  if t h e  i d e n t i f i c a t i o n  

of  t h e  book can be changed. More i n t e r e s t i n g l y ,  it is p o s s i b l e  t o  

a s s o c i a t e  "event r o u t i n e s "  wi th  a  f i l e  [97, Â§10.3.1.3.cc]  There a r e  seven 

such rou t ines ,  each a s s o c i a t e d  wi th  a  p a r t i c u l a r  t r a n s p u t  condi t ion :  

phys i ca l  and l o g i c a l  end of  f i l e ,  end of  l i n e  and page, exhaust ion of a  

format  and conversion e r r o r s .  When one of t h e s e  cond i t i ons  occurs  t h e  

app rop r i a t e  r o u t i n e  is c a l l e d .  If t h a t  r o u t i n e  mends t h e  condi t ion  it 

should r e t u r n  t r u e ;  t r a n s p u t  w i l l  then cont inue.  A l t e r n a t i v e l y ,  it could - 
r e t u r n  f a l s e ;  i n  t h i s  ca se  t h e  t r a n s p u t  r o u t i n e  w i l l  t a k e  a  d e f a u l t  a c t i o n .  

Not a l l  o f  t h e  cond i t i ons  a r e  errors, and t h e  d e f a u l t  a c t i o n s  a r e  chosen 

* More convent ional  terminology would be t o  c a l l  an Algol 68 book a  f i l e .  
Algol 68 f i l e s  a r e  more mnemonically known a s  s t reams [91] .  



approp r i a t e ly .  For  example, i f  t h e  r o u t i n e  a s s o c i a t e d  with t h e  "end of  

format"  condi t ion  r e t u r n s  f a l s e ,  t h e  d e f a u l t  a c t i o n  of t h e  t r a n s p u t  

r o u t i n e  is t o  re-use t h e  format  from t h e  beginning. On t h e  o t h e r  hand, i f  

t h e  "phys ica l  f i l e  end" cond i t i on  i s  not  mended ( i . e .  t h e  event  r o u t i n e  

r e t u r n s  f a l s e ) ,  t h e  d e f a u l t  a c t i o n  is l e f t  undefined by t h e  r e p o r t .  End 

of l i n e  and page can be de t ec t ed  by enqu i r i e s "  a s  we l l  a s  wi th  

event  r o u t i n e s ,  but  t h e  l a t t e r  a r e  obviously more convenient  if one simply 

wishes t o  add page numbers t o  a  l i s t i n g .  

Procedures i n  Algol 68 a r e  d a t a  o b j e c t s  which can be f r e e l y  s t o r e d  i n  

d a t a  s t r u c t u r e s .  A l i b r a r y  w r i t t e n  by a  u s e r  i n  o rd ina ry  Algol 68 could 

employ an event  mechanism modelled on t h a t  of  t h e  t r a n s p u t  system. The 

only f a c i l i t y  used by t h e  t r a n s p u t  mechanism not  a v a i l a b l e  t o  an o rd ina ry  

programmer is  t h a t  of  "hiding" t h e  names of t h e  f i e l d  s e l e c t o r s .  One 

cannot a s s ign  t o  t h e  'page mended' f i e l d  of a  f i l e ,  but must use the 'on 

page end'  r o u t i n e  t o  a s s i g n  a  new event  rou t ine .*  

One of  t h e  consequences of  procedures  being da t a  o b j e c t s  is t h a t  t hey  

have t h e  scope of t h e  block i n  which they  a r e  dec la red .  Algol 68 p r o h i b i t s  

t h e  a s s i g n a t i o n  of  a  va lue  t o  a  name which has an o l d e r  scope [97, 

95.2.1.2.bI. The fo l lowing  ( i l l e g a l )  example is given i n  t h e  Report,  and 

assumes t h a t  t h e  f i l e  ' i n t a p e '  is  opened i n  a  surrounding block. The 

i n t e n t i o n  is t o  count t h e  number o f  i n t e g e r s  on t h e  i npu t  t a p e .  

* Although t h i s  corresponds t o  modern i d e a s  on hiding t h e  r e p r e s e n t a t i o n  
of an a b s t r a c t  o b j e c t ,  Algol 68 introduced it f o r  q u i t e  a  d i f f e r e n t  reason;  
s e e  [97, 50.3.71. 



begin i n t  n  :=  0 - 
; on l o g i c a l  f i l e  end(  i n t a p e  
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; do g e t ( i n t a p e J  l o c  i n t l  ; n p l u s a b  I od -- 
f :  p i n t ( n 1  

- 
; 

Thi s  is i l l e g a l  

(ref f i l e  -- 

is t h e  block of  

' i n t a p e '  which 

i n t o  a  b lock) .  

because t h e  scope of  t h e  procedure 

f i le1 -- boo1:goto. f 

t h e  exampleJ and it cannot be ass igned  t o  a  f i e l d  of 

has an o l d e r  scope ( o r  e l s e  it would be p o s s i b l e  t o  jump 

The s o l u t i o n  is t o  w r i t e  

begin i n t  n  :=  0 - - 
f i l e  auxin :=  i n t a u e  - 1 -  

on l o g i c a l  f i l e  end( auxin 
, ( r e f  f i l e  f i l e l b o o 1 : g o t o  -- f 1 

; do g e t ( a u x i n J  l o c  in= n  p l u s a b  I od -- - 
; f :  p i n t ( n 1  

s o  t h a t  both t h e  event  procedure and t h e  f i e l d  t o  which it is ass igned  go 

o u t  o f  scope s imultaneously.  The e f f e c t  is t h e  same a s  PL/I1s  automatic  

r eve r s ion  of  handlers  on block e x i t J  a l though t h e  syntax  is c lumsier .  

It  is  important  t o  n o t i c e  t h a t  t h e  event  procedures  a r e  a s s o c i a t e d  

wi th  f i l e s  ( l i k e  ' i n t a p e l )  r a t h e r  than  wi th  t r a n s p u t  o p e r a t i o n s  ( l i k e  ' g e t 1 ) .  

Th i s  ensures  t h a t  a l l  occurrences of a  cond i t i on  on a  given f i l e  w i l l  be 

d e a l t  wi th  uniformly: what t o  do a t  t h e  end of  a  l i n e  is  a  proper ty  of  t h e  

f i l e  a b s t r a c t i o n .  It does have t h e  disadvantage t h a t  t h e  s e t t i n g  o f  t h e  

handler  may be l e x i c a l l y  remote fmm t h e  opera t ion  which invokes it. 

A l l  t h e  except ion handling techniques  d i scussed  above f a i l  t o  restrict  t h e  

f l ow  of  c o n t r o l .  This  is p a r t l y  because a l l  t h e  languages d i scussed  provide 



an u n r e s t r i c t e d  go to  s ta tement;  more p r e c i s e l y ,  it is because a non-local 

t r a n s f e r  of  c o n t r o l  is o f t e n  t h e  on ly  a c t i o n  a handler  can reasonably t a k e .  

PL/I ON cond i t i ons  bea r  t h e  same r e l a t i o n s h i p  t o  machine i n t e r r u p t s  

a s  do - goto s t a t emen t s  t o  jump i n s t r u c t i o n s .  Both i n t e r r u p t s  and jumps a r e  

very  power-Ful f a c i l i t i e s ,  but it is now widely recognized t h a t  it is a 

mis take  t o  i nc lude  them i n  high l e v e l  languages.  To paraphrase a famous 

remark, PL/I ON cond i t i ons  a r e  t o o  much of  an i n v i t a t i o n  t o  make a mess of 

o n e ' s  program 1201 . 



C h a p t e r  3 

"STRUCTURED" EXCEPTION H A N D L I N G  

T h e  r e a l i z a t i o n  o f  t h e  d e f i c i e n c i e s  o f  P L / I  O N  c o n d i t i o n s  ( s e e  

S e c t i o n  2 . 3 1  h a s  p r o v i d e d  t h e  i m p e t u s  f o r  t h e  d e v e l o p m e n t  o f  

l a n g u a g e  f e a t u r e s  f o r  e x c e p t i o n  h a n d l i n g  w h i c h  h e l p  t o  r e t a i n  

s t r u c t u r e  a n d  c o n s t r a i n  t h e  f l o w  o f  c o n t r o l .  A l t h o u g h  s u c h  

f e a t u r e s  a r e  n o t  p r e s e n t  i n  a n y  w i d e l y  u s e d  l a n g u a g e ,  many 

p r o p o s a l s  h a v e  b e e n  made a n d  i n c o r p o r a t e d  i n t o  e x p e r i m e n t a l  

l a n g u a g e s .  The  Ada p r o g r a m m i n g  l a n g u a g e  s p o n s o r e d  by  t h e  U.S.  

D e p a r t m e n t  o f  D e f e n s e  a l s o  c o n t a i n s  a n  e x c e p t i o n  h a n d l i n g  

f a c i l i t y  a n d  s e e m s  l i k e l y  t o  become w i d e l y  u s e d  i n  t h e  f u t u r e .  

T h i s  c h a p t e r  reviews t h e  except ion handling proposa ls  of  va r ious  

au tho r s  and examines t h e  f a c i l i t i e s  a v a i l a b l e  i n  CLU, Mesa and Ada. A 

taxonomy of  except ion handling mechanisms is first presen ted ,  and then  t h e  

va r ious  proposa ls  a r e  eva lua ted  wi th in  t h i s  framework. 

3.1 A Taxonomy f o ~  Exception Handling 

Various au tho r s  use t h e  same words t o  denote  d i f f e r e n t  ideas ,  s o  t h i s  s tudy  

must begin by de f in ing  i ts  terms.  

An operation is an a b s t r a c t  e n t i t y ,  a  mapping from arguments t o  

r e s u l t s .  A s tandard  ope ra t i on  l i k e  a d d i t i o n  o r  conca tena t ion  may be 

implemented i n  firmware o r  machine code, and a  p r o g r a m e r  def ined  ope ra t i on  

may be implemented a s  a  p i ece  o f  high l e v e l  language t e x t .  I n  e i t h e r  ca se  

t h e  term routine w i l l  be used t o  mean a  p i ece  of  program t e x t  implementing 

an a b s t r a c t  opera t ion .  

A r o u t i n e  t e x t  may con ta in  invocations of  opera t ions ;  it is s a i d  t o  be 



the eaZZe~ of  t h e  r o u t i n e s  which implement them. An invoca t ion  i s a p i e c e  

of t e x t J  and may g i v e  r ise t o  ze roJ  one o r  many a c t i v a t i o n s  of  t h e  

r o u t i n e  which it names. (Fo r  example, t h e  invoca t ion  may be c o n t r o l l e d  

by a  whi le  s ta tement . )  An a c t i v a t i o n  may gene~ate an except ion;  t h i s  

r e s u l t s  i n  t h e  ~aising of t h e  except ion i n  some ( o t h e r )  r o u t i n e  (such a s  

t h e  one which caused t h a t  a c t i v a t i o n ) .  The hndle~ is t h e  program t e x t  

which is executed i n  response t o  t h e  r a i s i n g  of an except ion.  

An e a r l y  ve r s ion  [29] of  Goodenough's widely c i t e d  survey paper  

[30] included a  u s e f u l  c l a s s i f i c a t i o n  of "except ion a s s o c i a t i o n   method^"^ t h a t  

isJ methods of l i n k i n g  the r a i s i n g  of  an except ion and a  handler .  Local 

methods make a  r e f e r ence  t o  a  handler  p a r t  of t h e  t e x t  of t h e  invocat ion;  global 

methods a s s o c i a t e  a  handler  i m p l i c i t l y .  Passing an except ion handling 

r o u t i n e  a s  a  parameter  t o  an invoca t ion  is a  l o c a l  method of  a s s o c i a t i n g  a  

handler ;  PL/I 'on cond i t i ons  a r e  a  g l o b a l  method. 

Two f u r t h e r  c l a s s i f i c a t i o n s  a r e  used by Liskov and Snyder i n  [62] .  

Exceptions a r e  e s s e n t i a l l y  a  comun ica t ion  mechanism between t h e  a c t i v a t i o n  

which d e t e c t s  an unusual event  (and gene ra t e s  an except ion t o  i n d i c a t e  t h i s  

f a c t )  and t h e  a c t i v a t i o n  which d e a l s  wi th  t h e  event  (by handling t h e  

except ion a p p r o p r i a t e l y ) .  Liskov and Snyder s t a t e  t h a t  t h e  "obvious 

candidates ' '  f o r  handling an except ion genera ted  by an a c t i v a t i o n  a r e  t h e  s e t  

of a c t i v a t i o n s  i n  e x i s t e n c e  when t h e  except ion occurs .  They exclude t h e  

g e n e r a t o r  (because if it could d e a l  with t h e  event  t h e r e  would be no need 

t o  r a i s e  an except ion) ,  and then  c l a s s i f y  techniques  according t o  whether 

a c t i v a t i o n s  o t h e r  than t h e  inmediate  c a l l e r  o f  t h e  g e n e r a t o r  a r e  allowed 

t o  handle t h e  except ion.  They use the a d j e c t i v e s  s i n g l e - l e v e l  and m u l t i - l e v e l  

t o  d e s c r i b e  t h e s e  two op t ions .  Levin [59] bases  h i s  p roposa ls  on t h e  



premise t h a t  t h e s e  ' 'obvious candidates ' '  a r e  not t h e  r i g h t  ones.  I n  

corrmon with Parnas [76] he f e e l s  t h a t  t h e  candida tes  should be t h e  members 

of  t h e  "uses" h ie ra rchyJ  whereas t h e  a c t i v a t i o n s  i n  e x i s t e n c e  when an 

except ion is  de t ec t ed  form t h e  " c a l l s "  h ie ra rchy .  The two h i e r a r c h i e s  a r e  

i n  gene ra l  d i s t i n c t .  Never the lessJ  t h e  s i n g l e  o r  m u l t i - l e v e l  c l a s s i f i c a t i o n  

can be app l i ed  t o  t h e  uses  h ie ra rchy  t o o J  i . e .  it is conceivable  t h a t  t h e  

u s e r s  of  a  u s e r  might be a b l e  t o  handle an except ion.  

Liskov and Snyder ' s  second c l a s s i f i c a t i o n  is according t o  whether  an 

a c t i v a t i o n  cont inues  t o  e x i s t  a f t e r  it has genera ted  the except ion.  The 

g e n e r a t o r  can be considered e i t h e r  t o  c a l l  t h e  handler  i t s e l f J  o r  t o  r e t u r n  

t o  its invoker  i n  such a  way t h a t  t h e  handler  is a c t i v a t e d .  I n  t h e  first 

c a s e  it is p o s s i b l e  f o r  t h e  handler  t o  r e t u r n  t o  t h e  g e n e r a t o r J  caus ing  i ts  

~esumption; i n  t h e  second ca se  t h i s  is not  p o s s i b l e  because gene ra t i ng  an 

except ion is considered t o  terminate t h e  genera tor .  

Many more c l a s s i f i c a t i o n s  could be used. P o s s i b i l i t i e s  a r e  whether  a  

technique  is  designed t o  d e a l  on ly  wi th  r a r e l y  occur r ing  even t s  o r  wi th  

corrmon onesJ  whether except ions  can be r a i s e d  on ly  by s t a t emen t s  o r  a l s o  by 

express ionsJ  and whether parameters  a r e  a s s o c i a t e d  wi th  except ions .  

Never the lessJ  t h e  framework I have o u t l i n e d  should be s u f f i c i e n t  f o r  t h e  

r e a d e r  t o  a p p r e c i a t e  t h e  d i f f e r e n c e s  between t h e  mechanisms descr ibed  i n  

t h e  remainder of t h i s  chap te r .  

3.2 Exception Handling in CLU 

The CLU language was developed by t h e  Computation S t r u c t u r e s  Group a t  M.I.T. 

between 1974 and 1978. Many e x c e l l e n t  papers  have been publ ished which not  

on ly  d e s c r i b e  t h e  language but  a l s o  exp la in  why i ts  f e a t u r e s  have a  

p a r t i c u l a r  form. An overview of CLU is a v a i l a b l e  i n  [64] .  The d e s c r i p t i o n  



below is based on [6O], j32] , [El ] and I71 . 
CLU t a k e s  t h e  view t h a t  a  r o u t i n e  may t e rmina t e  i n  one of s e v e r a l  

ways. A normal r e t u r n  i n d i c a t e s  t h a t  t h e  ope ra t i on  it implements has been 

s u c c e s s f u l l y  completed. However, i f  such completion proves t o  be impossible  

. t h e  r o u t i n e  executes  a  s i g n a l  s ta tement  i n s t ead .  Resu l t s  may be de l ive red  by 

both r e t u r n  and s i g n a l ;  t h e  heading of a  m u t i n e  must s p e c i f y  t h e  va r ious  

p o s s i b i l i t i e s .  The l i b r a r y  r o u t i n e  f o r  exponent ia t ion  has t h e  type :  

power: pmc type  ( r e a l ,  r e a l )  r e t u r n s  ( r e a l )  
s i g n a l s  ( ze ro  d iv ide ,  complex r e s u l t ,  

overTlow, underflow 7 

' z e r o  d i v i d e '  occurs  i f  ' a r g l '  = '0' and ' a rg2 '  < ' O r .  'complex r e s u l t '  - - 

occurs  if ' a r g l '  < ' 0 '  and ' a rg2 '  is non- in tegra l .  'overf low'  and 'underflow' 

occu r  if t h e  magnitude of  t h e  r e s u l t  is  t o o  l a r g e  o r  t o o  small  t o  r e p r e s e n t .  

Few of  t h e  l i b r a r y  m u t i n e s  a c t u a l l y  use  t h e  f a c i l i t y  of  passing arguments 

wi th  a  s i g n a l ,  a l though some of  t h e  f i l e  manipulat ion r o u t i n e s  pas s  s t r i n g s  

which more p r e c i s e l y  de f ine  t h e  e r r o r .  

An except ion is genera ted  by means o f  a  s i g n a l  s ta tement  such a s  

' s i g n a l  complex r e s u l t ' .  The name of t h e  except ion can be fol lowed by a  list - 
of  parameters  if app rop r i a t e .  The except ion must e i t h e r  be l i s t e d  i n  the 

r o u t i n e  heading o r  be t h e  s p e c i a l  except ion ' f a i l u r e ' .  The s i g n a l  s ta tement ,  

l i k e  t h e  r e t u r n  s ta tement ,  t e rmina t e s  t h e  c u r r e n t  r o u t i n e  a c t i v a t i o n ;  

execut ion con t inues  i n  t h e  c a l l e r ,  i .e .  t h e  r o u t i n e  conta in ing  t h e  invoca t ion  

which a c t i v a t e d  t h e  gene ra to r .  That invoca t ion  r a i s e s  t h e  except ion,  and 

somewhere i n  t h e  c a l l e r  t h e r e  must be a  handler  f o r  it. 

Handlers a r e  s p e c i f i e d  by an except  s ta tement ,  which a s s o c i a t e s  a  l i s t  

of  except ion  handlers  with a  s ta tement .  The s ta tement  i n  ques t ion  can be 



a s i n g l e  invoca t ion  o r  a l a r g e  block. For  example, t o  handle t h e  except ions  

r a i s e d  by c a l l s  of  lpower' i n  a block, one could w r i t e  

begin ,.. body of  block conta in ing  invoca t ions  of  power... 
end except when ze ro  d iv ide :  hl - 

when ove$low, underflow: h2 
o t h e r s  : h3 

end - 

If t h e  ' z e r o  - d i v i d e 1  except ion is r a i s e d  by an invoca t ion  i n  t h e  block, 

handler  ' h l l  w i l l  be executed.  If 'underf'low' o r  'overf low1 occur,  'h2 '  

w i l l  be executed.  If any o t h e r  except ion i s  r a i s e d ,  'h3 '  w i l l  be executed.  

The handlers  ' h i '  w i l l  themselves  u s u a l l y  be s ta tement  sequences,  and may 

con ta in  o t h e r  except  s ta tements .  

If t h e  execut ion of  t h e  s ta tement  enclosed by an except  s ta tement  

completes without  r a i s i n g  an except ion,  c o n t r u l  passes  t o  t h e  s ta tement  

fo l lowing  t h e  except  s ta tement  without  execut ing  any of t h e  handlers .  

However, i f  an except ion is r a i s e d  dur ing  t h e  execut ion of  t h e  s ta tement ,  

~ o n t r u l ~ p a s s e s  i m e d i a t e l y  t o  t h e  t e x t u a l l y  c l o s e s t  hand le r  f o r  t h a t  except ion.  

[ I t  is  necessary  t o  say  ' l c lo se s t l l  because except  s t a t emen t s  can be nes ted . )  

When execut ion  of t h e  handler  completes, c o n t r o l  passes  t o  t h e  s ta tement  

fo l lowing  t h e  except  s ta tement  conta in ing  t h a t  hand lw .  A handler  i s  o u t s i d e  

i t s  own scope: an except ion occur r ing  i n  a handler  must be caught e i t h e r  by 

an except  s ta tement  wi th in  t h e  handler  body o r  by another ,  enc los ing ,  

except  s ta tement .  

If a list of except ion  names i n  an except  s ta tement  is fol lowed by a 

parameter  l is t ,  a l l  t h e  named except ions  must have t h e  same number of  

arguments a s  t h e r e  a r e  parameters  i n  t h e  list, and t h e  t y p e s  must correspond. 

The parameter  list may be r ep re sen t ed  by an a s t e r i s k :  t h i s  d i s c a r d s  t h e  a c t u a l  



arguments, and can be used f o r  any except ion .  An o t h e r s  hand le r  may appear  

once o r  not a t  a l l ;  it handles any except ion not l i s t e d  by name i n  t h e  

except  s ta tement ,  inc lud ing  ' f a i l u r e 1  ( s e e  next  paragraph) .  o t h e r s  may be 

provided with a  s t r i n g  parameter,  which w i l l  be set t o  the except ion name; 

any arguments of  t h e  except ion a r e  i n a c c e s s i b l e .  

CLU does not  s y n t a c t i c a l l y  en fo rce  t h e  r e s t r i c t i o n  t h a t  t h e r e  must be 

a  hand le r  f o r  every except ion an invoca t ion  can r a i s e .  I n s t ead ,  any unhandled 

except ion  is converted t o  t h e  s p e c i a l  except ion ' fa i lu re ("unhand1ed  except ion:  

name1')'; however, if t h e  ' f a i l u r e '  except ion i t s e l f  is not  handled it is 

passed on unchanged. Every invoca t ion  i s  considered t o  be a b l e  t o  r a i s e  

t h e  ' f a i l u r e 1  except ion even though it appears  i n  no m u t i n e  heading. This  

p o l i c y  was adopted because t h e  p r o g r a m e r  may be a b l e  t o  prove t h a t  a  given 

except ion w i l l  not  a r i s e ,  and should t h e r e f o r e  not  be fo rced  t o  provide a  

handler  f o r  it. 

From t h e  above it w i l l  be seen t h a t  except ion handlers  i n  CLU a r e  s t a t i c  

and can be a t t ached  only  t o  s ta tements ,  no t  express ions .  Exceptions a r e  

propagated up t h e  c a l l  h i e r a m h y  by e x a c t l y  one l e v e l ;  t hey  cannot be caught 

wi th in  t h e  m u t i n e  t h a t  gene ra t e s  them, but r a t h e r  cause its a c t i v a t i o n  t o  be 

te rmina ted .  

The dec i s ion  t o  a l low except ions  t o  propagate  by only  a  s i n g l e - l e v e l  was 

der ived  from t h e  h i e r a r c h a l  program design methodology which t h e  language 

suppor t s .  Each CLU m u t i n e  implements an a b s t r a c t  opera t ion ;  t h e  c a l l e r  of  

a  r o u t i n e  need know only  t h e  s p e c i f i c a t i o n  of t h a t  ope ra t i on ,  and not how it 

is implemented. The except ions  genera ted  by t h a t  r o u t i n e  form p a r t  of  t h e  

s p e c i f i c a t i o n  of t h e  ope ra t i on ,  and it is  app rop r i a t e  f o r  t h e  c a l l e r  t o  be 

aware of them. Th i s  is why they  a r e  l i s t e d  i n  t h e  r o u t i n e  heading. However, 

it is not a p p m p r i a t e  f o r  t h e  c a l l e r  t o  know about t h e  except ions  genera ted  



by r o u t i n e s  used i n  t h e  implementation of  t h e  ope ra t i on .  Such except ions  

must be handled by t h e  r o u t i n e  conta in ing  t h e  invoca t ion  which r a i s e d  them. 

O f  course)  i f  t h a t  r o u t i n e  dec ides  t h a t  t h e  app rop r i a t e  a c t i o n  is t o  i t s e l f  

r a i s e  an except ion,  then it is f r e e  t o  do so .  

The CLU except  s ta tement  has one s e r i o u s  def ic iency .  The placement 

of a  handler  i s  governed by two c o n s t r a i n t s .  

(i.1 The handler  must be su f f ixed  t o  t h e  s ta tement  whose execut ion is 

t o  be te rmina ted  should t h e  except ion a r i s e .  The s ta tement  

fo l lowing  t h e  hand le r  must be an app rop r i a t e  cont inua t ion ,  assuming 

t h e  handler  does not  execute  a  r e t u r n  o r  s i g n a l .  (CLU does not  

have a  go to  s t a t emen t . )  - 
( t i )  The handler  must be app rop r i a t e  f o r  a l l  occur rences  of  t h e  named 

except ion.  If two invoca t ions  r a i s e  t h e  same except ion but  

r e q u i r e  d i f f e r e n t  handlers )  t hen  they  m u s t  be caught by d i f f e r e n t  

except  s ta tements )  one of  which must be s i t u a t e d  s o  t h a t  on ly  one 

of t h e  invoca t ions  is wi th in  its scope. 

These two c o n s t r a i n t s  may c o n f l i c t .  [62] g i v e s  a s  an example a  s ta tement  

' S '  which invokes a  r o u t i n e  ' s i g n '  a t  two d i f f e r e n t  p o i n t s .  ' s i g n '  may 

gene ra t e  t h e  'neg '  except ion)  which should be handled d i f f e r e n t l y  f o r  each 

invocat ion;  however, execut ion should cont inue  with t h e  s ta tement  fo l lowing  

'S '  i n  both ca se s .  If t h e  except  s ta tement  is used t o  a t t a c h  s e p a r a t e  

handlers  t o  each invoca t ion  then  some o t h e r  mechanism is needed t o  ach ieve  t h e  

d e s i r e d  f low of c o n t r o l .  One p o s s i b i l i t y  is t o  set and t e s t  v a r i a b l e s )  a s  

i n  t h e  fo l lowing  code. 



begin ... s t a t emen t s  I .,. 
xneg : =  f a l s e  
a : =  s ign (x1  except  when neg ( i : i n t ) :  sl; 

xneg :=  t r u e  
end - 

i f  not  xneg -- 
then  - ... s t a t emen t s  2 ... 

yneg : =  f a l s e  
b : =  s ign (y1  except  when neg (j: i n t )  : s2;  

yneg := t r u e  
end - 

i f  no t  yneg -- 
then  - ... s t a t emen t s  3 ... 

end 

However, i f  one needs t o  do t h a t  t h e r e  is l i t t l e  p o i n t  i n  having an except ion 

handling mechanism: t h e  code would be s i m p l i f i e d  i f  t h e  r e s u l t  of ' s i g n '  

were t e s t e d  wi th  t h e  i f  s ta tement  d i r e c t l y .  So CLU i nc ludes  an e x i t  s ta tement  - 
t o  perform l o c a l  t r a n s f e r s  of  c o n t r o l .  Using it the example can be r e w r i t t e n  

a s  fo l lows .  

begin ... s t a t emen t s  I ... 
a := s ign (x1  except  - when neg ( i : i n t ) :  sl; 

end - ... s t a t emen t s  2 .., 
e x i t  done - 

b :=  s ign (y1  except  when neg ( j : i n t I :  32; 

end - ... s t a t emen t s  3 ,,. 
e x i t  done - 

end except  when done: - 
end - 

E x i t s  provide f o r  l o c a l  c o n t r o l  t r a n s f e r s  i n  a s i m i l a r  way t o  t h e  s i t u a t i o n - c a s e  

s ta tement  of  Zahn [104]. An e x i t  s ta tement  behaves l i k e  an invoca t ion  which 

r a i s e s  an except ion.  Whereas a s i g n a l  s ta tement  r a i s e s  an except ion i n  t h e  



c a l l i n g  r o u t i n e ,  t h e  e x i t  s ta tement  r a i s e s  t h e  except ion d i r e c t l y  i n  t h e  

c u r r e n t  r o u t i n e .  An except ion r a i s e d  by an e x i t  s ta tement  must be handled ex- 

p l i c i t l y  by an except  s ta tement ;  it is not  s u f f i c i e n t  f o r  t h e  except  

s ta tement  t o  con ta in  an o t h e r s  arm. E x i t s  can, of course,  be used t o  

prematurely t e rmina t e  any block, not  j u s t  an except ion handler .  

3.3 Exception Handling i n  Mesa 

The Mesa language has been developing a t  Xerox Palo Alto Research Center  

s i n c e  1974. It  i s  used f o r  systems implementation by r e sea rch  s t a f f .  P r i o r  

t o  t h e  i n t roduc t ion  of  Mesa, t h e s e  u s e r s  had developed a  wide range of 

programming s t y l e s ;  a s  f a r  a s  is poss ib l e ,  Mesa a t t empt s  t o  accommodate them 

a l l .  It con ta in s  t h e  most ex t ens ive  implemented except ion handl ing mechanism 

of which I am aware. 

Information on Mesa is sometimes d i f f i c u l t  t o  ob t a in .  An overview of the 

language was publ ished [25] ,  and t h e  Manual is f a i r l y  r e a d i l y  ob t a inab le  

[72] .  An eva lua t ion  of  t h e  Mesa mechanism has been made by Horning [51] .  

Th i s  s e c t i o n  has a l s o  b e n e f i t t e d  from d i scus s ion  with D r .  J.G. Mi tche l l .  

The Mesa except ion mechanism is very  gene ra l  and powerful. Its d e s c r i p t i o n  

occupies  t e n  pages of  t h e  Mesa Manual, and only  a  summary is at tempted here .  

An except ion i n  Mesa is c a l l e d  a  s i g n a l ,  and has a  d a t a  t ype  r a t h e r  

l i k e  t h a t  of  a  procedure: s i g n a l s  may have both parameters  and r e s u l t s .  

S i g n a l s  d i f f e r  from procedures  i n  t h e  way they  a r e  a s s o c i a t e d  wi th  a  body. 

The va lue  of  a  procedure r e p r e s e n t s  its body more o r  l e s s  d i r e c t l y .  I n  

c o n t r a s t ,  t h e  va lue  of  a  s i g n a l  is a  unique code on which t h e  on ly  ope ra t i on  

is  t e s t  f o r  e q u a l i t y .  The a p p r o p r i a t e  r o u t i n e  body is loca t ed  i f  and when 

t h e  except ion is r a i s e d .  



A s i g n a l  i s  generated by a s i g n a l  s ta tement ,  which has t h e  same syntax  

a s  a procedure c a l l  except  t h a t  it is pref ixed  by t h e  symbols SIGNAL, 

ERROR o r  RETURN WITH ERROR. 

Generation of  a s i g n a l  w i l l  even tua l ly  cause a handler  t o  be invoked; 

its s e l e c t i o n  is  descr ibed  below. If t h e  handler  completes without  

performing a non-local t r a n s f e r  of c o n t r o l ,  t h e  e f f e c t  i s  t o  r e t u r n  t o  t h e  

s ta tement  fo l lowing  t h e  s i g n a l  c a l l  e x a c t 1 y . a ~  with a procedure c a l l .  The 

symbol ERROR provides  a way of p r o h i b i t i n g  such a r e t u r n ;  any at tempt  t o  

r e t u r n  a f t e r  an e r r o r  c a l l  is i l l e g a l  (and causes  ano the r  ERROR c a l l e d  

'ResumeError ' l .  If a s i g n a l  is dec la red  a s  an ERROR then  it i s  a syntax  

e r r o r  t o  use  it i n  a s i g n a l  c a l l ;  if it is dec la red  a s  a SIGNAL, it may be 

used i n  any s i g n a l  c a l l ,  inc lud ing  an e r r o r  c a l l .  Thus e r r o r s  a r e  a s o r t  

of sub-type of s i g n a l s .  

S igna l  c a l l s  may r e t u r n  r e s u l t s ,  and may t h e r e f o r e  appear  i n  

express ions ;  t h i s  is a l s o  t r u e  of  e r r o r  c a l l s ,  a l though s i n c e  t hey  never  

r e t u r n  a t  a l l  t h i s  is pure ly  f o r  s y n t a c t i c  convenience. ( A  s i m i l a r  f e a t u r e  

is  found i n  Algol 68, where a goto s ta tement  may be t r e a t e d  a s  an express ion  

of any type .  l  

A hand le r  is a s soc i a t ed  with a s i g n a l  by means of a so-ca l led  catch 

phrase. A ca t ch  phrase has a s  i t s  scope a p i ece  of  program t e x t .  It may 

appear  a f t e r  t h e  BEGIN of a block o r  t h e  DO of  a loop, i n  which c a s e  its 

scope is t h e  whole of t h a t  block o r  loop. It  may a l s o  appear  w i th in  t h e  

b racke t s  of  a c a l l ,  s epa ra t ed  from t h e  arguments by an exclamation mark; 

t h e  scope of  such a ca t ch  phrase  is t h e  r o u t i n e  a c t i v a t e d  by t h a t  c a l l ,  

but  not  t h e  argument l ist i t se l f .  A c a t ch  phrase is  s a i d  t o  be enabled 

when c o n t r o l  is wi th in  i t s  scope i n  a dynamic sense .  A l l  t h i s  may be 



clarified by an example ( + is the assignment symbol). 

Report : PROCEDURE[message : TEXT] = 
BEGIN ENABLE catch phrase 1 
; . declarations ... 
5 IF ... THEN SIGNAL ImpossibleError 
5 ... 
5 InputFileName + ConstructCurrentFileName[] 
5 LineNr + LineNr + 1 
END ; 
ConstructCurrentFileName : PROCEDURE RETURNSFName : TEXT1 = 
BEGIN ... initialization... 
; UNTIL NameElement = Nil 

DO ENABLE catch phrase 3 

a m .  

; FName + AppendText [ FName 
, FileName[NameElement] ] 

; NameElement + Next[NameElement] 
ENDLOOP 

END ; 

AppendText : PROCEDURE[Head : Text, Tail: TEXT] 
RETURNS[t:TEXT] = 

BEGIN . . . 
5 t + ConcatText[Head, Tail ! catch phrase 41 
5 ReturnText [Head] 
END 

The routine 'Report' enables 'catch phrase 1' for the whole of its 

body. Signals generated by the statements of that body, such as the 

assignment to 'LineNr', will be offered to 'catch phrase 1'. This is true 

even if the 'SIGNAL ImpossibleErmr' statement is executed. 

'Report' invokes 'ConstructCurrentFileName', which does not have a 

catch phrase attached to the whole of its body. If a signal is generated 

while executing the initialization it will be offered to 'catch phrase 1' 

in 'Report', as this is the dynamically enclosing context. However, the 

UNTIL ... ENDLOOP statement within 'ConstructCurrentFileName' has its own 
catch phrase, and signals generated by the body of the loop will be 



o f f e r e d  t o  ' c a t ch  phrase 3 '  f irst .  

'AppendText' i l l u s t r a t e s  a ca t ch  phrase a t t ached  t o  a c a l l .  S igna l s  

r a i s e d  [bu t  not  caught)  wi th in  'ConcatTextl  w i l l  be o f f e r ed  t o  

' c a t c h  phrase 4 ' . .  

A c a t ch  phrase may reject a s i g n a l ,  i n  which c a s e  it passes  up t o  

t h e  dynamically enc los ing  ca t ch  phrase.  So if  'AppendText' is c a l l e d  from 

wi th in  t h e  loop of 'ConstructCurrentFileNamel and gene ra t e s  a s i g n a l  which 

c a t c h  phrase 4 '  r e j e c t s ,  it w i l l  be o f f e r e d  t o  ' c a t ch  phrase 3 ' .  The 

Mesa run t ime system guaran tees  t h a t  a l l  o therwise  uncaught s i g n a l s  w i l l  

be caught a t  t h e  h ighes t  l e v e l  by t h e  debugger. 

It should now be apparen t  t h a t  t h e  Mesa s i g n a l  s ta tement  both generates 

an except ion and raises it. This  is a l s o  t r u e  of  t h e  e r r o r  s ta tement .  

Thus i n  Mesa an except ion may be handled by t h e  r o u t i n e  which i tself  

genera ted  t h e  s i g n a l  o r  e r r o r .  The RETURN WITH ERROR s ta tement  is used 

t o  r a i s e  an except ion i n  t h e  environment of t h e  c a l l i n g  r o u t i n e .  I n  t h e  

example, i f  t h e  UNTIL ... ENDLOOP c o n s t r u c t  contained such a s ta tement ,  e .g .  

'RETURN WITH ERROR FileNameStructureInconsistent', t h e  s i g n a l  would first 

be o f f e r e d  t o  ' c a t c h  phrase 1 ' .  Resumption is not  p o s s i b l e  a f t e r  a 

RETURN WITH ERROR s ta tement .  

The ca t ch  phrase i t s e l f  is r a t h e r  l i k e  a c a s e  s ta tement ;  it t a k e s  t h e  

fo l l owing  form. 

BEGIN 
s i g  1 => body A; 
s i g  2, s i g  3 => body B; 
s i g  4 => body C 

END 



The ' s i g  i '  a r e  v a r i a b l e s  which must eva lua t e  t o  s i g n a l s .  If 

s i g  1 '  is dec la red  t o  be of  t ype  

SIGNAL [param : p] RETURNS [ r e s u l t  : r ]  

then  'param' and ' r e s u l t '  a r e  i m p l i c i t l y  a v a i l a b l e  wi th in  'body A '  a s  

t h e  names of t h e  parameter  and r e s u l t  of t h e  s i g n a l  c a l l .  If ' s i g  2 '  and 

' s i g  3' do not  have i d e n t i c a l  t ypes  t h e i r  parameters  and r e s u l t s  a r e  not  

a v a i l a b l e  wi th in  'body 6 ' .  C l e a r l y  t h e  scope of  t h e  s i g n a l  d e c l a r a t i o n  

must encompass a l l  t h e  s i g n a l  c a l l s  and ca t ch  phrases  which r e f e r  t o  it. 

The l a s t  ( o r  on ly )  c l a u s e  i n  a  ca t ch  phrase may have t h e  form 

'ANY => body'. When a  s i g n a l  is o f f e r e d  t o  a  ca t ch  phrase i t s  va lue  is  

compared, i n  o rde r ,  with each s i g n a l  va lue  i n  t h e  v a r i a b l e  lists preceding 

t h e  => symbol. If a  match is found c o n t r o l  passes  t o  t h e  app rop r i a t e  body. 

ANY matches any s i g n a l  code, and is p r imar i l y  intended f o r  use i n  t h e  

debugger. 

If none of  t h e  v a r i a b l e s  i n  t h e  ca t ch  phrase matches t h e  s i g n a l ,  t h e  

s i g n a l  is " r e j ec t ed"  and propagated t o  t h e  next ca t ch  phrase i n  t h e  c a l l  

h ie ra rchy .  The body of a  handler  t h a t  has caught a  s i g n a l  may a l s o  

e x p l i c i t l y  r e j e c t  it; t h u s  p a r t i a l  recovery from an except ion may be 

e f f e c t e d ,  and then  t h e  s i g n a l  passed on up t h e  h ie ra rchy .  

The body of  a  handler  behaves e x a c t l y  l i k e  a  r o u t i n e  c a l l e d  by t h e  

gene ra to r .  S p e c i f i c a l l y ,  it may r e t u r n  t o  t h e  g e n e r a t o r  (provided t h e  

s i g n a l  was not  genera ted  by an e r r o r  c a l l ) .  This  is  done by means of  t h e  

RESUME s ta tement ,  which may a l s o  r e t u r n  va lues  t o  t h e  gene ra to r ,  according 

t o  t h e  t ype  of t h e  s i g n a l .  



If resumption is inapprop r i a t e ,  t h e  handler  must execute  some form of  

non-local  t r a n s f e r  of  c o n t r o l .  I n  a d d i t i o n  t o  t h e  o rd ina ry  methods of 

c o n t r o l  t r a n s f e r ,  two s p e c i a l  s ta tements ,  RETRY and CONTINUE, may be used 

wi th in  ca tch  phrases .  RETRY a c t i v a t e s  a  t r a n s f e r  t o  t h e  beginning 

of  t h e  s ta tement  t o  which t h e  ca t ch  phrase  belongs; CONTINUE i n i t i a t e s  a  

t r a n s f e r  t o  t h e  s ta tement  fotlou'ing t h e  one t o  which t h e  ca t ch  phrase  

belongs. In  t h e  case  of a  ca t ch  phrase a t t ached  t o  a  loop body, CONTINUE 

means "go around t h e  loop again";  t h e  same e f f e c t  can be achieved wi th  

Mesa's LOOP s ta tement .  

Mesa a l s o  has a  r e s t r i c t e d  GOT0 ( r a t h e r  l i k e  a  CLU e x i t ) ,  and an EXIT - 
s ta tement  f o r  t e rmina t ing  loops.  Before any of t h e s e  non-local  t r a n s f e r s  

a r e  completed each about-to-be-aborted a c t i v a t i o n  is given an oppor tun i ty  t o  

do some c lear ing-up  ( s e e  Sec t ion  2.21. S y n t a c t i c a l l y ,  t h e  c lear -up  code 

appears  a s  a  handler  f o r  t h e  s p e c i a l  s i g n a l  'unwind'. However, 'unwind' is 

not  t r e a t e d  l i k e  an o rd ina ry  s i g n a l .  The implementation of non-local c o n t r o l  

t r a n s f e r s  ensures  t h a t  'unwind' is o f f e r e d  e x a c t l y  once t o  each ca t ch  phrase 

of  each a c t i v a t i o n  which is about  t o  be abor ted .  If a  given ca t ch  phrase  has 

no handler  f o r  'unwind' t h e  s i g n a l  is not propagated a s  an o rd ina ry  s i g n a l  

would be. There a r e  no c o n s t r a i n t s  on t h e  a c t i o n  which an unwind handler  

can t a k e .  I n  p a r t i c u l a r ,  it may i tself  perform a  non-local  t r a n s f e r  of  

c o n t r o l  and i n i t i a t e  a  second 'unwind'. No f u r t h e r  c lear ing-up  is then  done 
- - -  - -  - -  - - 

f o r  e i t h e r  t r a n s f e r ,  and t h e  first t r a n s f e r  i s  abandoned i n  f avour  of t h e  

second one. 

It is  a  comon misconception t h a t  except ion handl ing mechanisms l i k e  

t h a t  of Mesa "solve" t h e  c lear -up  problem. They do not .  The "unwind" 



s i g n a l  i n  Mesa (and ' c leanup '  i n  Mult ics ,  s e e  Sec t ion  2.4) cannot be 

t r e a t e d  a s  o rd ina ry  s i g n a l s .  The inc lus ion  of 'unwind' amongst t h e  

s i g n a l  va lues  i n  a  ca t ch  phrase is s y n t a c t i c a l l y  convenient but 

s eman t i ca l l y  i r r e l e v a n t  (and expensive a t  execut ion time). It would be 

c l o s e r  t o  t h e  t r u t h  t o  say  t h a t  Mesa except ion handling causes t h e  

c l ea rup  problem, because a l l  non-local c o n t r o l  t r a n s f e r s  a r e  a s s o c i a t e d  

wi th  s i g n a l s .  (This  is a  s l i g h t  ove r s imp l i f i ca t i on  because most 

systems need some provis ion  f o r  c lear ing-up  a f t e r  a  c a t a s t r o p h i c  f a i l u r e .  

This  i s  considered i n  Chapter  7.1 

It should be c l e a r  t h a t  Mesa's except ion handling mechanism is much 

more powerful than  t h a t  of  CLU. Both mechanisms a r e  confined t o  t h e  c a l l  

h ie ra rchy  and a r e  engineered s o  a s  t o  be s u i t a b l e  f o r  r a r e l y  o c c u r r i n g -  

even t s .  However, by al lowing s i g n a l s  t o  span more t han  one l e v e l  of c a l l ,  

and by not  r e q u i r i n g  a  list of  s i g n a l s  t o  appear  i n  t h e  heading of  a  rou t ine ,  

t h e  Mesa mechanism achieves  g r e a t e r  power and convenience. Horning [51 ]  

observes  t h a t  t h e r e  a r e  r e s p o n s i b i l i t i e s  a s soc i a t ed  wi th  t h e  e x e r c i s e  of 

t h i s  power. 

It it necessary t o  document not  on ly  t h e  names and meanings of  t h e  
s i g n a l s  t h a t  t h e  components may use d i r e c t l y  o r  i n d i r e c t l y ,  but a l s o  t h e  
names and meanings of  any parameters  suppl ied  wi th  t h e  s i g n a l ,  
whether t h e  s i g n a l  may be resumed, and if  so ,  what r e p a i r  is expected 
and what r e s u l t  is t o  be r e tu rned .  Unless a l l  t h i s  information is 
provided, it w i l l  be d i f f i c u l t  f o r  u s e r s  t o  respond c o r r e c t l y  t o  
s i g n a l s .  Each p r o g r a m e r  must dec ide  which s i g n a l s  t o  handle v i a  
ca t ch  phrases ,  and which t o  r e j e c t  ( i . e .  t o  i nco rpo ra t e  i n t o  t h e  
i n t e r f a c e  of  h i s  component). 

... The more l e v e l s  through which a  s i g n a l  passes  before  being handled, 
t h e  g r e a t e r  t h e  conceptual  d i s t a n c e  is l i k e l y  t o  be between t h e  
s i g n a l l e r  and t h e  handler ,  t h e  g r e a t e r  t h e  c a r e  necessary t o  ensu re  
c o r r e c t  handling, and t h e  g r e a t e r  t h e  l i ke l i hood  of some in t e rmed ia t e  
l e v e l  omi t t i ng  a  necessary  ca t ch  phrase  f o r  'unwind'. 



The a b i l i t y  t o  resume a f t e r  a  s i g n a l  is s t r e s s e d  is one of t h e  g r e a t  

advantages of t h e  Mesa mechanism. Th i s  is not because t h e  genera t ing  

r o u t i n e  is o f t e n  resumed but because when a  s i g n a l  is not  caught c o n t r o l  

pa s se s  t o  t h e  debugger, and a l l  t h e  c o n t r o l  contex t  which e x i s t e d  when t h e  

s i g n a l  was generated is then  a v a i l a b l e  f o r  i n spec t ion .  I n  d i s cus s ion  

Jim Mi t che l l  has claimed t h a t  n ine ty-n ine  p e r  c e n t  of  s i g n a l s  a r e  intended 

f o r  t h e  debugger, i n  t h a t  t h e y  a r e  genera ted  i n  " impossible"  s i t u a t i o n s .  

Although h i s  e s t ima te  is unsubs t an t i a t ed ,  it is c l e a r l y  common t o  u se  Mesa 

s i g n a l s  f o r  t h i s  purpose. I n  such a  s i t u a t i o n  t h e  p r o g r a m e r  is a b l e  t o  

examine t h e  l o c a l  v a r i a b l e s  of  t h e  r o u t i n e  which genera ted  t h e  s i g n a l  and 

determine t h e  cause of  t h e  problem. It may even be p o s s i b l e  t o  use t h e  

debugger t o  a l t e r  t hose  v a r i a b l e s  and resume t h e  s i g n a l .  

It  should be observed, however, t h a t  acces s  t o  t h e  l o c a l  v a r i a b l e s  of  a  

r o u t i n e  by ano the r  p a r t  of t h e  program is p roh ib i t ed  by t h e  p r i n c i p l e  of 

modular i ty  and t h e  scope r u l e s  of  t h e  language (except  i n  t h e  degenera te  c a s e  

where a  s i g n a l  is handled i n  t h e  r o u t i n e  which gene ra t e s  i t ) .  Th i s  

d i s t i n c t i o n  between program and programmer i s  well-made by Liskov [62]. While 

observing t h a t  t h e  CLU mechanism is  designed t o  provide programs with  t h e  

information r equ i r ed  t o  r ecove r  f r o m  undesired events ,  s h e  p o i n t s  ou t  t h a t  

nothing i n  t h e  des ign  prec ludes  an implementation which r e p o r t s  except ions  

t o  t h e  prograrrmer, should he be a v a i l a b l e ,  before  t e rmina t ing  t h e  

a c t i v a t i o n s  which genera ted  them. I n  t h i s  way a s  much s t a t e  a s  is  r equ i r ed  

may be inspec ted .  Moreover, there is no implied r e s t r i c t i o n  t h a t  on ly  

unhandzed except ions  should be r epo r t ed  t o  t h e  p r o g r a m e r .  It would be 

p o s s i b l e  f o r  t h e  except ion mechanism t o  be r e s t r i c t e d  t o  r e p o r t  a  s p e c i f i e d  

subse t  of except ions  t o  t h e  programmer, who could then  dec ide  whether t o  



handle them himself o r  t o  l e t  them be handled by t h e  program. 

None of  t h e  above is intended a s  a  c la im t h a t  t h e  a b i l i t y  t o  resume 

an except ion does not  add power t o  t h e  language. That it does s o  is 

ind i spu tab l e :  one may wish t o  a rgue  only  t h a t  t h e  e x t r a  power is not  needed, 

o r  is not  worth its c o s t  i n  terms of  semantic complexi t ies ,  o r  should be 

provided by some o t h e r  mechanism. My po in t  is  t h a t  i n  p u t t i n g  t h e s e  

arguments t h e  ques t ion  of debugging is q u i t e  i r r e l e v a n t .  

The Mesa language has been i n  use a t  Xerox PARC f o r  seven o r  e i g h t  

yea r s ,  and cons ide rab l e  exper ience  i n  t h e  use and misuse of s i g n a l s  has been 

b u i l t  up. Such experience is not  common, and I t h i n k  it worthwhile quot ing  

t h e  fol lowing comun ica t ion  from Jim Morris a t  l eng th  (excerp ted  f r o m  [ 5 1 ] ) .  

Like any new and powerful language f e a t u r e ,  Mesa's s i g n a l  mechanism, 
e s p e c i a l l y  t h e  unwind opt ion ,  should be approached with cau t ion .  
Because it is  i n  t h e  language, one cannot always be c e r t a i n  t h a t  a  
procedure c a l l  r e t u r n s ,  even if  he is not  us ing  s i g n a l s  himself .  
Every c a l l  on an e x t e r n a l  procedure must be regarded a s  an e x i t  from 
your  module, and you must c l ean  t h i n g s  up before  c a l l i n g  t h e  
procedure,  o r  inc lude  a  ca t ch  phrase t o  c l ean  t h i n g s  up i n  t h e  event  
t h a t  a  s i g n a l  occurs .  It is hard t o  t a k e  t h i s  s t r i c t u r e  s e r i o u s l y  
because it 'is r e a l l y  a  has s l e ,  e s p e c i a l l y  cons ide r ing  t h e  f a c t  t h a t  t h e  
use of s i g n a l s  is f a i r l y  r a r e ,  and t h e i r  a c t u a l  e x e r c i s e  even r a r e r .  
Because s i g n a l s  a r e  r a r e  t h e r e  is hard ly  any reinforcement  f o r  fo l lowing  
t h e  s t r ic t  s i g n a l  po l icy ;  i . e .  you w i l l  ha rd ly  e v e r  hear  anyone say  
' I ' m  r e a l l y  g l ad  I put  t h a t  ca t ch  phrase i n  t h e r e ;  o therwise  my 
program would never  work". The po in t  is t h a t  t h e  program will work 
q u i t e  w e l l  f o r  a  long t ime without  t h e s e  p recau t ions .  The bug w i l l  
not  be found u n t i l  long a f t e r  t h e  system is running i n  Peoria .  . It should be noted t h a t  Mesa is f a r  s u p e r i o r  t o  most languages i n  
t h i s  a r e a .  I n  p r i n c i p l e ,  by us ing  enough ca t ch  phrases ,  one can keep 
c o n t r o l  f r o m  g e t t i n g  away. The non-local t r a n s f e r s  allowed by most 
Algol - l ike  languages prec lude  such c o n t r o l .  It has been suggested 
t h a t  systems p rog raming  is l i k e  mountaineering: one should no t  always 
r e a c t  t o  s u r p r i s e s  by jumping: it could make t h i n g s  worse. 

Cedar Mesa is a ve r s ion  of t h e  Mesa language being designed and 

implemented a s  p a r t  of t h e  Cedar Programming Environment. Associated w i t h  



t h e  Cedar design e f f o r t  is a  r e s t r i c t e d  form of t h e  s i g n a l  mechanism. The 

r e s t r i c t i o n s  a r e  not  enforced by t h e  compiler  but a r e  adopted by convention: 

enforcement may fo l low if  it is found t h a t  t h e  r e s t r i c t i o n s  a r e  not  t o o  

irksome. The aim is t o  s i m p l i f y  t h e  mechanism and t o  make it mesh b e t t e r  

wi th  t h e  p r i n c i p l e  of encapsula t ion .  The r e s t r i c t i o n s  a r e :  

Cil t h a t  t h e  ANY c a t c h a l l  be e l imina ted ;  

Ci i l  i f  a  s i g n a l  c r o s s e s  more t han  one a b s t r a c t i o n  boundary it is 

changed t o  a  g l o b a l l y  known except ion denot ing a  p rog raming  

e r r o r .  This  c a p t u r e s  t h e  f a c t  t h a t  t h e  s i g n a l  has l e f t  t h e  on ly  

a b s t r a c t i o n  i n  which it could reasonably be caught.  

C i i i l  There should be a  " c a l l i n g  e r r o r "  s i g n a l  i n d i c a t i n g  t h a t  a  module 

has been provided wi th  i l l e g a l  arguments. 

Civl Ne i the r  c a l l i n g  e r r o r s  no r  prograrrrning e r r o r s  should be resumed 

o r  have parameters.  

A t  p r e sen t  I have no information about t h e  e f f e c t  of t h e s e  r e s t r i c t i o n s .  

It w i l l  be some t ime before  it is known whether  t hey  he lp  t o  a l l e v i a t e  t h e  

problems d iscussed  by Morris.  

3.4 Levin's Proposals for Exception Hand'izng 

I n  h i s  Ph.D. t h e s i s  [59] Roy Levin made proposa ls  f o r  an ex t ens ive  except ion 

handling mechanism. Rea l i s ing  t h e  dangers  of  adding t o  any language, he 

sought a  c o n s t r u c t  t h a t  would be vevifiable, uniform ove r  a  l a r g e  c l a s s  of  

except ions ,  adequate f o r  r e a l  problems i n  both p a r a l l e l  and s e q u e n t i a l  

programming, and implementable with  reasonable  e f f i c i e n c y .  The opening 

s e c t i o n s  of h i s  t h e s i s  e l a b o r a t e  t h e s e  g o a l s  and ought t o  be compulsory 

read ing  f o r  anyone contemplat ing t h e  invent ion  of a  new p rog raming  c o n s t r u c t .  



However, by l ay ing  such a  f i rm  foundat ion Levin i n v i t e s  a  more s t r i n g e n t  

eva lua t ion  of  h i s  mechanism than was app rop r i a t e  f o r  t h o s e  designed t o  

l e s s  exac t ing  s t anda rds .  

The in t roduc t ion  t o  h i s  t h e s i s  admi ts  t h a t  t h e r e  is no adequate  

d e f i n i t i o n  of "exception"; whether o r  no t  a  p a r t i c u l a r  event  should be 

c l a s s i f i e d  a s  an except ion  depends l a r g e l y  on i ts  con tex t .  It is claimed 

t h a t  t h e  except ion mechanism should be used whenever t h e  d e t a i l s  of t h e  

handling o f  a  p a r t i c u l a r  ca se  need t o  be suppressed, s o  t h a t  o t h e r  (more 

common) c a s e s  can be emphasised. H i s  mechanism is capable  of  dea l ing  wi th  

anyth ing  f r o m  gene ra l  i n t e r p r o c e s s  communication t o  i n t e r r u p t  handling. 

The ch i e f  d i f f e r e n c e  between Levin ' s  mechanism and t h e  o t h e r s  I have 

descr ibed  is i n  t h e  s e l e c t i o n  of t h e  modules which may be given an 

oppor tun i ty  t o  handle an except ion.  Levin a rgues  t h a t  a l l  of  t h e  user's of  

module should be cons idered .  The c l a s s i c  example suppor t ing  t h i s  argument 

is a s t o r a g e  a l l o c a t i o n  module used by s e v e r a l  o t h e r  modules which 

main ta in  p r i v a t e  caches of s t o r e .  If t h e  a l l o c a t o r  cannot  s a t i s f y  a  

r eques t  f r o m  one of its u s e r s  it gene ra t e s  an except ion ' I n s u f f i c i e n t  

S t o r e ' .  In  which module o r  modules should t h i s  except ion  be r a i s e d ?  

C lea r ly  no t  j u s t  i n  t h e  module whose r eques t  cannot be s a t i s f i e d .  It should 

a t  l e a s t  be potentiaZZy p o s s i b l e  f o r t h e  except ion  t o  be r a i s e d  i n  a l l  t h e  

modules which have used t h e  a l l o c a t i o n  system, because any of  them may 

be w i l l i n g  t o  r e t u r n  some of  t h e i r  cache.  O f  course,  it may be t h a t  t h e  

first module t o  r ece ive  t h e  except ion is a b l e  t o  r e l e a s e  s u f f i c i e n t  s t o r e ,  

and t h a t  t h e r e  is no need t o  r a i s e  it i n  o t h e r  modules. Levin a l lows  such 

s e l e c t i v e  except ion r a i s i n g ,  but  i n s i s t s  t h a t  t h e  i n i t i a l  set from which 

t h e  s e l e c t i o n  is  made must i nc lude  a l l  t h e  u s e r s  of t h e  a b s t r a c t i o n  which 

gene ra t e s  t h e  except ion.  



Another d i s t i n g u i s h i n g  f e a t u r e  of  Levin ' s  mechanism is t h a t  an 

except ion may be genera ted  on both d a t a  a b s t r a c t i o n s  and c o n t r o l  a b s t r a c t i o n s .  

The u s e r s  of a  c o n t r o l  a b s t r a c t i o n  a r e  its c a l l e r s ;  i n  t h i s  ca se  
< 

propagat ion of t h e  except ion along t h e  c a l l  chain is app rop r i a t e .  The 

u s e r s  of  a  d a t a  a b s t r a c t i o n  form a  h ie ra rchy  independent of  t h e  c a l l  chain.  

A p a r t i c u l a r  invoca t ion  may r a i s e  e i t h e r  kind o f  except ion.  For  example, 

'Readf romFi le ( f l l  may gene ra t e  ' P r o t e c t e d F i l e l  if t h e  invoker  does no t  
3 

have read permission, and ' F i l e 1 n c o n s i s t e n t 1  i f  t h e r e  is an incons is tency  

i n  t h e  d i s k  s t r u c t u r e  used t o  r ep re sen t  I f ' .  I n  t h e  first c a s e  t h e  

except ion should be r a i s e d  i n  t h e  invoker  of  'ReadfromFilel ,  i n  t h e  second 

it should perhaps be r a i s e d  wi th  a l l  u s e r s  of  ' f ' ,  

Although I have spoken of  a  h ie ra rchy ,  Levin is emphatic t h a t  

except ions  should propagate  through e x a c t l y  one l e v e l .  An except ion must 

be r a i s e d  wi th  t h e  immediate u s e r  of  the app rop r i a t e  a b s t r a c t i o n ;  i n d i r e c t  

u s e r s  cannot even know t h a t  t h e  of fending  module has been c a l l e d ,  s t i l l  

l e s s  how t o  handle its except ions .  

It may be t h a t  a  s i n g l e  hand le r  f o r  an except ion  w i l l  be app rop r i a t e  

f o r  t h e  e n t i r e  l i f e t i m e  of  a  datum. If t h a t  datum e x i s t s  on ly  dur ing  the 

a c t i v a t i o n  of  a  s i n g l e  r o u t i n e  ( i .e .  is a  l o c a l  d a t a  s t r u c t u r e ] ,  then  t h i s  

s i t u a t i o n  can be d e a l t  wi th  a s  i n  CLU by a t t a c h i n g  a  s u i t a b l e  hand le r  t o  

t h e  body of  t h a t  r o u t i n e .  However, d a t a  s t r u c t u r e s  a r e  f r e q u e n t l y  c r ea t ed  

by one module and then passed t o  o t h e r s ,  s o  t h e i r  l i f e t i m e  t r anscends  t h a t  



of  t h e i r  c r e a t o r . *  Levin t h e r e f o r e  i n t roduces  a  no t a t i on  f o r  a s s o c i a t i n g  

d e f a u l t  handlers  w i t h  d a t a  s t r u c t u r e s ,  and a  convention t h a t ,  i n  the absence 

of  an e x p l i c i t  d e f a u l t  handler ,  a  n u l l  d e f a u l t  handler  be assumed t o  e x i s t .  

Unfor tuna te ly  he uses  t h e  same no ta t i on  f o r  de f in ing  t h e s e  d e f a u l t  handlers  

a s  f o r  dea l ing  with t h e  except ions  generated on t h e  c o n t r o l  a b s t r a c t i o n s  of  

t h e  module i t se l f .  

Before proceeding f u r t h e r  some conc re t e  syntax  and examples may be 

h e l p f u l .  Levin uses  t h e  no t a t i on  and terminology of Alphard [103];  I have 

t r a n s l a t e d  them i n t o  a  more Algol - l ike  no t a t i on .  Handlers may be a t t ached  

t o  a  s ta tement  by appending t o  it a  list of  except ion cond i t i ons  and handlers  

enclosed i n  bracke ts .  For  example, t h e  'ReadfromFile(f1 '  example might be 

w r i t t e n  

ReadfromFileCfl [ f . F i l e I n c o n s i s t e n t  : handler1 
1 ReadfmmFile.ProtectedFile : handler  2 ]  

The p a r t  of  t h e  cond i t i on  name before  t h e  po in t  is  t h e  name of t h e  a b s t r a c t i o n  

on which t h e  except ion is genera ted ;  t h e  p a r t  a f t e r  t h e  po in t  is t h e  name of  

t h e  except ion i t s e l f .  

If t h e  s ta tement  t o  which a  handler  is appended is  a  block, and i f  t h e  

a b s t r a c t i o n  on which t h e  except ion may be genera ted  is a  r o u t i n e ,  Levin ' s  

i n t e r p r e t a t i o n  is  t h a t  a  s e p a r a t e  copy o f  t h e  handler  be a t t ached  t o  each 

invoca t ion  of  t h e  r o u t i n e  w i th in  t h a t  block. This  is a l s o  t h e  i n t e r p r e t a t i o n  

when t h e  a b s t r a c t i o n  i s  a  d a t a  o b j e c t ,  provided t h a t  t h e  block is not  t h e  

module which d e f i n e s  t h a t  d a t a  type .  Thus t h e  fo l lowing  a r e  equ iva l en t .  

- - - - -- - 

* Such s t r u c t u r e s  a r e  o f t e n  s a i d  t o  r e s i d e  on a  heap, but t h i s  term has 
connota t ions  of  a  p a r t i c u l a r  implementation. 



begin 
var x : integer - 
x := ReadfromFileCfl 
WritetoFileCg,~) 
WritetoFile(1 ncrements, x+11 

end [ f.FileInconsistent : h1 - 
1 WritetoFi1e.Protected File : h2 1 

begin 
var x : integer - 
x := ReadfromFileff) [f.FileInconsistent : hl] 
WritetoFile (g, x) [write to File .ProtectedFile : h2] 

In both of the above fragments, the handler 'hi' is attached to the 

'Filelnconsistent' exception of ' f  only for the duration of the invocation 

l x  : =  ReadfromFile(f)', which represents only a small part of the lifetime 

of 'f'. If 'f' is local to some routine 'WriteIncrements' which contains one , 

of the above blocks, then a handler can be attached to 'f.FileInconsistentl 

for the remainder of the lifetime of ' f  as follows: 

procedure Writelncrements = 
begin 

var f : File of integer 

var x : integer - 
x := ReadfromFile(f1 . . . 

end [f .FileInconsistent : h1 1 . . . I  - 
end Writelncrements [f,FileInconsistent : h31 - 

When 'ReadfromFile(fl1. is invoked both 'hl' and 'h3' are enabled. However, 

'hi' masks 'h3', so only 'h1' is eZigibZe to handle 'f.FileInconsistentl. 

Precise definition of these terms - enabled, masked and eligible - are 
beyond the scope of this thesis. The interested reader is referred to 



[59 ,  Sec t ion  4.61. These d e f i n i t i o n s  a r e  c e n t r a l  t o  an understanding 

of Levin ' s  mechanism, and I confess  t o  f i n d i n g  them d i f f i c u l t  t o  

understand.  Th i s  may be because t h e  d e f i n i t i o n s  a r e  phrased i n  terms of  

implementation r a t h e r  than  l i n g u i s t i c  concepts,  but a t  l e a s t  p a r t  of  

t h e  d i f f i c u l t y  l i e s  i n  t h e  i nhe ren t  complexity o f  t h e  mechanism. 

Levin ' s  mechanism becomes i n t e r e s t i n g  when we a l low shav"i,ng of d a t a  

a b s t r a c t i o n s .  A t  p resen t ,  sha r ing  is thought  t o  be an important  concept i n  

systems p rog raming .  Allowing sha r ing  is equ iva l en t  t o  in t roduc ing  t h e  

concept of vefevence* a t  t h e  semantic  l e v e l .  A s imple language such a s  3 R  

[Ill needs on ly  names and va lues  and a  mapping between them t o  d e s c r i b e  t h e  

a c t i o n s  of parameter  pass ing  and assignment.  Algol 60 can be descr ibed  i n  

t h i s  way because of  t h e  copy r u l e  f o r  procedure a c t i v a t i o n .  Languages such 

a s  Fo r t r an ,  Algol W, Algol 68 and Pasca l  i n t roduce  r e f e r e n c e s  more o r  l e s s  

e x p l i c i t l y .  T h e i r  semantics  can only  be descr ibed  by in t roduc ing  a  s e t  of 

l o c a t i o n s  and two mappings, t h e  environment which t a k e s  names i n t o  l o c a t i o n s ,  

and t h e  s t o r e  which t a k e s  l o c a t i o n s  i n t o  va lues .  I n  t h e s e  languages 

d e c l a r a t i o n s  a s s o c i a t e  a  name with a  l o c a t i o n ,  and assignments  a s s o c i a t e  a  

l o c a t i o n  with a  va lue .  (Algol 68 e i t h e r  s i m p l i f i e s  o r  confuses  t h e  i s sue ,  

depending on o n e ' s  po in t  of view, by uni fy ing  l o c a t i o n s  and v a l u e s . )  CLU 

does not  i n t roduce  e x p l i c i t  r e f e r ences  but  a l lows  sha r ing  by us ing  them 

i m p l i c i t l y .  I n  CLU, assignment changes t h e  environment, whi le  t h e  s t o r e  

is  changed only  by b u i l t - i n  procedures  t h a t  update a r r a y s  and records .  

Lev in ' s  s t o r a g e  a l l o c a t o r  can now be examined i n  more d e t a i l .  Suppose 

t h a t  t h e  modules lCachedCorrmunicateWithDiskl and 'Columnate' both use t h e  

* Also known a s  p o i n t e r  o r  acces s  va lue .  



services of lFreeStorelJ which allocates storage f m m  a s h a ~ e d  storage pool , 

'FSPooll; suppose further that a ~ e f e ~ e n e e  to 'FSPooll has been passed to 

both of the user modules as parameter. These modules are shown below. 

module CachedComunicateWithDisk 
is var CachedPages : IndexedList of Diskpage - -  - 

var StorageZone : ref pool - - 
4 . . . 

procedure ReadPage(PageNr : integer) 
is if IsinList(PageNrJ Cached Pages) -- 

- . . - . . - - - . - 
else const p : ref Page = -- - 

Allocate (StorageZone Diskpagel ... 
p :=  BasicDiskRead(PageNr1 
EnterinList(CachedPages, pl 

[StorageZone.InsufficientStorage: skip] ... 
fi 

16 -- endTf Readpage [ St~rageZone. Insuff icientstorage : 
Returnsomebut keep ( CachedPages, PageNr) ] . . . 

end of CachedComunicateWithDisk -- 
2 0 [StorageZone,InsufficientStorage: 

Returnsome ( CachedPages) 1 

24 module Columnate 
is var ThisPage : List of Line - -  

var CentralPo01 : reFpool - - 
procedure Out(s : ref CharStreamJ c : char) 
is if IsFull( ~astEe(~hisPaze1 I -- - 

then const 1 : ref Line = -- - 
Allocate~CentralPoolJ Line) 

3 2 Thispage :=  Append(ThisPageJ 1) 
[CentralPool.InsufficientStorage: skip] 

... 
36 end of Out -- 

end of Columnate [CentralPool.InsufficientStorage: -- 
Compress(ThisPage)] 

lAllocate(z,t)' attempts to find enough storage in the zone referred to 

by lz' to create a location of type 'tl. If this is impossible it generates 



t h e  ' I n s u f f i c i e n t S t o r a g e '  except ion on ' z ' .  Levin ' s  mechanism assumes t h a t  

a l l  handlers  w i l l  r e t u r n  c o n t r o l  t o  t h e  g e n e r a t o r  of t h e  s i g n a l ,  s o  a f t e r  

t h e  app rop r i a t e  handlers  have been invoked 'A l loca t e '  can aga in  a t tempt  t o  

s a t i s f y  i t s  c a l l e r .  ( O f  course,  i f  t h i s  second at tempt  f a i l s ,  some o t h e r  

a c t i o n  should be taken . )  

Suppose t h e  'A l loca t e '  r eques t  on l i n e  9 r a i s e s  t h e  ' I n s u f f i c i e n t S t o r a g e '  

except ion on 'StorageZone' .  The handlers  on l i n e s  16-17 and 20-21 a r e  enabled)  

bu t  t h a t  on l i n e s  16-17 masks t h a t  on l i n e s  20-21. If 'Centra1Pool1 and 

'StorageZone' r e f e r  t o  t h e  same ' poo l ' ,  then  t h e  handler  on l i n e s  37-38 is 

a l s o  enabled; t h e  eligible handlers  a r e  t h u s  t hose  on l i n e s  16-17 and 37-38. 

If p a r a l l e l i s m  is allowed t h e  s i t u a t i o n  is more complicated, because 

it is poss ib l e  f o r  'Out '  i n  lC01umnate' t o  be a c t i v e  a t  t h e  t i m e  t h e  except ion  

i s  r a i s e d  i n  'ReadPage1. Suppose execut ion has reached l i n e  33; t h e  handler  

a t t ached  t o  t h e  invoca t ion  of 'Append' would then  be enabled, and s i n c e  it 

is not  maskedJ e l i g i b l e .  The purpose of  t h i s  handler  i s  t o  mask t h e  hand le r  

on l i n e s  37-38 whi le  t h e  s t r u c t u r e  'Thispage'  is being modified. 

Levin d i s t i n g u i s h e s  two l e v e l s  of  s e l e c t i o n  i n  t h e  above p m c e s s .  The 

method used t o  chose which handler  i n  each module is  e l i g i b l e  a t  a  given 

i n s t a n t  is of secondary importance. He uses  a  s t a t i c J  s i n g l e  l e v e l  mechanism 

because it is i n  accord wi th  convent ional  scope r u l e s ,  but  s t a t e s  t h a t  a  

d i f f e r e n t  po l i cy  could be used if  r equ i r ed .  What i s  c e n t r a l  t o  h i s  t h e s i s  

i s  t h e  composition of  t h e  s e t  of  contexts wi th in  which a  handler  is  s e l e c t e d .  

He emphasises t h a t  every u s e r  of a  d a t a  s t r u c t u r e  should be a b l e  t o  handle 

except ions  r a i s e d  on t h a t  s t r u c t u r e J  whether o r  not t h a t  p a r t i c u l a r  u s e r  

caused t h e  excep t iona l  condi t ion .  

Having decided t h a t  s e v e r a l  handlers  i n  d i f f e r e n t  con tex t s  may be 



e l i g i b l e  t o  dea l  with a  condi t ion,which should a c t u a l l y  be invoked, and i n  

what o rder?  Levin answers t h i s  ques t ion  by de f in ing  s e v e r a l  selection 

policies. 'Broadcast-and-wait '  i n d i c a t e s  t h a t  a l l  e l i g i b l e  handlers  a r e  

invoked ( p o t e n t i a l l y )  i n  p a r a l l e l ,  and t h a t  execut ion of  t h e  g e n e r a t o r  

resumes when they  have a l l  t e rmina ted .  'Broadcast '  r e l a x e s  t h i s  r e s t r i c t i o n :  

t h e  g e n e r a t o r  i n i t i a t e s  a l l  t h e  handlers  but  does not  wai t  f o r  any of  them 

t o  complete. The g e n e r a t o r  t h u s  executes  i n  p a r a l l e l  wi th  t h e  handlers .  

The l a s t  po l i cy  Levin d e f i n e s  is 'Sequen t i a l - cond i t i ona l ' ,  which a s s o c i a t e s  

a  p r e d i c a t e  wi th  t h e  r a i s e  s ta tement .  If t h e  p r e d i c a t e  is  t r u e  o r  t h e r e  

a r e  no e l i g i b l e  handlers ,  t h e  r a i s e  s ta tement  has completed. If t h e  

p r e d i c a t e  is  f a l s e  a  handler  is  s e l e c t e d  and i n i t i a t e d ,  and t h e  handler  removed 

from t h e  set of  e l i g i b l e  handlers .  When t h e  handler  t e rmina t e s  t h e  r a i s e  

s ta tement  is r e - en t e r ed  wi th  t h e  reduced set of handlers .  

Much o f  t h e  above assumes t h a t  handlers  w i l l  r e t u r n  t o  t h e  g e n e r a t o r  of  

t h e  except ion.  Th i s  is indeed a  requirement of  Levin ' s  mechanism. The 

r a i s e  s ta tement  works e x a c t l y  l i k e  a  r o u t i n e  c a l l ;  it even has a  pos t -condi t ion  

which t h e  handlers  must s a t i s f y ,  Th i s  is i n  c o n t r a s t  t o  t h e  CLU mechanism, 

which f o r b i d s  resumption, and t h a t  of  Mesa, which a l lows  both t e rmina t ion  

and resumption, Levin j u s t i f i e s  t h i s  i n  t h e  fo l lowing  way: 

Handlers a r e  invoked ( i n  most c a s e s )  t o  process  an unusual cond i t i on  
t h a t  cannot be handled e n t i r e l y  wi th in  t h e  s i g n a l l i n g  module. They 
have an o b l i g a t i o n ,  expressed by t h e  [pos t cond i t i on ]  ..., and t h e  
s i g n a l l e r  w i l l  assume, upon completion of  t h e  r a i s e ,  t h a t  t h e  o b l i g a t i o n  
has been s a t i s f i e d .  If handlers  were a b l e  t o  t e rmina t e  ... t h e  execut ion 
of t h e  s i g n a l l e r  [ t hen ]  t h e  a b s t r a c t i o n s  of t h e  s i g n a l l i n g  module might 
not  be maintained.  The s i g n a l l i n g  and handling modules should be 
viewed a s  mutual ly  susp i c ious  subsystems [83];  n e i t h e r  should be a b l e  
t o  i n f luence  ... t h e  execut ion o f  t h e  o t h e r .  



Although handlers  cannot d i r e c t l y  a l t e r  t h e  f low of  c o n t r o l  w i th in  t h e  

s i g n a l l e r , t h e y  may do so  i n d i r e c t l y  by t h e i r  e f f e c t s  o r  by t h e  r e s u l t s  they  

r e t u r n .  I n  t h e  s t o r a g e  a l l o c a t i o n  example, a f t e r  'A l loca t e '  has invoked 

t h e  handlers  f o r  l I n s u f f i c i e n t S t o r a g e ' ,  it is n a t u r a l  f o r  'A l loca t e1  t o  

look aga in  a t  t h e  s to rage  pool before  dec id ing  how t o  proceed. 

I n  c o n t r a s t ,  Levin does a l low a handler  t o  i n f luence  t h e  f low of 

c o n t r o l  wi th in  t h e  block i n  which it is dec la red .  That block may have been 

i n t e r r u p t e d  by t h e  invoca t ion  of t h e  handler  ( i f  it was execut ing i n  p a r a l l e l  

wi th  t h e  g e n e r a t o r ) :  t h e  handler  is not  executed i n  p a r a l l e l  with o t h e r  

r o u t i n e s  i n  i t s  scope. He dev i se s  a  mechanism which enables  a  handler  t o  
" 

l lpostl '  t h e  l o c a t i o n  a t  which execut ion of its enabl ing  block is t o  resume. 

I n t e r e s t e d  r e a d e r s  should see [59, 54.91. 

The above d e s c r i p t i o n  o f  Levin1s  mechanism is incomplete;  it a t t empt s  

t o  i l l u s t r a t e  t h e  d i s t i n g u i s h i n g  f e a t u r e s  of t h e  mechanism r a t h e r  t han  t o  

d e f i n e  anything.  The d e f i n i t i v e  d e s c r i p t i o n  is much longe r  and more involved, 

and t h e r e i n  l i e s  a  major problem. Levin ' s  mechanism is undoubtedly very  

complicated. The defence ought t o  be t h a t  a t  l e a s t  Levin has given axioms 

of  c o n d i t i o n a l  c o r r e c t n e s s  f o r  h i s  mechanism, s o  h i s  d e f i n i t i o n  must be 

e x p l i c i t  and r i go rous  even if  it is  complex. Unfor tuna te ly  t h i s  argument 

i s  unsound, f o r  on ly  t h e  most s t r a igh t fo rward  p a r t  of h i s  mechanism is 

a c t u a l l y  axiomatised.  

Levin ' s  p roposa ls  may be roughly sub-divided a s  fo l lows:  

( i)  The r u l e s  f o r  a s s o c i a t i n g  handlers  wi th  p a r t i c u l a r  d a t a  and 

c o n t r o l  a b s t r a c t i o n s ;  

( i i l  The a c t i o n  of t h e  r a i s e  s ta tement  i t se l f ;  

( i i i l  The a c t i o n  of t h e  v a r i o u s s e l e c t i o n  p o l i c i e s ;  

( i v )  The synchroniza t ion  requirements  of  t h e  handlers .  



The most complicated p a r t  of h i s  mechanism is undoubtedly ( i ) .  Th i s  

i s  a l s o  h i s  most s i g n i f i c a n t  con t r ibu t ion  t o  t h e  s u b j e c t  because of t h e  

prominence given t o  t h e  a s s o c i a t i o n  of  handlers  with d a t a  a b s t r a c t i o n s  a s  

we l l  a s  c o n t r o l  a b s t r a c t i o n s .  Unfor tuna te ly  none of t h i s  is formal ized .  

The semantic  s i g n i f i c a n c e  of  a t t a c h i n g  a  handler  t o  a  block is explained 

only  i n  terms of  r ewr i t i ng  r u l e s  which copy t h e  handler  bodies  i n t o  t h e  

a p p m p r i a t e  s ta tements .  The only gu ide  t o  t h i s  p rocess  is  t h e  informal  

d e f i n i t i o n  i n  terms of a c t i v a t i o n s ,  ins tances ,  l o c i  of c o n t r o l  and o t h e r  

implementation concepts .  The s i n g l e  most important  i d e a B  t h a t  of t h e  u s e r  

of an a b s t r a c t i o n B  is never  def ined  formal ly .  MoreoverB t h i s  use of re- 

w r i t i n g  r u l e s  ignores  a  fundamental p r i n c i p l e  of  t h e  axiomatic  method: 

one should be a b l e  t o  w r i t e  the a s s e r t i o n s  i n  t h e  program wi thout rear ranging  

t h e  s ta tements .  

What is  def ined  ax ioma t i ca l l y  is t h e  semantics  of t h e  va r ious  d i f f e r e n t  

forms of t h e  r a i s e  s t a t emen tB  i .e .  r a i s e  under t h e  va r ious  s e l e c t i o n  p o l i c i e s B  

and t h e  semantics  of handler  invoca t ion .  The assumption is made t h a t  t h e  

handlers  a r e  in te r fe rence- f ree ,  i . e .  t h a t  t h e i r  p o t e n t i a l l y  p a r a l l e l  

composition i n  t h e  ca se  of t h e  broadcast  p o l i c i e s  w i l l  have t h e  same semantics  

a s  s e q u e n t i a l  composition. The synchmniza t ion  requirements  between t h e  

handlers  themselvesB and between t h e  handlers  and t h e i r  con tex t s ,  a r e  no t  

formal ized .  

Levin is, of courseB aware o f  t h e s e  shortcomingsB and p o i n t s  o u t  t h a t  

some of them a r i s e  f r o m  t h e  weakness of t h e  pmof  system. He c la ims  t h a t  

" t h e  problem of  v e r i f y i n g  p a r a l l e l  programs is a  d i f f i c u l t  one and d i s t i n c t  

f r o m  t h e  except ion handling i s s u e s  of  t h i s  t h e s i s " .  The first p a r t  of t h a t  

c la im is  undoubtedly t r u e B  and t h e  prublem of  v e r i f y i n g  programs using 

sha r ing  is a l s o  d i f f i c u l t ,  Never the lessB both of  t h e s e  problems had been 



t r e a t e d  by va r ious  au tho r s  a t  t h e  t i m e  t h a t  Levin was w r i t i n g  ( s e e  [ 6 1  f o r  

a  su rvey ) .  Although such s t u d i e s  were then  and remain incomplete,  Levin should 

perhaps have attempted t o  use them t o  shed l i g h t  on h i s  mechanism. 

The a l t e r n a t i v e  i s  t o  dec ide  t h a t  t h e s e  i l l - unde r s tood  a r e a s ,  p a r t i c u l a r l y  

p a r a l l e l i s m ,  should be avoided when designing an except ion  mechanism. It 

seems reasonable  t o  t r y  t o  ga in  a  f u l l  understanding of both except ions  

and p a r a l l e l i s m  i n  i s o l a t i o n  and only then  t o  examine t h e i r  i n t e r a c t i o n s .  

It is much e a s i e r  t o  en l a rge  a  language than t o  make it sma l l e r ;  perhaps 

t h e  tempta t ion  t o  i nc lude  mechanisms concerning two such v o l a t i l e  t o p i c s  

a s  except ion  handling and p a r a l l e l i s m  should have been r e s i s t e d .  

3 . 5  Exception Handling i n  Ada 

Ada [ 96 ]  is intended a s  a  language f o r  rea l - t ime  a p p l i c a t i o n s  r e q u i r i n g  a  

high degree of r e l i a b i l i t y  and m a i n t a i n a b i l i t y .  To promote t h i s  usage, and 

t o  enhance r e l i a b i l i t y  i n  p a r t i c u l a r ,  t h e  des igne r s  t r i e d  a s  f a r  a s  p o s s i b l e  

t o  i nco rpo ra t e  on ly  well-understood c o n s t r u c t s  which had been proved i n  

p r a c t i c a l  a p p l i c a t i o n s .  However, t h i s  d e s i r e  sometimes c o n f l i c t e d  wi th  t h e  

c o n t r a c t u a l  requirements  set o u t  i n  t h e  "Steelman" [95] document; i n  t h e  

a r e a s  of i n t e r p r o c e s s  communication and except ion handling, Ada goes 

s i g n i f i c a n t l y  f u r t h e r  than any e x i s t i n g  commercial language. 

Exception handling i n - s e q u e n t i a l  Ada is s i m i l a r  i n  concept ion t o  t h e  

proposa ls  d i scussed  above. There a r e  f i v e  predef ined  except ions  genera ted  

i m p l i c i t l y  i n  c e r t a i n  s i t u a t i o n s :  ' c o n s t r a i n t  - e r r o r 1 ,  'numeric - e r r o r ' ,  

l select - e r r o r 1 ,  ' s t o r a g e  - e r r o r 1  and ' t a s k i n g  - e r r o r '  . A ' c o n s t r a i n t  - e r r o r 1  

occu r s  i n  many s i t u a t i o n s  inc lud ing  index ou t  of bounds i n  an a r r a y  acces s  

and t r y i n g  t o  acces s  a  non-ex is ten t  v a r i a n t  of a  record .  A 'numeric - e r r o r 1  

may be genera ted  when t h e  r e s u l t  of  a  p r e d e f i n e d  numeric ope ra t i on  does not 



l i e  wi th in  the implemented range; an implementation is not  compelled t o  

gene ra t e  t h i s  except ion.  A ' s t o r a g e  - e r r o r - '  occurs  when dynamic s to rage  

space is  exhausted; ' s e l e c t  - e r r o r '  and ' t a s k i n g  - e r r o r '  r e l a t e  t o  

i n t e r p r o c e s s  comun ica t ion ,  and w i l l  be considered l a t e r .  There i s  a l s o ,  

f o r  each - t a s k *  ' t ' ,  an except ion ' t ' f a i l u r e '  which (a l though pre-declared)  

can only  be r a i s e d  e x p l i c i t l y .  I n  add i t i on  t o  t h e s e  except ions  t h e  u s e r  

may d e c l a r e  h i s  own, which can be genera ted  by t h e  r a i s e  s ta tement .  Such 

user -dec la red  except ion names a r e  s u b j e c t  t o  t h e  usua l  scoping r u l e s .  

An Ada block** has  t h e  form 

preamble 
d e c l a r a t i o n s  

begin 
s t a t emen t s  

except ion 
except ion handler  

end 

where t h e  s y n t a c t i c  form of 'preamble'  v a r i e s  between t h e  d i f f e r e n t  c a t e g o r i e s  

of block. The ' except ion  handler '  is l i k e  a Mesa ca t ch  phrase:  sequences of 

s t a t emen t s  a r e  a s s o c i a t e d  wi th  except ion names o r  wi th  t h e  symbol o t h e r s .  

The execut ion of a r a i s e  s ta tement  causes  t h e  app rop r i a t e  except ion t o  be 

* Ada uses  t h e  term ' t a s k '  t o  mean an independent,  dynamic e n t i t y  t h a t  may 
o p e r a t e  i n  p a r a l l e l  wi th  o t h e r  t a s k s ,  i . e .  what i s  u s u a l l y  c a l l e d  a process. 
However, d e s p i t e  t h e  i n f luence  of a major  U.S. computer manufacturer  t h e  
Engl ish word task  always means t h e  p i ece  of work r a t h e r  than t h e  agent  which 
performs it. I w i l l  use process  i n  prefe rence  t o  t a s k  whenever pos s ib l e .  

* *  Block w i l l  be used i n  t h e  seque l  t o  i nc lude  blocks,  subprogram bodies ,  
package bodies  and t a s k  bodies .  



r a i s e d  within t h e  c u r r e n t  block; t h i s  is l i k e  Mesa r a t h e r  than  CLU. If 

t h e r e  is an except ion handler  w i th in  t h e  block, and if  it names t h e  except ion 

o r  has an o t h e r s  c lause ,  it is executed. The handler  a c t s  a s  a  s u b s t i t u t e  

f o r  t h e  remainder of t h e  block; if t h e  block i s  a  r o u t i n e  body t h e  hand le r  

may execute  a  r e t u r n  s ta tement ,  which w i l l  t e rmina t e  t h e  r o u t i n e .  

If t h e r e  is no except ion c l a u s e  i n  t h e  block, o r  i f  it does not  name 

t h e  app rop r i a t e  except ion,  t h e  except ion is r a i s e d  again a t  t h e  po in t  of  

invoca t ion  of  t h e  block; i n  Ada terminology it is propagated. Exceptions 

can be passed through on a r b i t r a r y  number of l e v e l s  of t h e  c a l l  h ie ra rchy  

i n  t h i s  way. The headings o f  procedures  and f u n c t i o n s  a r e  no t  r equ i r ed  ( o r  

even permi t ted)  t o  l ist t h e  except ions  which they  may propagate .  

Because a  func t ion  may r a i s e  an except ion t h e  des igne r s  o f  Ada had t o  

dec ide  how t o  d e a l  with except ions  r a i s e d  during t h e  e l abo ra t i on  of t h e  

d e c l a r a t i o n s  of a  block. Arguably t h e  hand le r  i n  t h e  block body should no t  

apply  because some of t h e  v a r i a b l e s  it manipulates  may no t  be dec la red  when 

t h e  except ion occurs .  The c u r r e n t  Ada d e f i n i t i o n  [96] a c c e p t s  t h i s  argument 

and l i m i t s  the scope of  the except ion handler  t o  the statements of  t h e  block. 

An except ion genera ted  wi th in  t h e  d e c l a r a t i o n s  is r a i s e d  wi th  t h e  invoker  of 

t h e  block; t h e  handler  i n  t h e  body of  t h e  block is ignored.  [ I n t e r e s t i n g l y ,  

[55, $12.5.21 s t a t e s  t h a t  t h i s  arrangement was " r e j e c t e d  f o r  implementab i l i ty  

reasons".  I 

Unfor tuna te ly  t h e  r u l e s  o u t l i n e d  above do not  apply i n  a l l  s i t u a t i o n s .  

There a r e  undes i r ab l e  i n t e r a c t i o n s  between except ions ,  packages and processes .  

Fo r  example, an except ion r a i s e d  i n  t h e  dec l a r a t i on  p a r t  of a  t a s k  body is 

propagated t o  whoever caused t h e  t a s k  a c t i v a t i o n ,  whereas an except ion 

r a i s e d  i n  t h e  s ta tement  sequence of  t h e  same t a s k  body (and not  handled 

l o c a l l y )  is  not propagated a t  a l l ;  t h e  t a s k  is simply te rmina ted .  The 



very  f a c t  t h a t  t h e r e  a r e  e leven s e p a r a t e  c l a u s e s  concerning unhandled 

except ions  [96, $11.4.1-21 i n d i c a t e s  t h a t  it i s  not always c l e a r  j u s t  when 

an except ion w i l l  be propagated. 

The propagat ion r u l e s  a l s o  c l a s h  with t h e  scope r u l e s .  S ince  

except ion names, l i k e  i d e n t i f i e r s ,  a r e  s u b j e c t  t o  t h e  scope r u l e s  of package 

and block s t r u c t u r e ,  an except ion can be propagated beyond t h e  scope of its 

name. It can then  be caught by an o t h e r s  handler ;  it is even p o s s i b l e  t o  

r e - r a i s e  it. 

A s  was mentioned i n  Sec t ion  1.5,  t h e  r u l e s  about op t imiza t ion  i n  t h e  

presence of f u n c t i o n s  which may gene ra t e  except ions  [96, $11.81 a l s o  

s u b s t a n t i a l l y  complicate  t h e  language. They in t roduce  semantic t r a p s  of 

which t h e  pmgrarrmer must beware. 

The fo l lowing  is a s l i g h t  modi f ica t ion  of t h e  s t a c k  package from 

Sec t ion  12.4 o f . t h e  r e f e r ence  manual. A f unc t ion  'Top' has been added and, 

i n  t h e  i n t e r e s t s  o f  s i m p l i c i t y ,  t h e  g e n e r i c  c l ause  has been omit ted.  The 

s p e c i f i c a t i o n *  is  now: 

package StacksforElems 
is type  ElemStack is p r i v a t e  - -  
; procedure ~ u s h ( C  -- i n  o u t  elemstack; e: i n  
; procedure PopCs: -- i n  ou t  elemstack; e: - o x  
; func t ion  Top(s:  i n  e lemstack)  r e t u r n  elem 
; Overflow, underflow: except  ion 
end StacksforElems 

Although t h i s  s p e c i f i c a t i o n  does not  show it, 'underf low'  can be r a i s e d  

* i . e .  s y n t a c t i c  s p e c i f i c a t i o n ,  f o r  t h e  b e n e f i t  of  a  compiler.  F o r  t h i s  
reason Ada i n s i s t s  t h a t  t h e  vqvesentation of  ElemStack be given a s  p a r t  
of t h e  " s p e c i f i c a t i o n " .  I omit it. 



by invoca t ions  of  'Pop' and 'Top ' ,  I f  one a t t empt s  t o  supply t h e  miss ing  

p r e d i c a t e  'IsEmpty' it is easy  t o  f a l l  f o u l  of [96, $11.81, f o r  example: 

func t ion  IsEmpty Cs: - i n  e lemstack)  r e t u r n  boolean 
- 
begin e :=  Top(s1 
9 r e t u r n  f a l s e  
except ion 

when underflow => r e t u r n  t r u e  

S ince  ' e '  i s  never  used wi th in  t h e  func t ion  body, t h e  va lue  of t h e  'Top' 

ope ra t i on  is c l e a r l y  no t  needed. Applying t h e  r u l e  t h a t  " t h e  ope ra t i on  need 

not  be invoked a t  a l l  i f  its va lue  is not  needed, even if  t h e  invoca t ion  

would r a i s e  an except ion",  it is c l e a r  t h a t  an implementation is e n t i t l e d  

t o  e l i d e  t h e  c a l l  t o  'Top', and t o  r ep re sen t  ' IsEmptyl a s  t h e  cons t an t  

f u n c t i o n  ' f a l s e ' .  Ada except ions  may be u se fu l  when warning of a  depa r tu re  

f r o m  t h e  s p e c i f i c a t i o n ,  a s  with an implementation i n s u f f i c i e n c y .  However, 

it seems t h a t  t h e i r  semantics  a r e  i r r e g u l a r  and d i f f i c u l t  t o  formal ize ,  and 

t h a t  t h e i r  use t o  comnunicate a  r e s u l t  required by t h e  s p e c i f i c a t i o n  is ill 

advised.  

Luckham and Polak [661[67],  w r i t i n g  before  t h e  promulgation of  t h e  above 

r u l e s ,  de sc r ibe  some of  t h e  o t h e r  changes which should be made t o  Ada t o  

permit  v e r i f i c a t i o n  of programs us ing  except ions .  I have a l r eady  mentioned 

t h e  l a c k  of  a  propagat ion d e c l a r a t i o n  i n  subprograms; Luckham and Polak 

propose t h e  add i t i on  of a  form of  d e c l a r a t i o n  which inc ludes  an a s s e r t i o n  

desc r ib ing  t h e  s t a t e  whenever t h e  subprogram t e r m i n a t e s  by r a i s i n g  t h a t  

except ion .  They a l s o  add an a s s e r t i o n  t o  t h e  hand le r  which g i v e s  t h e  

precondi t ion  f o r  its invoca t ion .  With t h e s e  a d d i t i o n s  t h e  precondi t ion  f o r  

each r a i s e  of  a  named except ion can be determined, and it is p o s s i b l e  t o  



check t h a t  t h e  handlers  ach ieve  t h e  pos tcondi t ion  of t h e  subprogram i n  

which they  appear.  

However, va r ious  a s p e c t s  of Ada except ion handling a r e  not  s o  e a s i l y  

axiomatized. Exceptions r a i s e d  by func t ion  invoca t ions  cause problems 

because t h e  axiomatic  method r e l i e s  on import ing f u n c t i o n a l  express ions  i n t o  

t h e  a s s e r t i o n  language. This  can only  be done if f u n c t i o n s  i n  t h e  p rog raming  

language emulate t h e i r  mathematical analogue; a  func t ion  which r a i s e s  an 

except ion c l e a r l y  does no t  do so.* 

The o t h e r s  c l ause  i n  a  handler  a l s o  g i v e s  rise t o  d i f f i c u l t i e s ,  because 

a  r a i s e  s ta tement  i n  such a  handler  can propagate  an unnamed except ion.  

The method of Luckham and Polak assumes t h a t  except ions  a r e  on ly  

propagated wi th in  t h e i r  scope. They recorrrnend t h e r e f o r e  t h a t  t h e  r a i s e i n g  

of  an unnamed except ion should be avoided, and t h a t  a  g l o b a l l y  known 

except ion  ' e r r o r ' b e  r a i s e d  i n s t ead .  

There a r e  t h r e e  pre-def ined except ions  t h a t  have not  y e t  been considered.  

' S e l e c t  - e r r o r '  and ' t a s k i n g  - error' r e l a t e  d i r e c t l y  t o  t h e  i n t e r p r o c e s s  

comun ica t ion  p r i m i t i v e s  o f  Ada. They both r ep re sen t  p r o g r a m i n g  e r r o r s ,  

such a s  t r y i n g  t o  c o m u n i c a t e  wi th  an i n a c t i v e  process .  A ' s e l e c t  - e r r o r '  

is genera ted  when a  s e l e c t  s ta tement  has a l l  i ts guards f a l s e ;  a  s imp le r  

a l t e r n a t i v e  would have been t o  r e q u i r e  t h e  i nc lu s ion  of an e l s e  p a r t .  

The except ion ' t ' f a i l u r e '  can on ly  be genera ted  by an e x p l i c i t  r a i s e  

s ta tement ,  i n  t a s k  ' t '  o r  i n  any o t h e r  t a s k  f r o m  which t h e  name ' t '  i s  

* Prov i s iona l  Ada [54] made a v a l i a n t  a t tempt  t o  ensure  t h a t  f u n c t i o n s  ( a s  
d i s t i n c t  f r o m  procedures  wi th  r e s u l t s )  were r e a l l y  func t ions :  However, t h i s  
d i s t i n c t i o n  has been dropped from t h e  Revised language [ 96 ] .  



v i s i b l e .  The r e p o r t  adv i se s  t h a t  a  t a s k ' s  f a i l u r e  except ion be genera ted  on ly  

a s  a  l a s t  r e s o r t ,  when a t t empt s  a t  o rd ina ry  comnunication have f a i l e d .  

Because t h e  f a i l u r e  except ion may i n t e r r u p t  a  p rocess  a t  an a r b i t r a r y  

p o i n t  t h e  only s e n s i b l e  a c t i o n  t h a t  it can t a k e  is some c l e a r i n g  up 

fol lowed by te rmina t ion ;  however, t h i s  is s o l e l y  a t  t h e  d i s c r e t i o n  of  t h e  

i n t e r r u p t e d  process .  A t  t h e  time of wr i t i ng ,  t h e  American Nat ional  Standards 

I n s t i t u t e  has proposed t h a t  t h e  t a s k  f a i l u r e  except ion be removed from Ada 

before  it is accepted a s  a  U.S. s tandard .  F o r c i b l e  t e rmina t ion  of  ano the r  

process  could sti l l  be performed with t h e  a b o r t  s ta tement .  The normal 

method of achieving t e rmina t ion  is of  course  by co-operat ion:  one process  

passes  a  message t o  ano the r  informing it t h a t  i t s  s e r v i c e s  a r e  no longe r  

r equ i r ed .  

3.6 Summary 

There is a  g r e a t  d i v e r s i t y  i n  t h e  intended scope of t h e  except ion handling 

mechanisms descr ibed  i n  t h i s  chapter .  That of  CLU is  probably t h e  most 

cons t ra ined;  it can be considered a s  a  way o f  providing m u l t i p l e  r e t u r n s .  

Levin ' s  mechanism and Mesa s i g n a l s  a r e  t h e  most e l abo ra t e ,  but i n  d i f f e r e n t  

ways. The Ada des igne r s  c l e a r l y  conceived o f  a  l i m i t e d  mechanism, but t h e  

i n t e r a c t i o n  between it and o t h e r  f e a t u r e s  of t h e  language g i v e s  rise t o  

cons ide rab l e  complexity.  



C h a p t e r  4 

EXCEPTION HANDLING I N  ACTION 

It is encumbent on anyone who proposes a  language f e a t u r e  t o  show t h a t  it 

is use fu l .  If a  p rog raming  language is t o  remain s imple one must be 

very  cau t ious  about i nc lud ing  a  new f e a t u r e .  It is well known t h a t  any 

computable problem can be so lved  wi th  on ly  an a l t e r n a t i v e  c o n s t r u c t  and 

e i t h e r  an unbounded r e p e t i t i v e  c o n s t r u c t  o r  t h e  a b i l i t y  t o  name and c a l l  

p i e c e s  of program. Anything i n  excess  of  t h i s  minimum must j u s t i f y  t h e  

complexity it adds t o  t h e  language by removing even more complexity from 

t y p i c a l  programs. 

Levin [59 ]  is one o f  t h e  few au tho r s  t o  t a k e  t h i s  r e s p o n s i b i l i t y  a t  

a l l  s e r i o u s l y .  He admits  t h a t  an except ion handling mechanism m u s t  be 

capable  of so lv ing  a  v a r i e t y  of " r e a l  world" problems n a t u r a l l y .  But t h e  

requirement is  a c t u a l l y  s t r o n g e r :  t h e r e  m u s t  be no n a t u r a l  s o l u t i o n  t o  t h o s e  

problems wi thout  t h e  mechanism, f o r  i f  t h e r e  is then we a r e  g u i l t y  o f  e n -  

l a r g i n g  a  language g r a t u i t o u s l y .  

Any use of  an except ion handling mechanism t o  achieve t e rmina t ion  of  a  

r o u t i n e  can be s imulated by making t h e  r e s u l t  o f  t h e  r o u t i n e  a  union o f  t ypes .  

A l t e r n a t i v e l y ,  it may be app rop r i a t e  t o  r ep l ace  t h e  r o u t i n e  by s e v e r a l  

r o u t i n e s ,  each a p p l i c a b l e  t o  only a  p a r t  of  t h e  domain of t h e  o r i g i n a l .  

An except ion mechanism l i k e  t h a t  of  Mesa, when u s e d t o a c h i e v e  resumption, 

is seman t i ca l l y  equ iva l en t  t o  t h e  provis ion  of  one o r  more procedure 

parameters  t o  t h e  r o u t i n e  which g e n e r a t e s  t h e  except ion .  Levin ' s  mechanism 

can be s i m i l a r l y  rep laced ,  wi th  some complicat ion i f  t h e  except ion is 

r a i s e d  on a  d a t a  a b s t r a c t i o n  r a t h e r  than a  c o n t r o l  a b s t r a c t i o n .  I n  t h i s  



ease  procedure parameters  t o  t h e  d a t a  s t r u c t u r e  may be needed. A s  I w i l l  

show, i n  t h e  presence of  m u l t i p l e  processes  it may be app rop r i a t e  t o  use 

i n t e r -p roces s  communication i n  p l ace  of  Levin ' s  mechanism. 

Sec t ions  4.1 and 4.2 of t h i s  c h a p t e r  examine programming problems 

provided by Levin and o t h e r  au tho r s  a s  i l l u s t r a t i o n s  of  t h e  u t i l i t y  o f  

t h e i r  except ion handling mechanisms. Sec t ion  4.3 p r e s e n t s  some uses  

of t h e  Mesa mechanism e x t r a c t e d  from r e a l  sof tware.  Considerat ion is 

given i n  each ca se  t o  ways i n  which t h e  problem might be solved without  

an except ion handling mechanism. An a t tempt  is made t o  compare t h e  va r ious  

formula t ions  and t o  dec ide  which is s impler ,  more n a t u r a l ,  e a s i e r  t o  modify 

and less prone t o  e r r o r .  Such judgements must of  t h e i r  na tu re  be 

sub jec t ive ,  and it is of  course  p o s s i b l e  t h a t  t h e  r e a d e r  may d i sag ree  wi th  

my assessment of  t h e s e  examples. I n  p a r t ,  such disagreements  account 

f o r  t h e  m u l t i p l i c i t y  of  prograrrrning languages.  But t h e  ex i s t ence  o f  t h e s e  

d i f f e r e n c e s  of  opinion is i n  i tself  an argument i n  f avour  of s imp le r  

languages: it is much e a s i e r  t o  have two language des igne r s  agree  on t h e  

s t r u c t u r e  and f e a t u r e s  of  a  minimal language than on a  l a rge ,  e c l e c t i c  

one wi th  many i n t e r a c t i o n s  between its cons t ruc t s .  Th i s  p r i n c i p l e  of 

language design may be summarised a s  " if  i n  doubt, leave it out" .  

Given two means of  express ing  a  p a r t i c u l a r  concept,  and agreement 

t h a t  one is s u p e r i o r  t o  t h e  o t h e r  on methodological grounds, it s t i l l  

may be prudent t o  choose t h e  i n f e r i o r  cons t ruc t  i f  it permi ts  a  v a s t l y  

more e f f i c i e n t  implementation. Although a  smal l  i nc rease  i n  execut ion 

time may be an accep tab l e  p r i c e  t o  pay f o r  methodological  advantage, I 

must be s u r e  t h a t  my proposa ls  f o r  avoiding except ion handling do not  

in t roduce  major  i n e f f i c i e n c i e s .  Sec t ion  4.4 examines some a c t u a l  and 

hypo the t i ca l  implementations.  

It is not  p o s s i b l e  f o r  me t o  i nc lude  an examination of  every example 



.which pu rpo r t s  t o  j u s t i f y  except ion handling. I have chosen t h e  examples 

which seem t o  pu t  t h e  s t r o n g e s t  case .  I n  t h e  case  of  Mesa I have included 

some examples which have not  been prev ious ly  publ ished.  One ob jec t ion  

which may be r a i s e d  a g a i n s t  the m a t e r i a l  p resen ted  here  is t h a t  a l l  t h e  

examples a r e  small .  This  is p a r t l y  because of  t h e  i nhe ren t  l i m i t a t i o n s  of  

t h e  medium of  p re sen t a t i on .  A f u l l  examination of  a  l a r g e  p i ece  of  sof tware  

would make excess ive  demands of t h e  reader ,  a s  we l l  a s  lengthen a  c h a p t e r  

which may a l r eady  be t o o  long. More important ly ,  most of t h e  r e a d e r ' s  

e f f o r t s  would not  be d i r e c t e d  a t  t h e  use made of  t h e  except ion mechanism, 

but r a t h e r  a t  understanding t h e  o v e r a l l  s t r u c t u r e  of t h e  system. Once o n e ' s  

a t t e n t i o n  is d i r e c t e d  a t  a  s i n g l e  except ion-generat ing r o u t i n e  and its c a l l e r ,  

t h e  s i t u a t i o n  i n  a  l a r g e  example is fundamental ly  t h e  same a s i n  a  small  one. 

One bene f i t  t h a t  may accrue  from t h e  use of an except ion mechanism i n  

a  l a r g e  system is b e t t e r  design.  It is corrmon t o  use s y n t a c t i c  procedure 

i n t e r f a c e s  t o  ske t ch  ou t  t h e  module s t r u c t u r e  o f  a  system, but it is 

un fo r tuna t e ly  no t  y e t  corrmon t o  d e f i n e  t h e  semantics  of  t h e s e  procedures  

during t h e  design s t age .  If t h e  procedure i n t e r f a c e s  a r e  w r i t t e n  i n  a  

language l i k e  CLU, which r e q u i r e s  t h a t  a l l  t h e  except ions  a  procedure may 

r a i s e  m u s t  be mentioned i n  t h e  procedure heading, then t h e  system des igne r  

may be encouraged t o  t h i n k  of  a l l  t h e  ca se s  wi th  which t h e  procedure m u s t  dea l .  

It is only f a i r  t o  p o i n t  o u t  t h a t  t h e  same b e n e f i t s  can be ob ta ined  by 

a  d i s c i p l i n e d  use of some o t h e r  means o f  communicating excep t iona l  r e s u l t s ,  

such a s  union r e s u l t s  o r  procedure arguments. It should a l s o  be observed 

t h a t  languages l i k e  Mesa and Ada which do no t  r e q u i r e  except ions  t o  be l i s t e d  

i n  t h e  procedure heading encourage t h e  oppos i t e  mode of  th ink ing .  The l e s s  

corrmon c a s e s  a r e  l i k e l y  t o  be excluded from t h e  design under t h e  b e l i e f  t h a t  

t hey  can be added l a t e r  using except ions .  The r e s u l t  of  doing t h i s  is l i k e l y  

t o  be a system s t r u c t u r e  t h a t  is, from i t s  very  i ncep t ion ,  i napp rop r i a t e  f o r  



many o f  t h e  even t s  t h a t  w i l l  occur  w i th in  it. 

I have a l s o  excluded some examples because t h e  c a s e  t hey  make f o r  

except ion  handling is ve ry  weak. For  example, Wasserman [ 9 9 1  d i s c u s s e s  

a  r o u t i n e  c a l l e d  ' s e a r c h 1  which determines whether a  name is i n  a  t a b l e .  

He p r e s e n t s  it- i n  t h r e e  forms: 

( i)  a s  a  func t ion  with a  boolean r e s u l t :  

(ii) a s  a  procedure which r a i s e s  two except ions ,  'Found1* and 'Notfound': 

( i i i l  a s  a  procedum which always r a i s e s  I+ound1, but  which r e t u r n s  

a  ( c h a r a c t e r ! )  r e s u l t  i n d i c a t i n g  whether t h e  name was r e a l l y  found. 

Form (i) r e s u l t s  i n  very  t r a n s p a r e n t  code which is not  improved by t h e  

i n t roduc t ion  of  except ion handling. Wasserman does a t  l e a s t  g i v e  comparative 

examples; unfor tuna te ly ,  t h e  comparison is  s p o i l e d  by f a i l i n g  t o  use t h e  

s ea rch  r o u t i n e s  t o  s o l v e  a  s t a t e d  problem. ( I n c i d e n t a l l y ,  form ( i i i l  was 

an a t tempt  t o  s imu la t e  Zahn's s i t u a t i o n - c a s e  s ta tement  [104]. I am unsure 

which cons t ruc t ion  b e n e f i t s  by t h e  comparison.1 

I n  a t tempt ing  t o  provide comparative examples I am f aced  with a  number 

of  d i f f i c u l t i e s .  The most obvious i s c h o o s i n g  a  s p e c i f i c a t i o n  and a  

p rog raming  s t y l e  which a r e  n e u t r a l  wi th  regard  t o  except ions .  

Those who advocate  except ion handl ing mechanisms sometimes s p e c i f y  

problems by asking f o r  a  r o u t i n e  which provides  a  "normal" s e r v i c e  ' A '  

and "except iona l"  s e r v i c e s  ' B '  and 'C'. They then f i n d  t h a t  such problems 

a r e  e l e g a n t l y  solved by t h e i r  except ion mechanism! By posing t h e i r  p roblem5 - 
4 

, in such terms, t hey  d i s q u a l i f y  any s o l u t i o n  which is symnetr ic  wi th  r e s p e c t  

t o  ' A 1 ,  ' B '  and ' C ' ,  even though such a  s o l u t i o n  may be j u s t  a s  app rop r i a t e  

i n  t h e  surrounding con tex t .  



When d i scus s ions  about  t h e  merits of  t h e  go to  s ta tement  were popular ,  - 
advocates  would ask :  "How do I g e t  from here t o t h e r e w i t h o u t  a  go to?"  - 
A s  soon a s  one 

one is arguing 

problem. Such 

a t t empt s  t o  answer such a  ques t ion  t h e  argument is l o s t ,  f o r  

about f low of  c o n t r o l  r a t h e r  than how t o  so lve  a  p rog raming  

arguments have l ead  t o  t h e  i n t roduc t ion  of e x i t ,  break and -- 
l e ave  s t a t emen t s  which do indeed g e t  you from h e m  t o  t h e r e  without  a  go to  - - 
but r o s e s  smell  a s  sweet by any name. The only  way t o  d e a l  with such 

ques t i ons  i s  t o  a b s t r a c t  t h e  requirements  away from the implementation and 

then  t o  c o n s t r u c t  a  pmgram (without  any jumps) t h a t  s a t i s f i e s  them. I 

have t o  do a  s i m i l a r  t h i n g  wi th  problems i l l u s t r a t i n g  except ion handl ing.  

Chosing a  p rog raming  s t y l e  is again a  s u b j e c t i v e  problem. The op t ions  

a r e  bes t  i l l u s t r a t e d  by examining a  r e a l  example. 

4.1  The CLU Suin-St~earn E x m p  Ze 

Thi s  example is taken  from t h e  CLU Reference Manual [El ,  Â§12.3]  The 

requirement is  t o  produce a  

procedure 'sum stream'  which r eads  a  sequence of  s igned  decimal 
i n t e g e r s  from 5 c h a r a c t e r  s t ream and r e t u r n s  t h e  sum of  t hose  i n t e g e r s .  
The s t ream is viewed a s  conta in ing  a  sequence of  f i e l d s  s epa ra t ed  by 
spaces;  each f i e l d  must c o n s i s t  of a  non-empty sequence of d i g i t s ,  
o p t i o n a l l y  pmceded by a s i n g l e  minus s i g n .  

The CLU manual then s p e c i f i e s  t h a t  t h e  heading of t h e  procedure is 

sum stream = p r o c  (s : s t ream)  r e t u r n s  (inti - 
s i g n a l s  ( overflow, badformat ( s t r i n g )  

, unrepresen tab le  i n t e g e r ( s t r i n g 1  
1 

- 

and s t a t e s  t h e  cond i t i ons  under  which t h e  va r ious  except ions  a r e  r a i s e d .  



Another way of looking a t  t h i s  pmblern is t o  cons ide r  'sum - st ream'  a s  

a  procedure which r e t u r n s  one of f o u r  d i f f e r e n t  kinds of r e s u l t  under 

d i f f e r e n t  c imumstances .  S p e c i f i c a l l y ,  l e t  t h e  r e s u l t  be of t ype  'SumResu1t1, 

where 

t ype  SumResult = oneof(  overf low : s i n g l e t o n  
; i n t  
; unrepresen tab le  i n t e g e r s  : s t r i n g  
; bad - format : &Fing 
1 

The d e c l a r a t i o n  ' t ype  0  = oneof(Tl ;  T2; ...; T n l l  d e f i n e s  ' 0 '  t o  be t h e  

d i sc r imina ted  union of t h e  t ypes  denoted by ' T I 1 ,  'T2 ' , . . .  and ' T n l .  It 

is  not r equ i r ed  t h a t  a l l  t h e s e  t ypes  a r e  d i f f e r e n t ;  i f  'Ti1 and 'T ' 
j 

happen t o  denote  t h e  same type ,  t h e  oneof does not c o l l a p s e  i n  t h e  way a  

s e t - t h e o r e t i c  union would do. That is why I have chosen t h e  symbol oneof 

r a t h e r  than union.  It i s  r equ i r ed ,  however, t h a t  t h e  'Tir  a r e  s y n t a c t i c a l l y  

d i s t i n c t  names; t o  f a c i l i t a t e  t h i s  some of  t h e  'Ti1 may be renamed by 

w r i t i n g  'n i :Ti1.  This  requirement a r i s e s  because t h e r e  a r e  '3n '  f u n c t i o n s  

contained i n  t ype  l o ' ,  which must have d i s t i n c t  names. 

From - Ti : (Ti) + 0 

To - Ti : ( 0 )  + Ti 

Is - Ti : (01 + boolean 

The 'From - Tir  f u n c t i o n s  a r e  t h e  i n j e c t i o n  ope ra to r s ,  i .e .  t h o s e  used t o  

c o n s t r u c t  va lues  of t h e  oneof t ype  ' 0 ' .  Thus a  'SumResult' can be 

cons t ruc ted  by w r i t i n g  'From - bad - f 0 r m a t ( ~ ~ - 1 2 ~ 4 ~ ~ ) '  o r  'From - i n t ( 2 5 6 1 1 .  The 

p r o j e c t i o n  f u n c t i o n s  'To - Ti1 a r e  obviously p a r t i a l ;  'To - T i ( x l l  i s  only  



def ined  if  ' x '  was cons t ruc t ed  frum type  'T i1 ,  which is determined by 

t h e  p r e d i c a t e  'Is - T i ( x I 1 .  (These f u n c t i o n s  a r e  formal ly  def ined  i n  Chapter 5.1 

The name ' s i n g l e t o n '  denotes  a  t ype  which con ta in s  on ly  one va lue .  

This  va lue  has no e x p l i c i t  denota t ion ;  i n s t e a d  ope ra t i ons  on a  

' s i n g l e t o n '  a r e  app l i ed  t o  an empty parameter  list. Thus a  'SumResultl 

va lue  can be cons t ruc ted  by t h e  a p p l i c a t i o n  'From -  overflow^^'. 

Having explained t h e  no t a t i on  t h a t  w i l l  be used f o r  t y p e s J  we can 

r e t u r n  t o  t h e  s p e c i f i c a t i o n  of  'sum - s t r eam ' .  I n  my formula t ion  'sum - st ream'  

has t h e  heading 

sum - st ream = pmc(s : s t r eaml  r e t u r n s  SurrResult 

Should t h e  sum of  t h e  numbers i n  t h e  s t ream ( o r  an i n t e rmed ia t e  sum) 

exceed t h e  implemented range of  i n t e g e r s  'sum - s tmam'  w i l l  i n d i c a t e  t h a t  an 

overflow has occurred.  If one of  t h e  numbers i n  t h e  i npu t  s t ream exceeds 

t h e  implemented range of i n t e g e r s  then 'sum - s t ream'  w i l l  i n d i c a t e  t h a t  an 

' un rep re sen t ab l e  - i n t e g e r '  was found. If t h e  s t ream con ta in s  a s t r i n g  which 

does no t  denote  an i n t e g e r  'sum - st ream'  w i l l  i n d i c a t e  t h a t  its inpu t  was 

i n  a  'bad - fo rma t ' .  These i n d i c a t i o n s  w i l l  be provided e i t h e r  by except ion 

s i g n a l s  o r  by t h e  oneof r e s u l t  a s  app rop r i a t e .  

The CLU ve r s ion  uses  t h e  s e r v i c e s  o f  two l i b r a r y  r o u t i n e s ,  ' g e t c '  and 

' s 2 i 1 .  The f i r s t  has t ype  

p roc type  ( s t ream)  r e t u r n s  ( c h a r )  
s i g n a l s (  end - of - f i l e ,  no t  - p o s s i b l e ( s t r i n g 1  1 

and r e t u r n s  t h e  next c h a r a c t e r  frum t h e  s t ream un le s s  t h e  s t ream is emptyJ 

i n  which ca se  'end - of - f i l e 1  i s  r a i s e d ,  The s i g n a l  ' no t  - p o s s i b l e '  is 

genera ted  if t h e  ope ra t i on  cannot be performed on t h e  s t ream, a s  would be 



t h e  ca se  if it were an ou tput  s t ream o r  d i d  not  c o n s i s t  of c h a r a c t e r s .  

The CLU manual assumes t h a t  ' g e t c '  is  always p o s s i b l e  on t h e  given stream. 

The procedure ' s 2 i 1  conve r t s  c h a r a c t e r  s t r i n g s  t o  i n t e g e r s ;  i t s  type  is 

p m c t y p e  ( s t r i n g )  r e t u r n s  ( i n t  1 
s i g n a l s (  i n v a l i d  cha rac t e r ( cha r1  - - .  , unrepresen tab le  i n t e g e r  - 

, bad format  
1 

- 

The s i g n a l  ' un rep re sen t ab l e  - i n t e g e r '  is genera ted  if  t h e  s t r i n g  r e p r e s e n t s  

an i n t e g e r  o u t s i d e  t h e  implemented range; ' i n v a l i d  - c h a r a c t e r '  is s i g n a l l e d  

i f  t h e  s t r i n g  con ta in s  a c h a r a c t e r  which is n e i t h e r  a d i g i t  n o r  a minus s ign ,  

and 'bad - format '  is s i g n a l l e d  i f  a minus s i g n  fo l l ows  a d i g i t ,  i f  t h e r e  is  

more than one minus s i g n J  o r  if t h e r e  a r e  no d i g i t s .  

My ve r s ion  w i l l  assume t h e  e x i s t e n c e  of some s i m i l a r  r o u t i n e s .  ' s 2 i 1  

w i l l  have t ype  

( s t r i n g )  r e t u r n s  
oneof ( i n t  

; i n v a l i d  c h a r a c t e r  : c h a r  
; bad f o 6 a t  : s i n g l e t o n  
; unrzpresen tab le  - i n t e g e r  : 
1 

s i n g l e t o n  

For  t h e  sake  of  v a r i e t y J  I w i l l  no t  use a procedum ' g e t c '  which r e t u r n s  a 

oneof r e s u l t ,  but w i l l  i n s t e a d  use a p r e d i c a t e  'Endof' and a procedure 

'Nextc ' .  T h e i r  t ypes  a r e  

Endof : proc ( s t ream)  r e t u r n s  boolean 
Nextc : p m c  (s t ream)  r e t u r n s  c h a r  

'Nextc '  is only  p a r t i a l l y  def ined:  i f  - no t  'Endof(SI1 then 'Nextc(SI1  

r e t u r n s  t h e  next c h a r a c t e r  f r o m  'S'. Like t h e  CLU au tho r s ,  I w i l l  assume 

t h a t  'Nextc '  is a p p l i c a b l e  t o  t h e  given s t ream: a p r e d i c a t e  ' I sNextcPoss ib le '  



would permit this assumption to be checked. 

sum - stream = - proc(s:stream) returns(int1 
signals( overflow 

, unrepresentable integedstring) 
, bad - format (string) 1 ; 

sumsint : =  0; - 
num: string; 
while true do -- 

% skin over spaces between values; 
% sum' is valid, num is meaningless 
c:char := stream$getcCs); 
while c = ' ' do 

c :=  stream$getcCs); 
end; - 
% read a value; num accumulates new number, 
% sum becomes previous sum 
nurn : =  ' ' ; 
while c # ' ' do 

num : = strZg$append (num, c) ; 
c := stream$getc(s); 

end; - 
except when end of file: end; - 
% restore sum to validity 
sum : =  sum + s2iCnum); 

end; - 
except 

when end of file: return(sum) ; - - - 
when unreuresentable integer: 

signal u~re~r&entable inteeer(num) ; - 
when bad format, invalid character* 1 : - - 

signal bad format (num) ; 
when overflow: signal overflow; 

end; - 
end sum stream; - - 

Figure 4.01: The sum - stream procedure. 

The CLU implementation of 'sum - stream' is shown in Figure 4.01. The 

outer loop contains two inner loops, the first to skip spaces and the 

second to accumulate digits. If the end of the stream 's' is encountered 

in the second inner loop the raising of the 'end - of - file' exception causes 

a jump out of the loop to the null handler at line 21. Control then passes 



to line 23: the outer loop is only terminated when 'getc' is invoked again 

at line 12. This raises the 'end - of - file' exception a second time and 

causes the execution of the return statement in the handler on line 26. 

proc sum - stream = Cs:stream) returns SumResult 
var sum : int = 0 - 
repeat 
-kip over spaces between values; sum is valid} 

var c : char - 
re~eat 
- - 1 - -  - 

if Endof(s1 return From int(sum1 fi - 7 - 
c :=  NextcCsl 
when c # ' ' exit - 

 again^ 
r e a d  a value; num accumulates new number, 

sum becomes orevious sum 
var num : string = ' ' - 
repeat 

num : = string. append( num, cl 
when ~ndof c s] exit - 
c := NextcCsl 
when c = ' ' exit 

again 
m o r e  sum to validity} 
if Is int C sZiCnum1 1 - - 
then - .  . 

const newsum : oneofCint; overflow:singleton1 
= sum + To intCs2iCnum1) 

- - 
then sum := To intCnewsum1 
else return ~ r o m  - overflow0 
fi 

elif% unrepresentable integer( s2i Cnum1 1 
then return From ~nre~resentable integer(num1 
else return ~rombad - - format Cnum1- 

3 2 fi - 
again 

end of sum stream -- - 

Figure 4.02: sum - stream without exceptions. 

The discussion in the CLU manual states that most of the handlers 

have been placed at the end of the outer loop to avoid cluttering the code. 



One of  t h e  consequences of  t h i s  is t h a t  'num', which is o therwise  used only  

between l i n e s  16 and 23, must have a  much l a r g e r  scope s o  t h a t  it is 

a v a i l a b l e  f o p  t h e  handlers .  Th i s  is t h e  mason  f o r  the c o m e n t  a t  l i n e  9. 

My formula t ion  of  'sum - st ream'  without  except ions  appears  as Figure  4.02. 

It fo l lows  t h e  CLU example l i n e  by l i n e  a s  f a r  a s  is poss ib l e .  I have used 

t h e  r e t u r n  s ta tement  i n  f o u r  d i f f e r e n t  p l a c e s  t o  e x i t  from what would 

o therwise  be an i n f i n i t e  loop; t h e s e  f o u r  c a s e s  correspond t o  t h e  f o u r  d i f f e r e n t  

except ion  handlers  i n  t h e  CLU vers ion .  I a l s o  wished t o  avoid t h e  use of a  

whi le  ... - do cons t ruc t ion  f o r  loops i n  which t h e  test  does not  n a t u r a l l y  

come a t  t h e  beginning: I have used a loop de l imi t ed  by r epea t  ... aga in  

w i th in  which - when ' b '  e x i t  c l a u s e s  may appear .  - 
A l l  the except ions  genera ted  by t h e  CLU ve r s ion  of  'sum - stream',  o r i g i n a t e  

a s  except ions  r a i s e d  by lower- level  r o u t i n e s .  'Sum - st ream'  passes  them on 

t o  i t s  c a l l e r :  a l though some of t h e  names may be t h e  same, t h e  meaning of 

t h e  except ions  is d i f f e r e n t  a t  t h e  d i f f e r e n t  l e v e l s .  Fo r  example, t h e  

'bad - format '  except ion genera ted  by 'sum - s t m a m '  has a broader  meaning than 

t h e  'bad - format '  except ion s i g n a l l e d  by ' s 2 i 1  (it a l s o  has a  r e s u l t  v a l u e ) .  

The 'overf low'  except ion i s  genera ted  by t h e  ' + I  ope ra to r ;  f o r  cons is tency  

I have assumed i n  my ve r s ion  t h a t  ' + '  r e t u r n s  a  r e s u l t  of  t h e  t ype  

' o n e o f ( i n t :  ove r f low: s ing l e ton l ' .  

The type  'SumResult = oneof(overF10w : , . . I '  and t h e  t y p e  o f  "newsum', 

t h a t  is 'oneof(overf1ow : s ing l e ton ;  i n t l '  both have o p e r a t o r s  

'From - o v e r f l o w ~ l ' .  Allowing d i s t i n c t  t ypes  t o  use t h e  same o p e r a t o r  name 

is known a s  ove~Zoading and occurs  with many b u i l t  i n  t y p e s ,  Fo r  example, 

' + I  is usua l ly  overloaded wi th  d e f i n i t i o n s  between r e a l s  and between 

i n t e g e r s ,  and may a l s o  have o t h e r  d e f i n i t i o n s  such a s  between v e c t o r s  o r  

ma t r i ce s .  The p o t e n t i a l  ambiguity t h u s  in t roduced  is  reso lved  e i t h e r  



i m p l i c i t l y  by examining t h e  t ypes  of  t h e  arguments and r e s u l t ,  o r  

e x p l i c i t l y  by q u a l i f i c a t i o n ,  a s  i n  'SumResult.From - ove rF low( ) ' ,  (CLU 

uses  $ i n s t e a d  of t h e  po in t . )  How much overloading is allowed, and i n  

which s i t u a t i o n s  q u a l i f i c a t i o n  is requi red ,  v a r i e s  from one language t o  

another ;  no d i f f i c u l t y  should be found i n  r e so lv ing  t h e  examples. 

Comparing t h e  two v e r s i o n s  of sum - stream, t h e  main d i f f e r e n c e  is t h a t  

i n  mine an e x p l i c i t  tes t  must be m d e  f o r  each except ion.  I cons ide r  t h i s  

t o  be an advantage because it f o r c e s  t h e  p r o g r a m e r  t o  t h i n k  about a l l  t h e  

p o s s i b l e  cases .  

To i l l u s t r a t e  t h i s ,  suppose t h a t  t h e  s p e c i f i e r  o r  p r o g r a m e r  had 

f o r g o t t e n  t o  c o n s i d e r  t h e  ca se  where t h e  l a s t  number i n  t h e  s t ream is  not  

fol lowed by a  space ,  I n  t h e  CLU ve r s ion  t h i s  would lead  t o  the omission 

of  t h e  'end - of - f i l e 1  handler  a t  l i n e  21. If t h i s  program were then app l i ed  

t o  an input  s t ream without  t r a i l i n g  spaces ,  t h e  e f f e c t  would be t o  exclude 

t h e  l a s t  number i n  t h e  s t ream from t h e  t o t a l ,  Th i s  would happen because t h e  

'end - of  - f i l e 1  except ion r a i s e d  by ' g e t c '  on l i n e  19 would be caught by t h e  

handler  a t  l i n e  26; t h i s  hand le r  performs an i m e d i a t e  r e t u r n  without  adding 

i n  t h e  d i g i t s  c o l l e c t e d  i n  'num'. If t h e  same ove r s igh t  were made when 

cons t ruc t ing  my vers ion ,  t h e  e f f e c t  would be t o  omit l i n e l 6 ,  If t h i s  program 

were app l i ed  t o  t h e  same inpu t  stream, 'Nextc '  a t  l i n e 1 7  would be c a l l e d  

when no c h a r a c t e k  remained i n  t h e  stream. Th i s  would cause an i m e d i a t e  

a b o r t .  I n  t h i s  sense  my methodology i n c r e a s e s  mbus tnes s* .  

The robus tness  a r i s e s  because of t h e  e x p l i c i t  a s s o c i a t i o n  of "handler"  

code wi th  t h e  r o u t i n e  which d i scove r s  t h e  problem. Indeed, t h e  e x i s t e n c e  

of a  c a l l  of 'Nextc '  not  guarded by a  test  of 'Endof' ought t o  a l e r t  t h e  

p r o g r a m e r  t o  check t h e  problem s p e c i f i c a t i o n .  However, t h e  f a c t  t h a t  

p a r t i a l  f u n c t i o n s  were used r a t h e r  than  r o u t i n e s  which r e t u r n  oneof r e s u l t s  
-- - 

Thi s  sense  of  t h e  word is t h a t  adopted by D i j k s t r a  E231,p. 56 , Hehner 
C421, p. 278 and Bmn and Fokkinga [I  2a I .  



is  i r r e l e v a n t .  The end r e s u l t  is t h e  same i f ,  i n s t e a d  of  lbJextcl and 

'Endof ' ,  t h e  l i b r a r y  had suppl ied  a  r o u t i n e  

g e t c  : proc(stream1 r e t u r n s  oneof(  c h a r  
; end of  f i l e : s i n g l e t o n  
; not-poTsible: - s i n g l e t o n  
1 

The loop which accumulates c h a r a c t e r s  would t hen  have appeared a s  

r e p e a t  
num :=  string.append(num, To - c h a r ( c ) l  

when IS end of f i l e ( c 1  e x i t  - - 
when ~o-chaF(c7  = l ' e x i t  - - - 

aga in  

and omission of  t h e  '1s - end - -  of f i l e '  tes t  would have lead  t o  ati i l l e g a l  

invoca t ion  of t h e  #To - c h a r 1  func t ion ,  which would a l s o  cause an a b o r t .  

Th i s  argument does no t  apply i n  t h e  case  of CLU s i g n a l s .  CLU expres s ly  

permi ts  a  c a l l  t h a t  r a i s e s  an except ion not  t o  be fol lowed by a  handler ;  

i n  such a  s i t u a t i o n ,  t h e  handler  from t h e  surrounding l e x i c a l  scope is used. 

It may be t h a t  t h e  r e a d e r  is worried by t h e  i n t r o d u c t i o n  of a  loop 

cons t ruc t ion  with e x i t s .  Th i s  is t h e  i n e v i t a b l e  consequence of t r y i n g  t o  

i m i t a t e  a  program which uses  except ions  t o  ach ieve  premature t e rmina t ion  of  

loops.  If t h e  program i s  w r i t t e n  i n  a  t o p  down manner without  r e f e r e n c e  t o  

t h e  CLU ve r s ion  no e x i s t s  o r  r e t u r n s  a r e  necessary  because no loops a r e  

used. Th i s  a l t e r n a t i v e  formula t ion  i s  shown i n  F igure  4.03. It  uses  

D i j k s t r a l s  guarded corrmand n o t a t i o n  [22] and c a l l  and ref inement  [42];  both 

of t h e s e  techniques  produce pmgrams which occupy a  g r e a t e r  number o f  l ines,  

but one should not be mislead i n t o  t h ink ing  t h a t  t h i s  imp l i e s  g r e a t e r  

complexity.  I n  my view Figure  4.03 is e a s i e r  t o  understand than  F igure  4.02. 

However, t h e  o b j e c t  of t h i s  t h e s i s  is t o  argue t h e  merits of  except ion  

handling, not  of loops.  The remaining examples i n  t h i s  c h a p t e r  w i l l  be 

w r i t t e n  (without  except ion handl ing)  i n  a  way t h a t  fo l l ows  a s  c l o s e l y  a s  



p m c  sum stream = (s:streaml returns r:sumresult 
var Eum:int = 0 - 
var c: char - 
var Num: st ring - 
Add Numbers in stream to sum 

where Add Numbers in stream to sum is 

c := Nextc(s1 
if c = ' ' => Add Numbers in stream to sum - 
0 c # ' ' => Read number and add it to sum 
fi - 

fi - 
where Read number and add it to sum is - Num : = 1 

Append Non space chars to Nurn 
if Is int (52i (NumI) => - - 

Add Nurn and Numbers in stream to sum 
n Is - unrepresentable integer(s2i (Numl 1 => 

r : = From un~g~resentable - integer(Num1 
n Is bad format (sTi (Numl 1 
OF 1s-invalid character( s2i (Numl l => - - 

r : = From-bad - - format (Numl 
fi - 

where Append Non space chars to Num - is 
num : = strinE. append (~um, cl 
if Endof (s l ;> &kip - - 

-Endof (sl => 
c := Nextc(s1 
if c = ' ' =>skip - 
1 c # ' ' *  =>Append non - space chars to Num 
fi 

where Add Nurn and numbers in stream to sum is 
const NewSum:oneof (inti overf10w:sin~le~nl = sum + s2i(Numl .., 
if Is int(NewSum1 => - - 

sum := To int(Newsum1 
Add ~umbeTs in Stream to Sum 

Is - over-Flow~NewSuml => 
r : = From - overflow( I 

fi - 
end of sum stream -- - 

Figure 4.03: Sum - stream without exits or exceptions. 



p o s s i b l e  t h e  o r i g i n a l  s o l u t i o n  (wi th  except ion handl ing);  r e t u r n  and e x i t  

s t a t emen t s  w i l l  be used where necessary t o  c o n t r i v e  the s i m i l a r i t y .  I f e e l  

t h a t  t h e  proponents of  except ion handling w i l l  be i n c l i n e d  t o  f avour  such a  

s t y l e ;  i n  any case  it f a c i l i t a t e s  t h e  comparison of  t h e  two ve r s ions .  It 

should be c l e a r  from t h e  above t h a t  t h i s  method of  p r e sen t a t i on  n e i t h e r  

means t h a t  e x i t s  a r e  necessary  if except ion handling is removed; no r  t h a t  

I suppor t  t h e i r  use.  

4.2 Levin ' s  Examples 

In  Sec t ion  7 of h i s  t h e s i s  [59] Levin p r e s e n t s  f i v e  examples t o  demonstrate 

t h e  l l p r a c t i c a l  a p p l i c a b i l i t y 1 '  of h i s  mechanism. He claims both t h a t  h i s  

s o l u t i o n s  a r e  n a t u r a l  and t h a t  t h e  problems cannot be s u c c e s s f u l l y  handled 

by o t h e r  mechanisms. I n  t h i s  s e c t i o n  I d i s c u s s  each of h i s  examples i n  

t u r n .  In  t h e  ca se  of a r i t h m e t i c  except ions  I examine t h e  CLU formula t ion  a s  

w e l l  a s  Levin1s .  

4.2.1 The Symbol Table Probl~m 

For h i s  first example Levin p r e s e n t s  t h e  symbol t a b l e  d a t a  type .  Looking up 

a  name i n  a  symbol t a b l e  is  r e p r e s e n t a t i v e  of  a  corrmon c l a s s  of  ope ra t i ons  

which may r e t u r n  d i f f e r e n t  kinds of r e s u l t s .  

Levin d e f i n e s  a  'symbol t a b l e '  t o  be a  s e t  of p a i r s  '<name, va lue> '  - 
where t h e  first elements of the p a i r s  a r e  d i s t i n c t .  The c a r d i n a l i t y  of the 

s e t  is a t  most ' n ' ,  i .e .  t h e  symbol t a b l e  is of bounded s i z e .  If t h e  p a i r  

'<s ;v> '  has prev ious ly  been i n s e r t e d  i n t o  t h e  r e s u l t  of 1 lookup( s t ;  s ) '  

i s  ' v ' ;  o therwise  it is  a  n o t i f i c a t i o n  t h a t  I s 1  is  absent .  If an at tempt  is 

made t o  i n s e r t  a  new name i n t o  a  t a b l e  which is a l r e a d y  f u l l  t hen  provis ion  

f o r  some ' lexcept ional l l  a c t i o n  must be a v a i l a b l e .  



Levin ' s  s p e c i f i c a t i o n  is i n  a  s t y l e  c l o s e  t o  t h a t  of  Alphard [103]; 

it is reproduced a s  F igure  4.04. Considering first t h e  ' lookup'  f unc t ion ,  

it w i l l  be seen t h a t  it may gene ra t e  two except ions ,  ' a b s e n t '  and ' p r e s e n t ' ,  

and t h a t  t h e  l a t t e r  has a  parameter  of  t ype  ' V ' .  The precondi t ions  of  

t h e s e  except ions  t e l l  us  t h a t  each invoca t ion  of ' lookup'  w i l l  g ene ra t e  

e x a c t l y  one of  them. No pre-  o r  pos tcondi t ions  a r e  given f o r  ' lookup'  

i t s e l f .  Levin s t a t e s  t h a t  an omit ted precondi t ion  is i d e n t i c a l l y  ' t r u e ' ,  and 

t h a t  t h e  omission o f  a  pos tcondi t ion  means t h a t  " a l l  parameters  remain 

unchanged". Thus ' lookup'  is a  t o t a l  f unc t ion  i n  t h e  mathematical sense .  

form symbol t a b l e ( n : i n t e g e r ,  T:form<=, :=>, V:form<=, : = > I  = 
- -  - 
s p e c i f i c a t i o n s  

r e q u i r e s  n 2 1; 
l e t  symbol-table = assoc :  {<s:T,v:V>} ; - 
i n v a r i a n t  

c a r d i n a l i t y ( a s s o c )  <. n 
and a , b  E assoc  => ( a . s  = b.s  => a .v  = b.v);  - 

i n i t i a l l y  symbol-table = {I; 
f u n c t i o n s  

r a i s e s  
absent  on lookup po l i cy  broadcast  

ore; a e s t  =>a.s^str; - 
presen t  (v:V) on lookup p o l i c y  broadcast  

p r e  = 3 a z  s t  a . s = s t r  and a .v=v - - - 
endra i s e s  

i n s e r t  (s t :  symbol-table,  s t r : T ,  val:V) 
r a i s e s  

f u l l  on i n s e r t  po l i cy  broadcast  
p G  = c a r d i n a l i t y ( s t ) = n  and ( a e s t  => a . s # s t r )  - - 

endra i s e s  
pos t  normal = if 3 a e s t  st  a . s = s t r  - 

t hen  st =st , .  - {a} U { < s t r , v a l > }  
e l s e  s t  = st '  U { < s t r , v a l > }  

pos t  f u l l  = st=st ';  

F igure  4.04: Levin ' s  symbol t a b l e  s p e c i f i c a t i o n .  



I have t r i e d  t o  i n t e r p r e t  t h i s  s p e c i f i c a t i o n  according t o  t h e  

v e r i f i c a t i o n  methodology s e t  ou t  i n  [59]. 

The r e a d e r  w i l l  r e c a l l  t h a t  a f t e r  an except ion is r a i s e d  and handled, 

c o n t r o l  r e t u r n s  t o  t h e  procedure which generated t h e  except ion .  

Sec t ion  6.2 of [59] s t a t e s  t h a t  "a module t h a t  d e f i n e s  a  p a r t i c u l a r  excep t iona l  

cond i t i on  on i ts  a b s t r a c t i o n  a l s o  d e f i n e s  two p r e d i c a t e s  t h a t  hold before  and 

a f t e r  t h e  condi t ion  has been handled". I would t h e r e f o r e  expect  t h e  

s p e c i f i c a t i o n  of  ' lookup'  t o  provide pos t cond i t i ons  f o r  ' ab sen t '  and ' p r e s e n t '  

a s  w e l l  a s  p recondi t ions .  I n  t h e  absence of e x p l i c i t  pos t cond i t i ons  I can 

only  assume them t o  s t a t e  t h a t  " a l l  parameters  remain unchanged". But 

which s e t  of parameters,  t hose  of t h e  except ion o r  t h o s e  of ' lookup '?  

If t h e  former,  then  t h e  pos tcondi t ion  of  ' a b s e n t '  is vacuously ' t r u e '  

[because it has no parameters)  and s o  t h e  pos tcondi t ion  of  ' lookup'  must 

a l s o  be ' t r u e ' .  Th i s  c o n t r a d i c t s  t h e  previous assumption. So I must assume 

t h e  l a t t e r  i n t e r p r e t a t i o n ,  t h a t  t h e  i m p l i c i t  pos tcondi t ion  f o r  an except ion 

s t a t e s  t h a t  a l l  of  t h e  parameters  of  t h e  ope ra t i on  remain unchanged. Th i s  

means, f o r  example, t h a t  t h e  handler  f o r  ' ab sen t '  is  debarred from changing 

t h e  symbol t a b l e :  i n  p a r t i c u l a r  it cannot i n s e r t  t h e  name which was found 

t o  be absent .  I do not  b e l i e v e  t h a t  Levin intended t o  d e f i n e  such a  

r e s t r i c t i v e  mechanism but  s e e  no o t h e r  way of i n t e r p r e t i n g  h i s  s p e c i f i c a t i o n  

and v e r i f i c a t i o n  methodology. 

S i m i l a r  problems a r i s e  wi th  ' i n s e r t ' .  Levin t e l l s  us  t h a t  t h e  l a s t  

f o u r  l i n e s  r ep re sen t  t h e  pos tcondi t ion  f o r  ' i n s e r t ' .  The no t a t i on  i s  

intended t o  s e p a r a t e  t h e  p a r t  of t h e  pos tcondi t ion  which a p p l i e s  i n  t h e  

"normal" case  from t h e  p a r t  which a p p l i e s  when ' f u l l '  has been r a i s e d .  The 

a c t u a l  pos tcondi t ion  is s t a t e d  t o  be 

( - Â ¥ r a i s e d ( f u l l  - and p o s t  normal) - o r  Cra i sed ( fu l1 )  and pos t  f u l l )  



where 'raisedCcll if and only if 'c' was generated by 'insert'. There 

seems to be no advantage in separating the terms in this way because 

'raisedCfulll' is not available in the program. Nevertheless, it seems 

clear that the handler for 'full' is prohibited from altering 'st'. 

representation 
unique 

narnes:vectorCT, 1 ,nl, 
values:vectorCV, I ,nl, 
1ast:integer 

init last :=  0; 
repClast,names,values) = - 

{<names[i],values[i]> 1 i e [l,last]}; 
invariant 

last E [O,n] - and CCi,j E [I,last] - and i # jl 
=> narnes[i] # narnes[j]l 

bodv lookuu = - - 

f i r s t  j :upto (I, last 1 suchthat names[j] =str 
then raise presentCvalues[J]J -- 
else raise absent; -- 

bod~ insert 
d 

out normal = 3ie [l,last] st - 
Cnames[i] =str andvalues[i] =val - and 
~j&[I,last'] 3ke[I,last] st 
C names[ j ] ' =names [ k] and i f  j => 
values[ j] ' =values[k])) 

out full = last1 =n and Vie [I, last' ] names[i] / str - - 
beein - 

first j:uptoCa,lastl suchthat names[j]=str 
then values[j] := val 
else if last<n -- 

then last := last+I: narnesflastl:=str; - 
values[last] := val 

else raise full -- 
f i - 

end - 
endf orm 

Figure 4.05: Levin,'s symbol table implementation. 



The implementation of Levin ' s  symbol t a b l e  is reproduced a s  F igure  4.05. 

The - ou t  a s s e r t i o n s  a r e  t h e  conc re t e  v e r s i o n s  of  t h e  a p p r o p r i a t e  

pos t cond i t i ons ,  A l l  t h e  s t a t emen t s  which gene ra t e  except ions  a r e  t h e  l a s t  

a c t i o n s  of  t h e  pmcedures  i n  which t h e y  occur;  Lev in ' s  resumption mechanism 

is used t o  s imu la t e  a  t e rmina t ion  mechanism. 

shared t :symbol- table(47,  s t r i n g ,  i n t e g e r )  
unique r , s : s t r i n g ,  v ,w: in teger  

1 : begin 
< s e t  s > 
lookup (t, s l  [ p r e sen t  ( X I  : v:  =x 1 absen t :  v: =O] 
< use v  > 

< s e t  r and w > 
i n s e r t ( t , r , w )  [ f u l l :  + l e ave  11 

Figure  4.06: Sample use o f  Lev in ' s  symbol t a b l e .  

F igure  4.06 shows a  sample use  of t h e  symbol t a b l e .  Its a c t i o n  is 

descr ibed  i n  [59] : 

The invoca t ion  of l lookup '  s e t s  ' v l  t o  t h e  va lue  a s soc i a t ed  wi th  I s 1 ,  

i f  any, o r  z e m  i f  ' s t  does not  appear  i n  I t ' .  The invoca t ion  of 
' i n s e r t '  expec ts  t o  e n t e r  t h e  p a i r  ' < r , w > '  i n t o  ' t l ,  but w i l l  l e ave  
t h e  block l a b e l l e d  '1' if  t h e  t a b l e  is f u l l .  

I n  seek ing  t o  provide a  s i m i l a r  example which does not  use an except ion 

mechanism one is  f aced  with a  number of  choices .  'Lookup' is n a t u r a l l y  

represen ted  by a  func t ion  wi th  a  r e s u l t  of t ype  'oneof(V; a b s e n t : s i n g l e t o n l l .  

Using a  union f o r  t h e  r e s u l t  of  ' lookup'  enables  t h e  symbol t a b l e  a b s t r a c t i o n  

t o  t r e a t  both r e s u l t s  on an equa l  f o o t i n g  and l eaves  it t o  t h e  u s e r  of  t h e  



a b s t r a c t i o n  t o  dec ide  which r e s u l t ,  i f  e i t h e r ,  is "except iona l" .  It  was t o  

ga in  t h e  same advantage t h a t  Levin introduced two except ions  r a t h e r  than  

j u s t  one. 

Such syn-metry is not  r equ i r ed  when i n s e r t i n g  a  new name i n t o  a  pos s ib ly  

f u l l  t a b l e .  One t e c h n i c a l l y  sound (bu t  i n e f f i c i e n t )  way of  dea l ing  wi th  

t h i s  e v e n t u a l i t y  is  t o  make ' i n s e r t '  a  p a r t i a l  opera t ion  and t o  provide a  

p r e d i c a t e  'Is - i n s e r t a b i e ( s t , n l  ' which is t r u e  i f  and only  i f  

' i n s e r t ( s t , n , v I 1  i s  permi t ted .  

Another method of  dea l ing  wi th  a  f u l l  t a b l e  is t o  invoke a  procedure 

parameter.  Such a  parameter  could be provided e i t h e r  when t h e  t a b l e  is 

first c rea t ed  o r  on each c a l l  of ' i n s e r t 1 ,  If t h e  first course is adopted 

it might be wise t o  provide an ope ra t i on  on symbol t a b l e s  which changed t h e  

handler  procedure.  This  is very  s i m i l a r  t o  what was done i n  t h e  AED Free 

S t o r e  package ( s e e  Sec t ion  2.11. My formula t ion  o f  ' i n s e r t '  uses  a  procedure 

parameter  t o  d e a l  with f u l l  t a b l e s .  Th i s  has an implementation advantage 

ove r  t h e  use of p a r t i a l  opera t ions :  it i s  e a s i e r  t o  check t h a t  a  t o t a l  

opera t ion  is  provided with t h e  c o r r e c t  number of parameters  than  it is t o  

check t h a t  a  p a r t i a l  ope ra t i on  is  invoked only  from v a l i d  s t a t e s .  It a l s o  

has t h e  d i d a c t i c  advantage of  in t roduc ing  a  new technique  - t h a t  of  

notification p~oeedu~es - i n t o  o u r  list of a l t e r n a t i v e s  t o  except ion handling 

mechanisms. This  technique  r e q u i r e s  on ly  a  minimal t ransformat ion  of  

Levin ' s  code. 



type symbol-table(n:integer; T:type with =, := - -- 
; V:type -- with =, := I 

-I c La - 
specifications 

reauires n I - 
let SymbolTable = assoc {<s:T, v:V>}; - 
invariant cardinality(assocI n 

and a, b .E assoc =>  (a.s=b.s => a.v=b.v); - 
initially symbol-table = {}; 
operations 

function lookup~st:symbol-table; str:Tl 
returns r:oneof(V; absent:singletonI 

post = if 3 a ffit st a. s=str - - 
then r = =m V(a.v) 
else r = ~rom-absent0 

procedure insert (var - st :Eymbol-table; str:T; va1:v; h:pmc( - I) 
let tablefull = (cardinality(stI=nI and (azst => a.s*strI - - 
pre = tablefull => pre h - 
post = if tablefull - - 

then post h 
else if 3 a ~ s t  st a.s = str -- 

then st = 3 - {a} u {<st~, vaD} 
else st = st' u {<str,val>l 

Figure 4.07: Revised symbol table specification. 

The revised specification is shown in Figure 4.07. The 'lookup1 

function has a single postcondition and the default precondition of 'true'. 

Procedure 'insert' has an extra parameter 'h', a parameterless prucedure. 

The precondition of 'insert' is that the precondition of 'h' should be 

satisfied whenever the table is full. The - let declaration simply defines'tablefull' 

as an abbreviation. The postcondition of 'insertldepends on that of 'h'; I 

feel that this is a more realistic formulation than Levin's which debarred 

the handler for 'full' from altering 'st'. 



remesentation 
unique 

names : vector(T, I, nl 
values : vector(V, I Dnl 
last : integer 

init last := 0; 
~(last,names,values) = {<names[i] ,values[i]> 1 i~ [I, last] 1; 
invariant 

lastbâ [O,n] - and ((iDj E [?,last] - and i # jl 
=> names[i] # names[j]l 

implementation 
bodv looku~ = 

first j : upto (I, last l suchthat names [ j ] =str 
then r : =  To V(values[j]l 
else r := TO-absent( I ;  - - 

bodv insert 
J 

out = (3iE [I Dlast] st - 
(names[T=str - and values[i] =val - and 
V j& [I, last1 ] 3 k~.[l last] st 

(names[j] =names[k] - anri#j => 
values [ j ] l =values [ k] l 1 

l or post h -- 
begin 

first j:upto(l,lastl suchthat names[j]=str 
then values[j]:= val 
else if last<n -- 

then last : = last+l; names [last]: =st~; 
values[last] := val 

else h 0  
fi - 

end - 
end? o m  

Figure 4.08: Symbol table without exceptions 

My symbol table implementation is presented in Figure 4.08. Two of 

Levin's raise statements have become assignments to a result variable; the 

third has become a procedure call. The - out assertion has been modified 

in a similar way to the abstract specification. 



shamd t : symbol-table(47 string integer) 
rJs:string 
vJw:integer 
u:oneof(integer; absent:singleton] ... 

1: begin 
<set s > 
u : =  lookup(tJs) 
if Is integer(u1 then v := To integer(u1 - - - 

else v := 0 
fi - 
<use v> ... 
<set r and w> 
insert (t, rJ wJ proc: leave 1) -- . . . 

end - 

Figure 4.09: Using the revised symbol table. 

Comparing Figures 4.06 and 4.OgJ it does not seem to me that the use a 

of an exception mechanism produces a 'lookup1 function whose use is easier 

to understand. MoreoverJ Levin's example violates his own restriction that 

handlers must be procedure calls; if the two assignments to 'V1 are turned 

into procedure calls his example is considerably more difficult to understand. 

This is perhaps unfairJ because the handlers are abnormally simple; if they 

were more complicated I would have wanted to use pmcedure calls in the 

limbs of my if statement. 

NeverthelessJ these considerations lead us to ask uhy Levin1s handlers 

are so simple. Assigning lv' to zero and continuing with the computation is 

sensible in two kinds of situations The first occurs when z e m  is not valid 

as a value to be inserted in the table. This implies that 

the table abstraction should have been instantiated 

with some other ' V ' ,  say lNautral1. Thus 'vl is really of a union type: it 

is either a 'V1 or it is zero. The program fragment represented by 

'<use v>' will presumably test 'vl to see if it is zero before deciding 



how t o  proceed. 

There is nothing new o r  s u r p r i s i n g  about t h i s  use of  ze ro  a s  an 

" impossible"  va lue :  it has a  h i s t o r y  going back t o  t h e  days of assembly 

language and Fo r t r an .  However, t h e  advantages of  languages l i k e  Pasca l ,  

CLU and Alphard is t h a t  one can c o n s t r u c t  t ypes  con ta in ing  j u s t  t h e  v a l u e s  

one needs and t h u s  o b t a i n  c l e a r e r  code and more checking a t  compile t ime .  

Using union t y p e s  p re se rves  t h e s e  b e n e f i t s  a t  t h e  c o s t  of  having t o  make 

e x p l i c i t  checks and type  conversions.  Adding " imposs ib le  va lues"  t o  e x i s t i n g  

t y p e s  a l lows  those  conversions t o  be avoided, but  nega t e s  many of t h e  

b e n e f i t s  of s t r o n g  typ ing .  I r e t u r n  t o  t h i s  ques t i on  i n  Chapter  6. 

- -- 

The s e c o n d  k i n d  o f  s i t u a t i o n  i n  w h i c h  i t  i s  s e n s i b l e  

f o r  ' v '  t o  be  a s s i g n e d  t o  z e r o  o c c u r s  when z e r o  i s  some s o r t  

o f  d e f a u l t  v a l u e ,  a n d  t h e  c o m p u t a t i o n  w h i c h  f o l l o w s  c a n  b e  

p e r f o r m e d  w i t h  e q u a l  v a l i d i t y  on b o t h  z e r o  a n d  n o n - z e r o  v a l u e s .  

T h i s  i s  a n  u n l i k e l y  p o s s i b i l i t y  when a  c o m p i l e r ' s  s y m b o l  t a b l e  

i s  i n v o l v e d ,  b u t  i m a g i n e  f o r  a  moment t h a t  L e v i n ' s  e x c e p t i o n  

m e c h a n i s m  h a s  b e e n  u s e d  t o  i m p l e m e n t  a  s p a r s e  a r r a y .  F a i l u r e  

o f  a  l o o k u p  f u n c t i o n  t o  f i n d  t h e  r e q u e s t e d  e lement  r a i s e s  a n  

e x c e p t i o n ;  a t  t h e  n e x t  l e v e l  o f  a b s t r a c t i o n  t h e  h a n d l e r  f o r  

t h i s  e x c e p t i o n  s u b s t i t u t e s  t h e  a p p r o p r i a t e  d e f a u l t  v a l u e  ( i n  

t h i s  c a s e  z e r o ) .  

I n  t h i s  s e c o n d  s i t u a t i o n ,  t h e  r e s u l t  o f  t h e  o p e r a t i o n  w h i c h  

a c c e s s e s  a n  e l e m e n t  o f  t h e  s p a r s e  a r r a y  i s  c l e a r l y  o f  t y p e  

i n t e g e r ,  a n d  n o t  o f  a n y  u n i o n  t y p e .  I c a n n o t  t h e r e f o r e  o b j e c t  

t o  L e v i n ' s  ' v  : =  0 '  h a n d l e r  o n  m e t h o d o l o g i c a l  g r o u n d s .  Howeve r ,  

a n  i m p l e m e n t a t i o n  o f  ' l o o k u p '  w h i c h  r e t u r n e d  a  u n i o n  r e s u l t  



w o u l d  b e  i n  t h i s  c a s e  t o o  j u s t  a s  r e a d a b l e  a s  o n e  w h i c h  

r a i s e d  a n  e x c e p t i o n .  The  r e l a t i v e  e f f i c i e n c y  o f  t h e  two  

m e c h a n i s m s  i s  c o n s i d e r e d  i n  S e c t i o n  4 . 4 .  

2 The Inconsistent String Pro 

Levin ' s  second example is based upon h i s  first but is intended t o  demonstrate  

a  d i f f e r e n t  kind of  use f o r  h i s  except ion mechanism. He shows how 

except ion handl ing can be used t o  r e p a i r  a  d a t a  s t r u c t u r e  which has become 

i n c o n s i s t e n t  because of  a  f a i l u r e  of  "memory" ( i . e .  a  malfunct ion of t h e  

computer s t o r e ) .  

He assumes t h a t  t h e  s t r i n g s  s t o r e d  i n  t h e  symbol t a b l e  a r e  va lues  o f  a  

user-def ined d a t a  t ype  and t h a t  t h e i r  r e p r e s e n t a t i o n  con ta in s  some redundant 

information.  If t h i s  redundancy r e v e a l s  an i ncons i s t ency  t h e  s t r i n g  module 

gene ra t e s  an except ion.  Th i s  except ion is r a i s e d  i n  t h e  module using t h e  

s t r i n g ,  which i n  t h i s  ca se  i s  t h e  symbol t a b l e  module. I n  o r d e r  t h a t  t h e  

symbol t a b l e  may perform some recovery a c t i o n  Levin a l t e r s  it t o  main ta in  

a  d u p l i c a t e  list of  s t r i n g s  i n  t h e  v e c t o r  'dnames'. 

F igure  4.10 is p a r t  o f  Levin ' s  s t r i n g  module; t h e  f u n c t i o n  which tests 

e q u a l i t y  is emphasised. It gene ra t e s  t h e  except ion ' bad - s t r i ng '  i f  one of  

i t s  argument s t r i n g s  has  a  nega t ive  length .  If t h e  handler  f o r  ' bad - s t r i ng '  



does not  c o r r e c t  t h e  condi t ion ,  it s e t s  t h e  e r s t w h i l e  i n c o n s i s t e n t  s t r i n g  

t o  t h e  n u l l  s t r i n g  and gene ra t e s  a  second except ion,  ' r e s e t - s t r i n g ' .  

module s t r i n g ( n : i n t e g e r l  
begin - 

p r i v a t e  l e n g t h : i n t e g e r ,  chars:vector(character,1,n) 
i n i t  l ength  := 0 - - -  - -  u 

condi t ion  r e s e t - s t r i n g  po l i cy  broadcast  
condi t ion  bad - s t r i ng (va r  - s i s t r i n g )  

~ o l i c v  broadcast-and-wait  
- - - 

func t ion  = ( s I 8 s 2 : s t r i n g )  r e t u r n s  b:boolean 
r a i s e s  r e s e t - s t r i n g  on s1 , s2  
r a i s e s  bad-s t r ing  on s1 , s2  
begin 

i f  s1.  l eng t  h<0 - 
then  

r a i s e  s1 .  bad-s t r ing  ( s 1 )  
if sI.len&ch<O - - 
then s1 .  l eng th  : = Os r a i s e  s1.  r e s e t - s t r i n g ;  - 

r e t u r n  

- 
if s2.1engthcO - 
then  

r a i s e  s2.  bad-s t r ing  f s21  - 
i f  s2.1ength<0 - 
then s2 . length  := 0; r a i s e  s 2 . r e s e t - s t r i n g ;  

r e t u r n  

if s1 . l eng th  = s2 . length  - 
then  - 

first i : u ~ t o f l  , s1  . length1 
such tha t  k1 .ch&s[ i ]  7 s 2 . c h a r s [ i ]  
then b := f a l s e  
else b := t r u e  

else-= f a l s e  - 
f i  - 

end - 
end 

F igure  4.10: Levin ' s  s t r i n g  module wi th  except ion d e t e c t i o n .  



condition lost-entry policy broadcast-and-wait 

function lookup(st,s) 
raises lost-entry on st -- 
raises absent on lookup 
raises ~resentrl on lookuu 
begin 

for i:upto(I,lastl -- 
da - 

if =(names[i],s) [names[i].bad-string(str1:str :=  dnames[i]] - 
then raise present (values [i] 1 ; return -- 
-P : 
1 L 

od [names[i] .reset-string: fixtable(&, il -+ return ] - 
raise absent 

routine fixtable(st:symbol-table, i:integerl 
begin 

names[i]:= names[last] 
dnames[i]:= dnames[last] 
values[i]:= values[last] 
last := last-l 
raise st. lost -entry 

end - 

Figure 4.11: Re-implementation of lookup. 

This string module is used by the revised 'lookup' operation shown in 

Figure 4.11. If 'bad-string' is raised on a name in the symbol table the 

value of the appropriate string in the duplicate vector 'dnames' is copied 

into it. If the copy is also bad then 'string' will raise 'reset-string'. 

This will be handled by the routine 'fixtable', which uses local 

information to remove the corrupted entry from both 'names' and 'dnames'. 

It then generates the exception 'lost-entry' so that the users of the symbol 

table know that it is not reliable. 

Despite its heading 'lookup' is not a function: it is liable to alter its 

symbol-table parameter. Moreover, if an irrepairably damaged entry should be 



found i n  t h e  t a b l e  n e i t h e r  ' ab sen t '  n o r  ' p r e s e n t '  w i l l  be genera ted  even 

though t h e  name ' s '  suppl ied  a s  a  parameter  t o  ' lookup'  is p re sen t  i n  

'names' .  S imi l a r ly ,  not on ly  is  t h e  s t r i n g  equa l  ope ra t i on  not  a  func t ion  

(because it may a l t e r  i t s  parameters ) ,  it is  not  even symmetric. Lev in ' s  

expos i t i on  does not  b r ing  o u t  t h e s e  d i f f i c u l t i e s  because it does no t  provide 

a  s p e c i f i c a t i o n .  

I cannot be l i eve  t h a t  t h i s  example i l l u s t r a t e s  an except ion  handl ing 

problem t h a t  might a r i s e  i n  a  real-world system. It i s  u n r e a l i s t i c  f o r  a t  

l e a s t  t h r e e  reasons .  

F i r s t ,  remember t h e  assumption t h a t  t h e  nega t ive  s t r i n g '  l eng th  a r i s e s  

f r o m  "memory f a i l u r e " .  On a convent iona l  machine, any u n r e l i a b i l i t y  i n  t h e  

s t o r e  w i l l  be a t  l e a s t  a s  l i k e l y  t o  c o r r u p t  t h e  d u p l i c a t e  s t r i n g s  and t h e  

code of t h e  program (and t h u s  t h e  except ion handlers )  a s  it is  t o  cause a  

nega t ive  s t r i n g  length  i n  t h e  name t a b l e .  Levin ' s  example begins  t o  be 

r e a l i s t i c  on ly  wi th  a  p rog raming  language and a r c h i t e c t u r e  t h a t  a l l o w  one 

t o  s p e c i f y  t h a t  t h e  code, d u p l i c a t e  s t r i n g s  and name t a b l e  r e s i d e  i n  

d i f f e r e n t  phys i ca l  s t o r e s .  

Second, why does t h e  r e p r e s e n t a t i o n  of s t r i n g s  r e s e r v e  a  b i t  f o r  t h e  

s i g n  of t h e  length ,  when it m u s t  always be p o s i t i v e ?  Is it s o l e l y  f o r  

e r r o r  d e t e c t i o n ?  If so, it would be b e t t e r  t o  use it a s  a  p a r i t y  b i t .  

Third,  t h e  s epa ra t i on  o-F t h e  d e t e c t i o n  and c o r r e c t i o n  of s t r i n g  e r r o r s  

i n t o  two d i f f e r e n t  l e v e l s  of a b s t r a c t i o n  is a  des ign  e r r o r .  And it is 

t h i s  very  e r r o r  which g i v e s  rise t o  t h e  need f o r  except ion propagat ion 

between l e v e l s .  If t h e  s t r i n g  module is going t o  o p e r a t e  w i t h  an u n r e l i a b l e  

s t o r e ,  and if a  d u p l i c a t e  l ist  of names is  going t o  be maintained,  it 

should c l e a r l y  be t h e  s t r i n g  module which ma in t a in s  it. Th i s  i n c r e a s e s  t h e  

l i k e l i h o o d  of e r r o r  d e t e c t i o n  a s  any  co r rup t ion  i n  e i t h e r  of t h e  s t r i n g s  

can be de t ec t ed .  Lev in ' s  formula t ion  d e t e c t s  a  change i n  t h e  s i g n  b i t  only.  

On t h e  o t h e r  hand, s i n c e  e r r o r s  i n  t h e  d u p l i c a t e  s t r i n g s  a r e  presumably j u s t  

a s  l i k e l y  a s  e r r o r s  i n  t h e  o r i g i n a l  s t r i n g s ,  t h e  a v a i l a b l e  e r r o r  c o r r e c t i o n  

is minimal. With one hundred p e r  c e n t  redundancy it is  p o s s i b l e  t o  do a  



l o t  b e t t e r  than t h i s .  

Despi te  t h e  a r t i f i c i a l  n a t u r e  of t h e  problem it is i n s t r u c t i v e  t o  

s e e  how it might be solved without  except ion handling. S ince  t h e  ' bad - s t r i ng '  

and ' r e s e t - s t r i n g '  except ions  r e l a t e  t o  an i n d i v i d u a l  s t r i n g ,  it is n a t u r a l  

t o  r e p l a c e  them by n o t i f i c a t i o n  procedures  p r i v a t e  t o  each s t r i n g .  Such 

procedures  might be provided a s  parameters  t o  t h e  'Newstring'  r o u t i n e ,  o r  

t hey  might more convenien t ly  be "frozen" i n t o  a  'NewStringwithStandardRecovery1 

r o u t i n e .  I n  e i t h e r  ca se  r o u t i n e s  t o  r e t r i e v e  and change the n o t i f i c a t i o n  

procedures  must be provided. P a r t  of  a  ' s t r i n g '  module is shown i n  

F igure  4.12. The r o u t i n e s  'BadStr ingRtl  and 'SetBadStr ingRtl  a r e  provided 

t o  a c c e s s  t h e  bads t r i ng  n o t i f i c a t i o n  procedure: wi th in  t h e  ' s t r i n g '  module it 

can be accessed a s  a  component of  t h e  r e p r e s e n t a t i o n ,  but  t h i s  is assumed 

t o  be hidden from u s e r s  of ' s t r i n g ' .  If t h e  s t r i n g  e q u a l i t y  r o u t i n e  f i n d s  

a  nega t ive  length  it first a s s i g n s  t h e  cor rupted  s t r i n g  v a r i a b l e  t o  t h e  

r e s u l t  of applying t h e  'Bads t r '  procedure.  I f  t h e  length  is s t i l l  nega t ive  

it is zeroed and t h e  'Rese t '  procedure of t h e  s t r i n g  is app l i ed .  This  

p a r a l l e l s  e x a c t l y  t h e  a c t i o n  of  Levin ' s  e q u a l i t y  r o u t i n e .  

When t h e  r o u t i n e  i s  used, i n s t e a d  of enabl ing  except ion handlers  one 

must s e t  t h e  app rop r i a t e  recovery procedures .  Th i s  is  i l l u s t r a t e d  i n  

F igure  4.13. Before t h e  s t r i n g s  a r e  compared f o r  e q u a l i t y ,  ' lookup'  changes 

t h e  bad s t r i n g  r o u t i n e  of the a p p r o p r i a t e  element of  'names'; a f t e r  t h e  

comparison it is r e s e t .  This  r e s e t t i n g  could be accomplished more 

convenien t ly  i f  each s t r i n g  contained a  s t a c k  o f  recovery procedures.  

If t h i s  change is made then my e q u a l i t y  and lookup r o u t i n e s  a r e  e s s e n t i a l l y  

i d e n t i c a l  t o  t h e  implementation Levin g i v e s  f o r  h i s  mechanism. This  would 

seem t o  boost Levin ' s  c la im t h a t  h i s  except ion handling mechanism i s a  high 

l e v e l  f e a t u r e  which reduces t h e  amount of  code t h e  p r o g r a m e r  must w r i t e .  



Figure  4.12: S t r i n g  module wi th  n o t i f i c a t i o n  procedures.  

rtmdule s t r i n g  
d e f i n e s  = >  BadStringRt, SetRadStringRt,  Newstring, 

, ResetRt) SetResetRt,  Newstring, .,. 
r e p r e s e n t a t i o n  is  

r e c o d (  c h a E :  a r r a y  I  : n of c h a r a c t e r  
; Badstr :  proc ( r e z r n s  s t r i n g  
J ~ e s e t  : p x )  - 
; l eng th  : i n t e g e r  
1 

f unc t ion  BadS t r ingRt ( s : s t r i ng )  r e t u r n s  p : p m c ( )  - r e t u r n s  s t r i n g  

is p := s .Rads t r  - 
end of BadStringRt -- 
p m c  SetBadStringRt ( - v a r  s : s t r i n g :  p  : - proc ( 1 r e t u r n s  s t r i n g  

i s  s .Bads t r  :=  p - 
end of  SetBadStringRt -- 
func t ion  ResetRt ( s : s t r i n g )  r e t u r n s  p  : - p m c  ( 1 
is  p := s .Reset  - 
end Lf ResetRt -- 
prac  SetResetRt (s: s t r i n g ;  P : ~ r o c (  I - 
i s  s .Rese t  :=  P - 
end of  s e t ~ e s e t ~ t  -- 
~ r o c  =(= s 1 : s t r i n g ;  - v a r  s 2 : s t r i n g l  r e t u r n s  b:bool - is 

if sl . l eng th  < 0 - - 
then  sl := ( s l . B a d s t r ) ( )  - 

i f  sl . l eng th  < 0 

r e t u r n  
f i  - 

f i  - 
if s2 . length  < 0 - 
then  s 2  :=  ( s 2 . B a d s t r 1 0  - 

if s2.  l eng th  < 0 - 
then s Z n l e n g t h  := 0 - 

(s2.Reset)  ( 1  
r e t u r n  

f i  

i f  sl . l eng th  = s2 .  l eng th  
m e n  first i : upto ( I ,  sl . l eng th )  -- 

such tha t  sl . c h a r s [ i ]  # s Z . c h a r s [ i ]  
then b := f a l s e  - 
e l s e  b  :=  t r u e  - 

e l s e  b  := f a l s e  - 
-C i 
I 

end 3 = 
-7 

end of s t r i n g  -- 



proc Lool<up(t : symboltable; s:string) returns 
r:oneof(Value; Notfound:sin~leton~ 

is - 
for i:upto(l,last) - 
do - 

p m c  FixTable ( 1 is - 
na~nes[i] :=  names[t.last] 
dnames[i] := dnames[t.last] 
values[i] := values[t.last] 
last := last-I 
t .LostEntry( 1 

end of FixTable -- 
~ r o c  UseDuplicate(1 returns ~:string - is 

s := t.dnames[i] 
SetResetRt (s, FixTable) 

end of UseDuplicate -- 
const OldBadStringRt : ~roc() returns string 

= ~ a d ~ t r m n a m e s [ i ]  1 

if =(t.names[i], s) - 
then SetBadStringRt(t.names[i], OldBadStringRtl - 

r := From - Value(t.values[i]) 
return 

fi - 
SetBadStringRt(t.na~ies[i], OldBadStringRt) 

- A  uu - 
r : = From Notfound( 1 

end of ~ o o k u ~ -  -- 

Figure 4.13: Lookup using inconsistent string module with notification 

procedures. 

There are two defences against this argument. The first is that there 

is very little extra code present in my version. Two fields and their 

access mutines have been added to the string moduls, and three routine 

calls to llookupl, Given that the example was constructed specifically to 

demonstrate the advantages of Levin's mechanism I was surprised that the 

same effect can be achieved with very little extra effort. Do similar 

examples occur often enough to justify the complexity of Levinls mechanism? 

The second defence is that the use of an exception handling mechanism, 



by h id ing  what is r e a l l y  happening, a c t u a l l y  h i n d e ~ s  our  understanding.  

This  is a  bold claim which I w i l l  j u s t i f y  through my exper iences  i n  

cons t ruc t ing  F igures  4.12 and 4.13. 

Having w r i t t e n  t h e  code fragments  shown, I n a t u r a l l y  looked f o r  ways 

of s imp l i fy ing  them. The repea ted  s e t t i n g  and r e - s e t t i n g  of t h e  n o t i f i c a t i o n  

procedures  is  d i sp l ea s ing  and could be avoided. The same bad s t r i n g  r o u t i n e  

is a p p l i c a b l e  anywhere i n  t h e  symbol t a b l e  module a f t e r  a  name has been 

i n s e r t e d :  t h e  r o u t i n e  could be s e t  j u s t  once and never  changed. However, 

i f  I d i d  t h a t  I would l o s e  t h e  exac t  p a r a l l e l  with Levin ' s  r o u t i n e  which 

does indeed set up t h e  except ion handler  j u s t  f o r  t h e  du ra t i on  of t h e  

e q u a l i t y  t e s t .  

It is a l s o  c l e a r  from t h e  f i g u r e s  t h a t  t h e  o r i g i n a l  'Rese t '  r o u t i n e  

of 'names[ i I1  is never  used. Before ' s1 .Rese t1  is ca l l ed , ' dnames [ i ] '  has 

been ass igned  t o  ' s l ' ,  S imi l a r ly ,  t h e  'Bads t r '  r o u t i n e  of 'dnames[iI1 is 

never  app l i ed :  'dnames' is only  accessed a s  a  consequence of applying t h e  

bad s t r i n g  r o u t i n e  of 'names'. Fu r the r ,  t h e  p recond i t i ons  e s t a b l i s h e d  by 

'Lookup' before  c a l l i n g  t h e s e  r o u t i n e s  a r e  i d e n t i c a l :  i n  both c a s e s  t h e  

s t r i n g  has a  nega t ive  length .  It  is t h u s  p o s s i b l e  t o  s imp l i fy  t h e  r ep re sen t a -  

t i o n  of s t r i n g  and t o  provide  more l e v e l s  of recovery by us ing  j u s t  one 

n o t i f i c a t i o n  procedure.  

P a r t  of a  s t r i n g  module which t a k e s  advantage of t h i s  s i m p l i f i c a t i o n  

is shown i n  F igure  4.14. The l o c a l  r o u t i n e  ' I s 0 K ( s l 1  r e t u r n s  ' t r u e 1  if 

t h e  l eng th  of i t s  parameter  is p o s i t i v e  o r  zero .  If it i s  nega t ive ,  t h e  

recovery r o u t i n e  of ' s t  is app l i ed .  The r e s u l t  of t h i s  r o u t i n e  is  e i t h e r  t h e  

s i n g l e t o n  'Unrecoverable '  o r  a  new s t r i n g  va lue .  If t h e  former,  ' I s O K '  

r e t u r n s  ' f a l s e ' ;  i f  t h e  l a t t e r ,  t h e  new s t r i n g  is assigned t o  ' s ' .  Because 



t ype  s t r i n g  ... 
r e p r e s e n t a t i o n  is 

record  ( c h a G :  a r r a y  I  : n of cha r  
- - - -. 

; Recoverv: ~ m c  J returns 
oneh#=-iAg; Unrecoverable: s i n g l e t o n )  

; 1eng th : in t ege r  
1 

p r o c  = ( v a r  s 1 : s t r i n g ;  v a r  s 2 : s t r i n g l  r e t u r n s  b:bool is - - - 
p r o c  IsOK(var s : s t r i n g )  r e t u r n s  b:bool is - 

v a r  r : oneof ( s t r i n g ;  ~ n r e c o v e r a b l e ? i n ~ l e t o n )  - 
if  s. length  < 0 - 
then r : = s.Recovery( 1 - 

i f  Is s t r i n g ( r 1  - - 
then s : = To s t r i n g ( r 1  - 

b :=  I S ~ K ( S I  
e l s e  b  := f a l s e  - 
f i  

e l s e  T: = t r u e  - 
f i  

end 5 I s O K  -- 
i f  IsOK(s11 and IsOK(s21 
7 

then 
- 

i f  s1 . length  = s 2 , l e n g t h  - 
then  first i : u p t o ( l ,  s1.1 -- 

such tha t  sl . c h a r s [ i ]  
then  b  := f a l s e  - 
e l s e  b  := true - 

fi 
e l s e  I?: = f a l s e  - x: 
1 1  

end 3 

Figure  4.14: S t r i n g  module wi th  s i n g l e  n o t i f i c a t i o n  procedure.  



t h e  new s t r i n g  i t s e l f  c o n t a i n s  a  recovery procedure,  t h e  recovery  

procedure of I s '  is  ove rwr i t t en  by t h i s  assignment.  When ' I s O K 1  invokes 

i tself  r e c u r s i v e l y  t o  t e s t  i f  ' s '  is now c o n s i s t e n t ,  a  f u r t h e r  incons is tency  

w i l l  cause t h e  new recovery procedure t o  be invoked. 

I n  t h i s  way u s e r s  of t h e  r ev i sed  s t r i n g  e q u a l i t y  r o u t i n e  can provide 

a s  mAny l e v e l s  of  recovery a s  t hey  wish, f r o m  ze ro  upwards, r a t h e r  than  

being cons t ra ined  t o  supply e x a c t l y  two. A s  f a r  a s  I can s e e  t h i s  s o l u t i o n  

cannot be programed wi th  Levin ' s  mechanism: on ly  one handler  could be 

provided f o r  a  ' r ecovery '  except ion genera ted  by I = ' .  ( O f  course,  it would 

be p o s s i b l e  f o r  t h a t  handler  t o  apply t h e  va lue  of a  r o u t i n e  v a r i a b l e ,  but 

Levin ' s  e x c e p ~ i o n  mechanism was presumably designed t o  make such v a r i a b l e s  

unnecessary. 1 

Thi s -ga in  i n  s i m p l i c i t y  was not due t o  a  f l a s h  of  i n s i g h t .  It was due 

t o  t h e  d i s c i p l i n e  of having t o  w r i t e  ou t  e x a c t l y  what was happening i n  

Levin ' s  example. I obta ined  a  s imp le r  ve r s ion  because I d i d  no t  use an 

except ion handling mechanism r a t h e r  t han  i n  s p i t e  of  not  us ing  one. And 

t h i s  is t r u e  even though t h e  example was i nve r t ed  s p e c i f i c a l l y  t o  

demonstrate  t h e  u t i l i t y  of Levin ' s  mechanism. 

4.2.3 A ~ i t h e t i e  Exceptions 

Ari thmet ic  overf low and underflow m u s t  bea r  much of  t h e  r e s p o n s i b i l i t y  

f o r  c r e a t i n g  t h e  s u b j e c t  of  except ion handl ing.  It is i n t e r e s t i n g  t o  s e e  

how t h e s e  except ions  a r e  handled both wi th  Lev in ' s  mechanism and i n  CLU. 

Levin p r e s e n t s  p a r t  of t h e  s p e c i f i c a t i o n  of a  - form f o r  f l o a t i n g  p o i n t  

a r i t h m e t i c .  The except ion handl ing is indire,& because t h e  handlers  r e t u r n  

t o  t h e  ope ra t i on  wi th  a r e s u l t .  For  example, t h e  'overflow' except ion 
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generated by 'add' has a  - v a r  parameter:  i n  t h e  c a l l  

z := add(x,yl [overflowCv): v  := maxfp] 

t h e  assignment of  ' v '  i n  t h e  handler  causes  'z' t o  become ' m x f p ' ,  

The s p e c i f i c a t i o n  given f o r  r e a l  i n  t h e  CLU Reference Manual [ E l ]  
~ - 

d e f i n e s  a  t ype  which is e a s i e r  t o  use i n  s imple cases .  The types  of  two 

of t h e  ope ra t i ons  a r e  

add: p roc type( rea1 ,  - r e a l )  r e t u r n s ( r e a 1 )  
s i ~ n a 1 G e r - F  low, u n ~ l o w l  - 

d iv :  p m c t y p e ( r e a 1 ,  - r e a l )  r e tukns ( r ea1 )  - 
s i g n a l s r o  - d iv ide ,  over-flow, underflow) 

Axioms a r e  given t o  d e f i n e  the r e s u l t s  of t h e s e  ope ra t i ons  when t h e  except ions  

do no t  occur .  The except ions  a r e  genera ted  i n  t h e  s i t u a t i o n s  one might 

expect ;  an exac t  d e f i n i t i o n  is unnecessary f o r  o u r  purposes,  

Typical  c a l l s  of  t h e s e  r o u t i n e s  might be 

z := add(x,yl except  when ovefllow: z := Real  Max - - 
end - 
except  

end - 

when underflow: - - 
i f  s ign(x1  = s ign(y1  - 
then  z := Real  Min - 
else z : = - ~ e a i  Min 

How can such a  data- type be represen ted  wi thout  t h e  use of  except ions?  

Note t h a t  'add '  w i l l  r e t u r n  e i t h e ~  an approximation t o  t h e  s u m  of its 

arguments OP an i n d i c a t i o n  t h a t  t h e  s u m  is  o u t s i d e  t h e  range of  r e a l .  - 
S i m i l a r  obse rva t ions  hold f o r  ' d i v '  and t h e  o t h e r  ope ra to r s .  A n a t u r a l  



representation for this seems to be a oneof result: the headings of the 

'add' and 'div' operations would then become 

p m c  add(a:real; b: real) returns c: 
oneof (real; underflow: singleton; overflow: singleton) 

p m c  div(a:real; b:real) returns c: 
oneof( real; zero divide:singleton 

; underf1ow:~ingleton: overflow: singleton 1 

I will omit the full specification because the characterization of 

approximate arithmetic is not my goal. Instead I will illustrate how these 

operators might be used: 

var o:oneof(real; underf1ow:singleton; overflow:single~on~ - 
o := a z y )  

if Is overflow(o) then z := Real Max else z := To real(o) - - - - - - 
fi 

if Is underflow(div(x,y~ 1. - 
then Tf sign(x1 = sign(y) then z := Real Min -- - 

else z := - ~ e a i  Min - - 
fi 

These examples are very close parallels to those written in CLU. 

In the first, if 'add(x,y)' results in an overflow, 'z' is assigned to the 

value of 'Real - Max'. If it results in an underflow the CLU code will 

generate the exception 'failure ("unhandled exception : underf'low" 1 ' ('assuming 

that there is no handler for 'under-f!low' on an enclosing blockl. In my 

version the function 'To - Real' will fail and one can expect the message 
"0 is of type undedlow, not real", I assume that this is what the 



p r o g r a m e r  intended:  he may know t h a t  two very  l a r g e  p o s i t i v e  numbers a r e  

being added and t h a t  underflow cannot occur ,  and t h a t  'Real  - Max' ( r a t h e r  

than,  say, '-Real - Max') is a s u i t a b l e  r e s u l t  i n  t h e  c a s e  of  overflow. 

S i m i l a r  con tex t  cons ide ra t i ons  could make t h e  second example r e a l i s t i c .  

Ply ve r s ion  assumes t h a t  t h e  implementation w i l l  opt imize t h e  two i d e n t i c a l  

func t ion  c a l l s  ' d i v ( x , y ) ' ;  t h i s  avoids  t h e  i n t roduc t ion  o f  a temporary 

v a r i a b l e  and is a t r i v i a l  op t imiza t ion  because ' d i v '  is a pure func t ion .  

The mst comon use of t h e s e  ope ra t i ons  would be where no except ions  

a r e  expected and no s e n s i b l e  con t inua t ion  is p o s s i b l e  should one occur .  

The occurrence o f  an except ion would i n d i c a t e  a  p rog raming  e r r o r  i n  some 

o t h e r  module, S u i t a b l e  d i a g n o s t i c s  a r e  ob ta ined  i n  CLU by simply w r i t i n g  

which would gene ra t e  t h e  f a i l u r e  except ion should underFlow o r  o v e ~ l o w  

occur .  Th i s  w i l l  provide t h e  a p p r o p r i a t e  a l a m  provided t h a t  no enc los ing  

block has a  handler  f o r  underflow and t h a t  no h igher  l e v e l  module handles  

t h e  ' f a i l u r e '  except ion.  

With my f u n c t i o n s  one would have t o  w r i t e  

which would apply t h e  'To - r e a l '  f unc t ion  o u t s i d e  of  i t s  dornain if underflow 

o r  overf low occurs .  Th i s  w i l l  provide an implementation dependent a l a m  

which cannot be i n t e r c e p t e d  a t  a  h igher  l e v e l .  

O f  course,  I do not  expec t  every a d d i t i o n  t o  be w r i t t e n  wi th  such a  

cumbersome syntax.  There a r e  s e v e r a l  ways of  abb rev i a t i ng  it. One is t o  

i n t roduce  i m p l i c i t  coerc ions ,  i.e. t o  a l low 'add(x,yl  ' t o  be w r i t t e n  i n  



c o n t e x t s  where a  ' r e a l 1  is expected and f o r  t h e  'To - r e a l '  p r o j e c t i o n  t o  be 

provided i m p l i c i t l y .  Another i s  t o  provide two sets of  a r i t h m e t i c  ope ra to r s :  

p a r t i a l  f u n c t i o n s  such a s  

P add: -   real^ r e a l )  r e t u r n s  r e a l  

and t o t a l  f u n c t i o n s  such a s  'add'  wi th  t h e  oneof r e s u l t .  The t o t a l  f u n c t i o n s  

would be used when t h e  p r o g r a m e r  was prepared t o  d e a l  wi th  t h e  except ions,  

and t h e  p a r t i a l  ones when he was not .  

I f avour  t h e  second s o l u t i o n  because I cons ide r  i m p l i c i t  coerc ions  t o  be 

dangerous, but  t h e  choice  is one f o r  t h e  language des igne r  t o  make a f t e r  

cons ide r ing  how it w i l l  a f f e c t  o t h e r  a s p e c t s  of  t h e  language. A t h i r d  

p o s s i b i l i t y  is a v a i l a b l e  i n  CLU because i n f i x  o p e r a t o r s  a r e  considered t o  be 

s y n t a c t i c  suga r  f o r  invoca t ions .  For  example, i f  ' e x p r l '  is of type  'T ' ,  

t h e  s y n t a c t i c  form ' expr l  + expr2 '  is  def ined  t o  be shorthand f o r  

'T$add(exprl ,  expr21J .  There a r e  no semantic  c o n s t r a i n t s :  t h e  shorthand 

form i s  l e g a l  e x a c t l y  when t h e  corresponding invoca t ion  i s  l e g a l .  The 

expansion could equa l ly  w e l l  have been chosen t o  be 'To - T(T$add(x,y) l '  

and t h e  d e s i r e d  s y n t a c t i c  b r e v i t y  could then  be ob ta ined  without  a l t e r i n g  

t h e  semantics  of t h e  underlying language. 

Another way i n  which an except ion handling mechanism he lps  t h e  

p r o g r a m e r  ach ieve  b r e v i t y  is by p e m i t t i n g  a  handler  t o  be a t t ached  t o  a  

whole sequence of s t a t e m e n t s , r a t h e r  t han  j u s t  one, L e v i n J s  mechanism is 

e a s i e r  t o  use i n  t h i s  way because it is parameter ized and always r e t u r n s  

c o n t m l  t o  t h e  r o u t i n e  r a i s i n g  t h e  except ion.  For  example, suppose t h a t  

ze ro  i s  an accep tab l e  result whenever ' d iv '  d e t e c t s  underflow wi th in  a  . 
numerical r o u t i n e ,  With Lev in1s  mechanism one can write 



begin 

,.. body of  r o u t i n e  us ing  d i v  ... 
end [underflow on d iv(v1:  v  : = 01 . - - 

I n  CLU t h i s  is not  p o s s i b l e  both because t h e r e  is no parameter  t o  s e t  t o  

zeru  and because t h e  d i v i s i o n  r o u t i n e  is te rmina ted  before  t h e  handler  is 

invoked . 
The s o l u t i o n  t o  t h i s  problem i n  CLU (and using my oneof no t a t i on )  is 

t o  d e c l a r e  a  l o c a l  d i v i s i o n  func t ion  wi th  t h e  r equ i r ed  s p e c i f i c a t i o n .  

I n  CLU one would w r i t e  

begin 
Localdiv = mc (a  : r e a l ,  b: r e a l )  r e t u r n s  r e a l  7- - - 

r e t u r n  d ivca  ,m . . . .  

except  when underflow: r e t u r n  0.0 end - 
end Localdiv - 
... body of  r o u t i n e  us ing  Localdiv ... 

end . - 

Using my no ta t i on  t h e  r o u t i n e  would be s i m i l a r  except  f o r  t h e  

d e f i n i t i o n  of 'Localdiv ' ,  which would be 

p r o c  Loca ld iv (a : r ea l ,  b : r e a l l  r e t u r n s  r : r e a l  - is 
i f  Is underf low(div(a ,  b) 1 - 
then := 0.0 - 
e l s e  r := To r e a l ( d i v ( a , b ) )  - - 
f i  

end 5 Localdiv . -- 

Both of t h e s e  code fragments  con ta in  a few more l i n e s  than  those  which 

use Levin ' s  no t a t i on .  What t h i s  modest e x t r a  expendi ture  has bought us  is 



g r e a t e r  s e c u r i t y .  We can be s u r e  t h a t  only  t hose  d i v i s i o n s  which a r e  

performed by 'Localdiv '  w i l l  r e t u r n  ze ro  when an underflow is  de t ec t ed ;  t h e r e  

is no p o s s i b i l i t y  of  i n a d v e r t e n t l y  handl ing o t h e r  except ions .  In  my 

opinion t h i s  is a worthwhile exchange i f  one is a t tempt ing  t o  w r i t e  r e l i a b l e  

sof tware.  If b r e v i t y  is t h e  most important  cons ide ra t i on  one might be 

b e t t e r  using APL. 

4.2.4 The Storage Al locat ion  'Problem 

Storage  a l l o c a t i o n  was mentioned i n  Chapter  3 a s  an example where except ion 

propagat ion should no t  be a long  t h e  c a l l  chain.  Levin p r e s e n t s  a  module 

'pool '  which provides  'a1locat.e '  and ' r e l e a s e '  f unc t ions .  I w i l l  a b s t r a c t  

a  l i t t l e  f r o m  h i s  example (because it makes u n r e a l i s t i c  assumptions a b o u t .  

t h e  management of  t h e  pool)  but  p reserve  i ts e s s e n t i a l  f e a t u r e s .  

I w i l l  first assume t h a t  on ly  one process  is a c t i v e .  The 'pool '  

module w i l l  make use of a  lower l e v e l  module 'F reeStore '  which d e a l s  wi th  

untyped blocks of s t o r e .  The f u n c t i o n  'MaxBlockSizeCf)' r e t u r n s  t h e  s i z e  of  

t h e  l a r g e s t  cont iguous block of  s t o r e  a v a i l a b l e  i n  t h e  FreeStore  ' f ' .  The 

procedure 'NewBlock(f,n)' r e t u r n s  a  r e f e r ence  t o  a  new s t o r a g e  a r e a  of s i z e  

n  < MaxBlockSizeCf) ', and t h e  procedure 'ReturnBlock(f,  p, n l '  makes t h e  

block re fe renced  by ' p '  a v a i l a b l e  f o r  reuse .  Some type  conversion f u n c t i o n s  
Y 

w i l l  a l s o  be introduced.  With t h e s e  mod i f i ca t i ons  Levin 's  ' pool '  module 

appears  i n  F igure  4.15. 



module uool  
cond i t i on  
cond i t i on  

pool-low p o l i c y  s equen t i a l - cond i t i ona l  
pool-empty p o l i c y  broadcast  

Al loca te (p :pool ;  t : t y p e )  r e t u r n s  d : re f  - t 
r a i s e s  pool -low on p 
r a i s e s  pool-emptFon - Al loca t e  

is - 
cons t  f :FreeStore  = p.FS 
func t ion  adequate  r e t u r n s  b:bool is 

b := S i z e ( t )  5 ~ a x ~ l o c k ~ i z e ( f T  
end of  adequate  -- 
if no t  adequate  ( I -- 
then  r a i s e  pool-low u n t i l  adequate ( )  - - 

i f  no t  a d e a u a t e r  -- 
then - 
f i  - 

r a i &  pool-empty 
E X i F n  

7 

d : = Force to type ( t ,  NewBlock(Size(t) 1) 
end of  A l loca t e  
-7 

p r o c  Release(p:pool ;  d : r e f  any) is 
ReturnBlock(d, s i z e  ( ~ y p a l  

end of  Release - -- 
end of pool -- 

Figure  4.'l5: Pool module f o r  a  s i n g l e  process ,  a f t e r  Levin, 

I w i l l  ignore  d e t a i l s  of  how t h e  pool is c r e a t e d  o r i g i n a l l y .  vAl loca t e '  

a ccep t s  a  'pool '  and a  t ype  a s  parameters,  o b t a i n s  s u f f i c i e n t  s t o r a g e  from 

t h e  ' F r e e s t o r e '  a s s o c i a t e d  wi th  t h a t  pool t o  r e p r e s e n t  an o b j e c t  of t h e  

r equ i r ed  type ,  and r e t u r n s  a  r e f e r e n c e  t o  it. If adequate  s t o r a g e  is not  

a v a i l a b l e  t o  do t h i s  t h e  except ion 'pool-low' is genera ted ,  It  is r a i s e d  

i n  t u r n  with each of t h e  users of t h e  pool u n t i l  e i t h e r  adequate  r e sou rces  

become a v a i l a b l e  o r  t h e r e  a r e  no more handlers ,  If t h e  handlers  do not  

succeed i n  r e l e a s i n g  enough s t o r e  t h e  except ion 'pool-empty' is generated.  

The 'Release '  ope ra t i on  is s t r a igh t fo rward .  



Note that the 'pool-empty' exception is raised only with the caller of 

'Allocate', and not with all the users of the pool. This is because the 

pre-condition of the exception, 'Size(t) > WaxBlockSize(f l ' , is meaningful 

only to that caller. 

A use of the 'pool' module is illustrated in Figure 4.16. The normal 

handler for 'pool-low' invokes 'squeeze' to try and compact 'm'. However, 

this handler is masked while 'Addtostructure' and 'AnotateStructurer are 

applied to 'm' . 

mdule Usepool 
var p:ref pool - - .  
var m: structure - 
condition impossible policy broadcast 

proc Update(inf0:datal raises impossible - is 
var dl : ref 0b.i I 

proc local-clearup is - 
release(~, dl1 
raise imbossible 

end local-cleanup - 
dl : = Allocate(p, obj I) [pool-empty: raise impossible + return] 
d2 : = Allocate(p,objZl [pool-empty: local-cleanup + return] 
... set fields of dl and d2 using info ... 
begin 

Addtostructure (m, dl 1 

end [pool-low: ] - 
end Update - 
proc Squeeze is 

1 1 per+oG compaction of m, calling release(p, dl 
1 1  to return any d removed from m 

end of Squeeze -- 
end of Usepool [pool-low: Squeeze ( 1 ] -- 

Figure 4.16: Levin's use of the pool. 



Equivalent  program fragments  which do not  use except ions  a r e  easy t o  

formula te .  The pool-empty except ion is  rep laced  by a oneof r e s u l t  t o  

'A l loca t e ' ,  and t h e  'pool-low' except ion by a n o t i f i c a t i o n  procedure.  

Whenever 'Usepool' a s s i g n s  'p '  t o  a r e f e r ence  t o  t h e  pool it a l s o  adds 

'Squeeze' t o  t h e  p o o l ' s  list of n o t i f i c a t i o n  p m c d u r e s .  The compaction 

could be i n h i b i t e d  while  'm' is being updated e i t h e r  by temporar i ly  removing 

'Squeeze' fmm t h e  list o r  by s e t t i n g  a v a r i a b l e  which 'Squeeze' t e s t s .  

For  t h e  sake  of v a r i e t y  I have chosen t h e  second a l t e r n a t i v e .  Code composed 

according t o  t h e s e  cons ide ra t i ons  is presen ted  i n  F igures  4.17 and 4.18. 

module pool 
r e p r e s e n t a t i o n  is  

r e c o d  ( FS :FTI.esystem; pool lowr ts  : L i s t  p r o c  ( I I 

proc A l l o c a t e ( p : p o o l ~  t : t y p e I  r e t u r n s  - 
d:oneof (Desc r ip to r : r e f  - t; Empty: s i n g l e t o n )  

is cons t  f :F reeS to re  = D.FS -- 
func t ion  adequate  r e i u r n s  b:bool is 

b := s i z e ( t 1  > ~ a x ~ l o c k ~ i z e ( f ~  
end of  adequate  -- 
i f  no t  a d e a u a t e 0  -- . . 

then f o r  r i n  p.pool1owrts u n t i l  adequate  do r0 - - 
y n o t y d e q u a t e  -- ( I 
then  d : = From Empty( I - - 

r e t u r n  
f i  - 

f i  - 
d := From Desc r ip to r (  Fo rce to type ( t ,  NewBlock(Size(t1II 1 

end of ~ 1 1 o c T t e  -- 
proc ~ddPoo lLoMt(p :poo l ;  r : p r o c O I  is - - 

Append (p.pool lowrts ,  r) 
end of AddPoolLoMt -- 
p r o c  RemovePoolLoMt (p :  pool; r: roc  ( I  I is - 

RemovefrumList (p .  p o o l l o w r t z ~  
end of RemovePoolLowRt -- 

end of pool -- 

Figure  4.17: The pool module without  except ions ,  



module Usepool 
- -- 

var p: ref pool - - 
var m: structure 

end - 

- 
D ~ C  U~date(infor: data1 returns + '  

r:oneof (possible: singleton; Impossible: singleton) 
is var d1:ref objl - -  - 

var d2 : ref 0b.i 2 - - 
const ad1 :oneif ( Em~tv: singleton - '  - 

; 0e~c~iPtoF:ref - objl 1 = Allocate(p, objll 
if Is Empty(qdl1 - 
then : = Frum Im~ossible~~ ; return - 
else dl := To ~e~kri~tor(~d11 - - 
f i  . - - 
const qd2: oneof ( Empty: singleton 

J 0escri~tor:ref obi2 1 =  allocate(^. - " - - 8  - 
if IS ~ m ~ t ~ ( ~ d 2 j  
- then : = From Impossible( l ; release(p,dI); return - 
else d2 : = To nescri~tor(~d2) 

... Set fields of dl and d2 using info ... 
begin 

m.Updating := true 
AddtoStructure(m,dll 
Anotatestructure (m,d21 
m.Updating := false 

end - 
end update - 
Droc saueeze is 

then skip - 
else 1 1  performs compaction of m, calling - 

1 1  release(p, dl to return any d removed 

end of squeeze -- 
of Usepool - 

Figure 4-18: Using the pool module without exceptions, 

So far this example has been similar to the inconsistent strings 

problem. However, it is often necessary to perform resource allocation 

in what Levin calls "a fully parallel environment1'. He presents th+e 

problem in such a context. I have not done so initially because I first 

wanted to develop comparative examples in the sequential case. 



I 2 8  

I n  a p a r a l l e l  environment 'pool '  is a d a t a  s t r u c t u r e  shared by a 

number of d i f f e r e n t  p rocesses ,  One might t h e r e f o r e  expect  it t o  be 

p ro t ec t ed  by a m n i t o r ,  Unfor tuna te ly  t h i s  would lead  t o  deadlock, If a 

c a l l  of  ' a l l o c a t e '  gene ra t e s  t h e  'pool-low' except ion and a handler  

a t t empt s  t o  c a l l  ' r e l e a s e ' ,  t h e  handler  w i l l  be suspended awai t ing  completion 

of  t h e  ' a l l o c a t e '  r e q u e s t ,  However, ' a l l o c a t e '  cannot complete u n t i l  each 

o f  t h e  handlers  has done so.  Levin cannot t h e r e f o r e  use monitors  and is 

fo rced  t o  do h i s  synchroniza t ion  ''by hand1', He in t roduces  two semaphores, 

' i n n e r '  and ' o u t e r ' .  'A l loca t e '  s i g n a l s  ' i n n e r '  before  t h e  'pool-low' 

except ion  is generated.  It w a i t s  aga in  on ' i nne r '  a f t e r  t h e  handlers  have 

completed, and s i g n a l s  both semaphores be fo re  r e t u r n i n g .  The ' r e l e a s e '  

procedure w a i t s  on ' i n n e r '  before  comencing,  and s i g n a l s  it on completion: 

it does no t  use ' o u t e r ' .  The ske l e ton  of  'pool '  wi th  t h e s e  semaphore 

module pool 

m.. 

p r o c  a l l o c a t e ( .  . . I  . . . is  - 
P ( o u t e r )  ; P ( i n n e r )  
if no t  adequate  ( 1 -- 
then  - 

V( i n n e r )  
r a i s e  pool-low ... 
TTKier) 
i f  no t  adequate  ( 1 -- 
then  V(inner1; V(outer1 ... r e t u r n  - 

end of  a l l o c i t e  -- 

end - 

p m c  r e l e a s e ( .  ". 1 is - 
P ( i n n e r )  . . . 
V ( i n n e r )  

end o f  r e l e a s e  -- 
of  pool 
7 

Figure  4.19: Pool with semaphores. 





Nevertheless ,  such voluntary  co-operation seems t o  be d i f f e r e n t  from t h e  

except ion  handling i n  Levin ' s  example where t h e  handlers  a r e  invoked by 

t h e  a l l o e a t o r ,  even though they  execute  i n  t h e  environment of t h e  users .  

I n  some sense  Levin ach ieves  t i g h t e r  coupl ing.  

However, t h e  p r i c e  of  t h i s  t i g h t  coupl ing is  t h a t  monitors  cannot be 

used t o  c o n t r o l  t h e  synchroniza t ion .  The monitor  concept r e q u i r e s  t h a t  t h e  

on ly  c a l l s  which a f f e c t  t h e  d a t a  of  ano the r  process  a r e  moni tor  c a l l s .  But 

Levin wishes  handle^ c a l l s  t o  do j u s t  t h a t :  a  handler  invoked under  t h e  

c o n t r o l  of  one process  manipulates  t h e  d a t a  s t r u c t u r e s  of  ano the r  process .  

Levin is prepared t o  s a c r i f i c e  monitors  i n  o r d e r  t o  use h i s  except ion 

mechanism f o r  i n t e r p r o c e s s  communication. I n  o r d e r  t o  s imu la t e  t h e  

communication he t h u s  ob t a in s ,  I must a l s o  abandon monitors .  However, 

r a t h e r  than  r e s o r t i n g  t o  semaphores I w i l l  adopt  d i s c i p l i n e d  comun ica t ion  

p r i m i t i v e s .  

For  t h e  purposes of t h i s  example I w i l l  use Comunica t ing  Sequen t i a l  

Processes  (CSP) [47] [58]. Although not  i d e a l  f o r  t h i s  example because t h e  

number of  u s e r s  t o  t h e  a l l o c a t o r  must be bounded, t h e  emphasis placed by 

CSP on communication a s  a  p r i m i t i v e  is app rop r i a t e .  CSP assumes t h a t  

each process  has its own l o c a l  s t o r e ,  but  t h e r e  seems t o  be no ob jec t ion  t o  

a  s t o r a g e  a l l o c a t o r  c o n t r o l l i n g  acces s  t o  a  c e n t r a l  shared  s t o r e .  

The a l l o c a t o r  i n  F igure  4.20 d i f f e r s  s l i g h t l y  from t h o s e  d i scussed  

above. It is  more p e r s i s t e n t :  i f  an a l l o c a t e  r e q u e s t  cannot be s a t i s f i e d  

immediately it cont inues  t o  s i g n a l  'pool- low() '  t o  a l l  t h e  u s e r  p rocesses  

u n t i l  enough s t o r e  is a v a i l a b l e .  During t h i s  t ime no f u r t h e r  'A l loca t e '  

r e q u e s t s  w i l l  be accepted,  but  'Re lease '  r e q u e s t s  w i l l  be handled c o r r e c t l y .  



Figure 4.20: The storage allocator in CSP notation. 

Updater is 
[ r [ dl :ref objl; d2:ref obj2; - 

; poo~llocateCpJ objl I ; pool?dI 
ji pool!Allocate(p, obj2): pool?d2 
; , ,  set fields of dl and d2 using info ... 
I 

1 [ pool?pool-lowO -+ squeeze 1 
I 

; Addtostructure (m, d11 
; Annotatestructure Crn, d21 
I 

Pool - is [ Freestore : : AandR [I Chooser : : CHOOSE ] 
AandR is 

*[(i: 1. .n) p:pool: t:type; User(iI?Allocate(p,t) -+ A 
Q, Ci:I..n) pspool; d:ref any 
; ~serCil?~elease(p ,d) R 
I 

A is - 
done:bool; done := false; 
* [  not done -+ - 

[ adequate0 -̂ 

User( i) ! ForcetotypeCt ,NewBlockCSize(t) I) ; 
done := true a not adequate -+ MORE - 

I 

R is ReturnBlock(dJ Size (Type (dl 1 1 - 
MORE is 

[- *[Cj:I..n) d:ref - any; UserCj)?~elease(p,d) -+ R] 
1 i:integer; Chooser?!; User(i)!pool-low0 
I 

CHOOSE is 
* [ T: set of integer: s : = {I. .n} 
; * [  sf{} -+ i:integer; i := oneofCs1; 

s := s-is Freestore! i 
I 

I 

Figure 4.21: A pool user in CSP notation. 

Usepool is - 
* [  infosdata; client?Update(info) -+ Updater 
Q pool?pool-low( 1 -+ squeeze 
1 ... 
I 



A u s e r  is shown i n  F igure  4.21. Normally it is  prepared t o  accept  

e i t h e r  'Update' r e q u e s t s  from its c l i e n t  o r  'pool-low' r e q u e s t s  from 

'pool '  (and r e q u e s t s  f o r  i t s  o t h e r  s e r v i c e s ,  represen ted  by t h e  e l i p s i s l .  

Whils t  ob t a in ing  and f i l l i n g - i n  ' d l '  and ' d2 ' ,  Â¥'-pool-low r e q u e s t s  a r e  

s t i l l  accepted and ac t ed  upon, but  w h i l s t  'm'  i s  being updated they  a r e  

not .  Requests a r r i v i n g  a t  t h a t  t ime  w i l l  be d e a l t  wi th  a f t e r  t h e  updat ing 

has been completed: i n  Levin 's  example t h e y  would be ignored. ( I t  would be 

p o s s i b l e  t o  accep t  and ignore  'pool-low' s i g n a l s  while  'm'  i s  updated, but  

u n l e s s  t h i s  t a k e s  a very  long time t h e r e  seems t o  be no reason t o  do so.)  

The purpose of t h i s  excursion i n t o  CSP is  t o  i l l u s t r a t e  t h a t  Levin 's  

example is a problem i n  p a r a l l e l i s m  r a t h e r  than  except ion handling. I 

could have avoided t h i s  i s s u e  by adding semaphores t o  t h e  s o l u t i o n  wi th  

n o t i f i c a t i o n  procedures,  t h u s  producing a program wi th  t h e  same e f f e c t  a s  

Levin ' s  which would bea r  l ine-by- l ine  comparison, I have r e f r a i n e d  from 

doing s o  because t h a t  i n t roduces  more problems than it so lves .  The not ion 

of  co-operat ing processes  has permi t ted  g r e a t  advances i n  t h e  way we t h i n k  

about systems. It is a p p l i c a b l e  t o  a wide range of  problems and seems t o  

be more fundamental than  t h a t  of except ions .  The except ion handl ing i n  t h e  

example becomes j u s t  one more comun ica t ion ;  synchroniza t ion  cannot be 

subsumed by except ion  handling wi th  t h e  same ease ,  ' 

4.2.5 The Real-Time Update Ppoblem 

The f i n a l  example i n  Levin ' s  t h e s i s  is undoubtedly t h e  s t r a n g e s t .  Whereas 

a l l  of  t h e  preceding except ions  can be cha rac t e r i zed  by Pa rnas ' s  phrase 

undesired event [ 7 6 ] ,  t h e  even t s  considered i n  t h i s  example a r e  essential 

f o r  normal progress .  I n  o t h e r  words, t hey  a r e  not  i n  t h e  l e a s t  except iona l .  

The even t s  concerned a r e  interrupts f r o m  ano the r  process  i n d i c a t i n g  
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t h a t  i npu t  of d a t a  from an e x t e r n a l  s e n s o r  has been completed. Levin shows 

t h a t  h i s  mechanism can be used t o  implement such comun ica t ion .  He 

deduces from t h i s  t h a t  "it is s u f f i c i e n t l y  robus t  t o  handle s i t u a t i o n s  i n  

t h e  gray  a r e a  between except ions  and comun ica t ion" .  

The s p e c i f i c  problem which Levin poses  is t h a t  of  a  c o l l e c t i o n  of  

p rocesses  which maintain a  d i s p l a y  of  d a t a  computed from e x t e r n a l  s e n s o r s  

and changing i n  r e a l  time. A conc re t e  example is an a i r c r a f t  c o n t r o l  system 

which d i s p l a y s  a l t i t u d e ,  l a t i t u t d e  and longi tude ,  cab in  p re s su re  and 

temperature ,  and s o  on. The need f o r  except ions  is  introduced by assuming t h a t  

Ci) t h e r e  a r e  fewer  processes  than  i tems t o  be d i sp layed ,  s o  each 

process  must compute more t han  one d i s p l a y  i tem; 

Ci i l  some of  t h e  c a l c u l a t i o n s  a r e  more important t han  o t h e r s .  If new 

s e n s o r  d a t a  a r r i v e s  whi le  t h e  l e s s  important  parameters  a r e  being 

ca l cu l a t ed , t hen  those  c a l c u l a t i o n s  should be abandoned and t h e  more 

important ones recomnenced. 

Levin ' s  s o l u t i o n  is shown i n  F igure  4.22. Sensor  d a t a  is c o l l e c t e d  

i n  ' b u f  which broadcas t s  t h e  "except ion" 'new-data' t o  a l l  its use r s .  

A l l  t h e  ' g r ind '  r o u t i n e s  s h a r e  ' b u f f ' ;  t hey  a l s o  s h a r e  an ou tput  s t r u c t u r e  

i n t o  which t h e  r e s u l t s  a r e  placed,  c a l l e d  ' d i s p l a y ' .  

Two kinds of computation a r e  shown i n  ' g r i n d l ' .  Those which can be 

abandoned a t  any p o i n t  a s s o c i a t e  t h e  l eave  '1' handler  wi th  'new-data': 

l i n e s  12  and 16 a r e  examples. Computations which must be completed use a  

handler  which s e t s  a  v a r i a b l e  a s  on l i n e  14  and a  subsequent t e s t  a s  on 

l i n e  15. Typ ica l ly  t h i s  w i l l  be necessary  while  r e l a t e d  r e s u l t s  a r e  

t r a n s m i t t e d  t o  ' d i s p l a y ' ,  s o  t h a t ,  f o r  example, t h e  l a t i t u d e  and long i tude  

r e l a t e  t o  t h e  same i n s t a n t  i n  time. 



module crunchers 
begin 

shared buf:sensor;buffer 
shared dis~1av:screen 

function grind1 = * 
while true - 
do - 
1: begin 

private restart:boolean 
restart :=  false 

12 < perform computation I > 
1 -  

[new-data: restart := true] 
if restart then leave 1 fi - -- 
< perform computation 3 . . . 

end [new-data: leave 11 - 
od 

function grind2 .= 
< similar to the above > 

24 end - 

Figure 4.22: Levin's real-time computation module. 

Levin admits that such a problem could be (and probably has been1 

solved without an exception handling mechanism.   he incentive for me 
to produce such a solution is thereby removed. Instead I will make some 

observations' on Levin's solution. 

(i1 Some synchronization is necessary between the lgrind' routines and 

'buf' to prevent the data changing while related values are being readm 

Levin glosses over this problem, presumably because it is not amenable 

to solution by exceptions, If 'StartRead' and 'EndRead' primitives 

are introduced and used by 'grind' to bracket all related accesses to 

'buf' then the situation reduces to the well known readers and writers 

problem [I 51 [56] . 



(ii) There is only  one 'new-data' except ion but  s e v e r a l  d i f f e r e n t  s enso r s  

w i l l  be providing ' b u f '  wi th  d a t a .  If 'new-data' is  genera ted  

whenever any of t h e  d a t a  change then  most of  t h e  c a l c u l a t i o n s  w i l l  be 

abor ted  f o r  no good reason ,  One s o l u t i o n  t o  t h i s  problem would be t o  

i n t roduce  a  d i f f e r e n t  except ion f o r  each datum, and f o r  t h e  g r ind  

r o u t i n e s  t o  set up handlers  f o r  j u s t  t h o s e  except ions  whose corresponding 

datum was of a  high enough p r i o r i t y .  The r e s u l t i n g  code would become 

q u i t e  d i f f i c u l t  t o  fol low.  

(iii) A system s t r u c t u r e d  a s  Levin sugges t s  is  very  f r a g i l e :  it depends 

c r u c i a l l y  on t h e  r e l a t i v e  speeds of  t h e  processes .  If more e f f i c i e n t  

s enso r s  a r e  f i t t e d  t o  t h e  a i r c r a f t  s o  t h a t  d a t a  is suppl ied  t o  ' b u f f  more 

f r equen t ly ,  less  information would appear  on t h e  d i sp l ay .  I n  t h e  l i m i t  

t h e  'new-data' except ion could be genera ted  s o  f r e q u e n t l y  t h a t  t h e  

p i l o t  is suppl ied  wi th  no information a t  a l l !  This  s c e n a r i o  is 

p a r t i c u l a r l y  dangerous because it is c o u n t e r - i n t u i t i v e :  one would 

expect  t h a t  a  more e f f i c i e n t  s enso r  would provide more i n f o m a t i o n ,  no t  l e s sa  

A l l  of t h e s e  problems can be avoided i f  i n t e r r u p t i o n  is abandoned and t h e  

' g r i n d '  p rocesses  ask l bu f '  i f  t h e r e  is any new d a t a m  There is no need 

f o r  ' b u f l  t o  r e m e m b e r  when a p a r t i c u l a r  ' g r i n d '  

p rocess  l a s t  quer ied  a  p a r t i c u l a r  datum: t h e  de te rmina t ion  of whether 

t h e  datum i s  new is most e a s i l y  c a r r i e d  ou t  by t h e  i n t e r e s t e d  ' g r i n d '  

p rocess  ask ing  ' b u f l  f o r  t h e  c u r r e n t  va lue  and comparing it wi th  t h a t  it 

l a s t  ob ta ined .  A gene ra l  c o m u n i c a t i o n  mechanism such a s  CSP is q u i t e  adequate  

both f o r  t h e  s o l u t i o n  of t h e  r e a d e r s  and w r i t e r s  problem a s s o c i a t e d  wi th  

' bu f '  and the de te rmina t ion  of when t o  r e - s t a r t  a  computation wi th  new d a t a .  



I presume t h a t  Levin presen ted  t h i s  example because he consideked 

it d e s i r a b l e  t h a t  h i s  mechanism be used f o r  i n t e r p r o c e s s  comun ica t ion .  

I cons ide r  it unde r s i r ab l e  t h a t  such a  use i s  even poss ib l e .  Some of 

t h e  dangers  and d i f f i c u l t i e s  of us ing  h i s  mechanism i n  t h i s  way were 

i nd i ca t ed  above. However, t h e r e  is another ,  more gene ra l ,  ob j ec t i on .  

It is obvious, and f r e e l y  admit ted by Levin, t h a t  h i s  mechanism is 

not  adequate  f o r  gene ra l  i n t e r p r o c e s s  comun ica t ion .  Th i s  imp l i e s  t h a t  

some o t h e r  mechanism is requ i r ed .  P r o g r a m e r s  a r e  i m e d i a t e l y  f aced  wi th  

t h e  problem of  reasoning about  programs which use two d i s p a r a t e  mechanisms 

t o  ach ieve  t h e  same end. Dealing wi th  t h e  semantics  o f  p a r a l l e l i s m  is 

d i f f i c u l t  enough without  having t o  c o n s i d e r  t h e  i n t e r a c t i o n s  between two 

mechanisms which impose d i f f e r e n t  c o n s t r a i n t s  on t h e  c o m u n i c a t i o n s  t hey  al low.  

A reason f o r  o b j e c t i n g  t o  Levin 's  mechanism i n  p a r t i c u l a r  is t h a t  

i n t e r r u p t s  seem t o  be a  very  i n t r a c t a b l e  comun ica t ion  device.  Despi te  ten 

o r  f i f t e e n  y e a r s '  exper ience  wi th  i n t e r r u p t s , i t  was on ly  wi th  t h e  d i scovery  

of  more cons t ra ined  f a c i l i t i e s  f o r  comun ica t ion  and synchroniza t ion  t h a t  

t echniques  f o r  reasoning about  p a r a l l e l i s m  have been developed. The 

invent ion  of  mathematical t echniques  which permit one t o  p m v e  t h e o r m s  

about  p a r a l l e l  programs must be considered a s  a  major advance [6]  [48] 

[49] .  Although it i s  p o s s i b l e  t h a t  t echniques  could be found t o  help u s  

reason  about i n t e r r u p t s ,  Levin does not  o f f e r  any guidance. The 

synchmniza t ion  a s p e c t s  of  h i s  mechanism a r e  def ined  only  in formal ly ,  

I n  1975 Jack  Dennis s a i d  t h a t  ' ' i n t e r r u p t s  a r e  an example of  a  very  bad 

p rog raming  c o n s t r u c t  which one simply should no t  be using a t  a l l ' '  [98, 

p. 331. I wish t o  t a k e  t h e  weaker p o s i t i o n  t h a t  i n t e r r u p t s  should on ly  be 



used when they  provide a  c l e a r ,  s imple and c o r r e c t  s o l u t i o n  t o  an o therwise  

i n t r a c t a b l e  problem. Levin ' s  example does not  i l l u s t r a t e  such a  problem. 

4.3 Expe~ienee with Mesa Signals 

I n  [51]  Horning d e s c r i b e s  t h e  Mesa s i g n a l  mechanism (see Sec t ion  3.3) 

and s t a t e s  t h a t  i n  h i s  exper ience  t h e r e  a r e  s i t u a t i o n s  where t h e  use  of  

Mesa s i g n a l s  g r e a t l y  s i m p l i f i e s  what would o t h e m i s e  be a  thorny  p rog raming  

problem. I wrote t o  O r  Horning ask ing  i f  he could show me one such example, 

My query was c i r c u l a t e d  t o  many people a t  Xerox Pa10 Alto Research Center  

and r e s u l t e d  i n  some very  i n t e r e s t i n g  correspondence. 

Horning's own response was t o  admit t h a t  it is very  d i f f i c u l t  t o  g ive  a  

convincing s p e c i f i c  example t h a t  demonstrates  t h e  u t i l i t y  of  s i g n a l s .  He 

a t t r i b u t e d  t h i s  t o  t h e  f a c t  t h a t  s i g n a l s  a r e  a  mechanism f o r  t h e  c o n t r o l  of 

complexity.  In  s imple examples t h e r e  is not  enough complexity, and more 

complex systems a r e  t o o  b ig  t o  be good examples. Th i s  seems t o  be a  weak 

argument. Procedures and a b s t r a c t  d a t a  t ypes  both e x i s t  t o  c o n t r o l  

complexity: t h e  l i t e r a t u r e  is neve r the l e s s  f u l l  of  s imple examples i l l u s t r a t i n g  
e 

t h e i r  usefu lness .  My own f e e l i n g  is t h a t  a  f a c i l i t y  w i l l  be of l i t t l e  use 

i n  a  r e a l  system i f  it is no t  even of  use  i n  a  s p e c i a l l y  cons t ruc ted  example. 

The o t h e r  responses  covered t h e  whole spectrum of  opinion,  from t h o s e  

who found s i g n a l s  very  u s e f u l  a t  one extreme t o  t h o s e  who deprecated them 

a t  t h e  o the r .  One of  t h e  less e n t h u s i a s t i c  responses  was from Crowther: 

I do not  use s i g n a l s .  That is a long s t and ing  p o l i c y  o f  mine. I 
c i t e  two except ions:  I use s i g n a l s  f r e e l y  t o  g e t  t o  t h e  Debugger, and 
u s u a l l y  provide p rov i s ions  f o r  resuming them. I used a  s i g n a l  i n  t h e  
BTree package ... I now cons ide r  t h i s  t o  be an e r r o r  i n   design^ t h e  
r e s u l t i n g  code was q u i t e  obscure,  and t h e r e  were o t h e r  s t r a igh t fo rward  
ways t o  work around t h e  problem.., 



If one accepts the need for run-time debugging then using signals to access 

the debugger seems to be unobjectionable. As was pointed out in Section 3.3, 

Mesa signals are implemented in such a way that all the relevant information 

is still on the stack when an otherwise uncaught signal is intercepted by 

the debugger. Of course, the same would be true if the debugger were simply 

called; I do not know if this is prohibited in Mesa. 

Some of the more positive coments restate the arguments in favour of 

exceptions that have already been discussed elsewhere. I will consider 

here three of the more novel applications. 

4.3.1 Dealing with Ove~sights  i n  Existing S o f t m ~ e  

Consider the file enumerator 

ListFiles:PROCEDURE[ d:directory 
; TakeFile:PROCEDURE[ FileHandle ] 
I 

'ListFi1es1 applies 'TakeFilel to every 'FileHandlel in Id'. Such procedures 

exist in standard packages at Xerox, and can be used but not changed" 

The problem is how to convey information from 'TakeFilel to the invoker 

of 'ListFilesl, such as details of archived files or file titles. 'TakeFilel 

returns no results. For our purposes we would prefer the declaration of 

'ListFi1es1 to use the Mesa type ANY, a union of all types, and have a 

heading 

ListFiles:PROCEDURE[ d:directory 
; TakeFile:PROCEDURE[ FileHandle ] RETURNS ANY 
] RETURNS SEQUENCE ... OF ANY 

where the result of 'ListFilesl is formed by concatenating all of the 

results of the individual calls of 'TakeFile'. 'ListFilesl cannot be 

redefined because it is in a standard package. However, because Mesa signals 



a r e  not  p a r t  of  a p rocedure ' s  type,  t h e  same e f f e c t  can be ob ta ined  by a 

'TakeFile '  procedure which s i g n a l s  its r e s u l t s  t o  t h e  c a l l e r  of  ' L i s t F i l e s ' .  

S i g n a l s  can pas s  r i g h t  through t h e  i n t e rmed ia t e  l e v e l .  

O f  course,  t h e r e  a r e  o t h e r  ways of so lv ing  t h i s  problem, t h e  most obvious 

being t o  adopt t h e  amended design suggested above. However, t h e  number 

of  p o s s i b l e  ' L i s t F i l e '  procedures  is l a rge .  Suppose it is requ i r ed  t o  

t e rmina t e  t h e  enumeration before  t h e  d i r e c t o r y  is exhausted. A procedure 

might then be app rop r i a t e .  Perhaps it is  impossible  t o  ensure  t h a t  t h e r e  

a r e  enough procedures  i n  t h e  l i b r a r y  t o  s a t i s f y  every u se r .  

The problem a r i s e s  because procedure parameters  b l u r  t h e  d i s t i n c t i o n  

between l e v e l s  of  a b s t r a c t i o n .  The c a l l e r  of  ' L i s t F i l e s '  is i n  some sense  

t h e  direct c a l l e r  of  'TakeFi le ' :  it i s  t h e  on ly  procedure t o  know t h e  

i d e n t i t y  of t h e  a c t u a l  procedure which is provided f o r  'TakeF i l e l .  One 

way of  exposing t h i s  r e l a t i o n s h i p  is t o  re formula te  t h e  ' L i s t F i l e s '  procedure 

e i t h e r  a s  a process which outputs ' F i leHandles ' ,  o r  a s  a stream. The 

l a t t e r  a l t e r n a t i v e  was adopted f o r  f i l e  enumerators a t  t h e  Programming 

Research Group n e a r l y  t e n  y e a r s  ago and have proved very  f l e x i b l e  [91]. 

B r i e f l y ,  one a p p l i e s  t h e  procedure 'Ent r ies f romFi le '  t o  a d i r e c t o r y :  

t h e  r e s u l t  is a stream, say  'S'. Streams a r e  o b j e c t s  t o  which t h e  procedure 

'Next' and t h e  p r e d i c a t e  'Endof' a r e  app l i cab l e .  Successive c a l l s  of 'Next' 

r e t u r n  succes s ive  f i l e  handles:  t h e  u s e r  may do whatever he wishes wi th  

them. A c a l l  of  'Rese t [S] '  w i l l  r e s t a r t  t h e  enumeration from t h e  beginning; 

when t e rmina t ion  is  r equ i r ed  t h e  s t ream can be disposed of  by c a l l i n g  

C l o s e  [S] ' . 



Whether a  language should d i r e c t l y  suppor t  t h e  use of s t reams is a  

ques t i on  open t o  debate .  CLU [61] [64] i nc ludes  them i n  a  r e s t r i c t e d  form 

a s  i t e r a t o r s .  Whatever o n e ' s  opinion on t h i s  ma t t e r ,  it is unconvincing t o  

advocate  Mesa s i g n a l s  because they  provide a  means of pa tch ing  up des ign  

e r r o r s .  Furthermore, t h i s  usage is  only p o s s i b l e  because Mesa does no t  

r e q u i r e  s i g n a l s  t o  be s p e c i f i e d  i n  r o u t i n e  headings. Most o t h e r  advocates  

of except ion  handling i n s i s t  on f u l l  s p e c i f i c a t i o n .  

4.3.2 Using Handlers t o  Clean Up Tes t  Code 

3 .  Morrison r e p o r t s  t h a t  i n  t e s t  code it is common t o  have long lists of 

t es t  ope ra t i ons .  Using handlers  i n s t e a d  of procedures  can help t o  c l ean  up 

t h e  code. 

Consider  a  procedure 'Try[Tr ia lProc ,  . . . I '  which c a l l s  'T r i a lP roc '  

from an environment wi th in  which its behaviour  can be debugged. (This  is  

necessary  because of  t h e  l a r g e  number of except ions  which may be generated:  

t h e r e  is no way i n  Mesa f o r  t h e  compiler  t o  check t h a t  on ly  t h e  expected ones 

w i l l  be propagated.)  A tes t  program might t h e r e f o r e  con ta in  code l i k e :  

t e s t 1  : PROC = { s t u f f  1  }; 
test2:PROC = {s tuf f2} ;  
test3:PROC = {stuff3};  ... 
T r y [ t e s t l ,  . . . ]  ; 
T r y [ t e s t 2 ,  . . .I  ; 
T r y [ t e s t 3 ,  . . . ]  ; 

Morrison f i n d s  t h i s  code very  messy. H i s  s o l u t i o n  is t o  c o n s t r u c t  and 

use ano the r  ve r s ion  of 'Try '  t h a t  d o e s n ' t  t a k e  a  procedure argument: 

Try2[.  .. ! Tes t  => S t u f f ? ] ;  
Try2[ ... ! Tes t  => Stuf f21;  
Try2[ ... ! Tes t  => Stu f f31  , 



Instead, 'Try2' generates the exception 'Test'. This invokes the trial 

operation 'Stuffi'. 

Again, the problem here has nothing to do with exception handling: 

Morrison is really complaining about an asyn-metry in Mesa. The original 

code was "messy" because Mesa insists that procedures must be named. The 

problem would not arise if Mesa allowed lambda expressions to appear in 

contexts where procedures are required. In contrast, handler bodies are 

arbitrary statements and are written where required rather than being named 

and then used later. This particular inconsistency in Mesa is deprecated 

in [26]. 

4.3.3 Implementing Dynamic Binding 

The binding of signal values to handler bodies in Mesa resembles the binding 

of atoms to values in Lisp. Geschke and Satterthwaite point out [26] that 

signals can be used to implement dynamic binding for variables. 

Suppose one wishes to dynamically bind an identifier 'Id'. This 

may be achieved by defining a signal 

FetchId: SIGNAL RETURNS[value:T] . 

The body of each procedure which declares a local variable 'Id' must enable 

the handler 

FetchId => RESUME[Id]; 

the signal call 'Fetch1d[l1 will then return the dynamically bound value of 

'Id'. 

This scheme would be very inefficient because of the high overheads of 

the exception handling mechanism. Efficiency can be improved by caching 

'Id' or by a method closer to a "shallow binding" implementation of Lisp. 



I n t e r e s t e d  r e a d e r s  should s e e  [26] which con ta in s  an e l a b o r a t e  example of  

an a p p l i c a t i o n .  

Most modern a p p l i c a t i v e  languages (e.g. L i s p k i t  L isp  [43]1 use l e x i c a l  

binding p r e c i s e l y  because dynamic binding o f t e n  produces unpleasant  

s u r p r i s e s ,  Nevertheless ,  dynamic binding appears  t o  be u s e f u l  on occasions,  

and a  language des igne r  might cons ide r  t h a t  t h i s  u se fu lnes s  coun te rac t s  

t h e  dangers  s u f f i c i e n t l y  o f t e n  t o  warrant  t h e  i n c l u s i o n  of dynamic binding 

a s  a  language opt ion  (e ,g .  Lisp/370 [53]1. However, going on from t h e r e  

t o  i nc lude  except ion handl ing because it provides  a  means of  s imu la t i ng  

dynamic binding does not  seem t o  be sound reasoning.  

4.3.4 Assessing the Use of Mesa Signals 

Since  t h e  pub l i ca t i on  of  D i j k s t r a ' s  famous l ~ t t e r  warning of t h e  dangers  

of t h e  - goto  s ta tement  IZO], p r a c t i s i n g  p r o g r a m e r s  have g radua l ly  r e a l i s e d  

t h a t  unconstrained power does no t  n e c e s s a r i l y  make a  good p rog raming  

language, Fea tu re s  such a s  untyped v a r i a b l e s ,  non-local go tos  and dynamic 

binding, a l though sometimes convenient ,  were found t o  be " too much of  an 

i n v i t a t i o n  t o  make a  mess of  one ' s  program1'. They have g radua l ly  disappeared 

from p rog raming  languages.  

Over t h e  same per iod  o u r  a b i l i t y  t o  reason about  programs both formal ly  

and informal ly  has improved, Both of  t h e s e  changes have sprung frum t h e  

growing r e a l i z a t i o n  t h a t  pmgrams a r e  o b j e c t s  which s ~ u l d  be reasoned abou tm 
4 

T h e i r  purpose i s  not  j u s t  t o  comand a  machine t o  perForm some ope ra t i on  i n  

a  minimal number of cyc l e s :  it is a l s o  t o  c o m u n i c a t e  wi th  o t h e r  human beings.  

It seems t o  be f a t u o u s  t o  des ign  a  language wi thout  non-local gotos ,  

wi th  s t r o n g  typ ing  and wi th  l e x i c a l  binding, and then  t o  provide a  f a c i l i t y  

which circumvents t h e s e  r e s t r i c t i o n s .  Mesa s i g n a l s  a r e  such a  f a c i l i t y .  



The above examples seem t o  me t o  i l l u s t r a t e  why unconstrained except ion 

handl ing mechanisms a~ dangemus.  

4.4 I m p ~ e r i e n t a k i o n  E f f i c i e n c y  

An i s s u e  o f t e n  r a i s e d  i n  connexion wi th  except ion handling is t h e  e f f i c i e n c y  

of  t h e  code produced by a reasonable  compiler.  One ques t ion  of  i n t e r e s t  

is whether an except ion handling mechanisr~i enab le s  excep t iona l  r e s u l t s  

t o  be d e a l t  with more e f f i c i e n t l y  than  would be p o s s i b l e  without  such a  

mechanism. The usua l  c r i t e r i a  f o r  judging an implementation of  an except ion 

handling mechanism is t h a t  i t s  e f f e c t  on t h e  llnormalll c a s e  should be 
'. 

minimal and t h a t  except ions  should be handled wi th  reasonable  (bu t  not  

maximal) e f f i c i e n c y .  

Ar i thmet ic  except ions  a m  s u f f i c i e n t l y  s imple f o r  va r ious  d i f f e r e n t  

implementations t o  be compared i n  some d e t a i l .  Let us  first cons ide r  t h e  

code which might be generated f o r  t h e  CLU phrase 

z : =  rea l$add(x ,y)  except  when overflow: z := Real rlax end - - - 

The examples w i l l  be worked on a  hypo the t i ca l  s t a c k  machine; we w i l l  f i r s t  

assume t h a t  it s e t s  condi t ion  codes when overflow o r  underflow occur.  A 

compi le r  f o r  CLU would recognise  ' rea1$add1 a s  a  b u i l t - i n  opera t ion ,  and 

might gene ra t e  t h e  code t h a t  fo l lows .  



push x  ;push t h e  va lue  of  x  onto t h e  s t a c k  
push Y ;push t h e  va lue  of  y  onto t h e  s t a c k  
add ;pop t h e  t o p  two s t a c k  va lues ,  and 

;push t h e i r  s u m  
j i o  OHandler ;jump i f  overflow occurred 
j i u  F a i l u r e  ;jump if  underflow occurred 
POP Z ; s t o r e  t o p  of  s t a c k  i n  z and pop it 

next :  . . . 

OHandler: 
t o p 1  Real - Max ; s e t  t h e  t o p  of t h e  s t a c k  t o  t h e  

; l i t e r a l  va lue  Real Max 
POP Z ; s t o r e  t o p  of  stack-in z and pop it 
goto next  ;uncondi t iona l ly  

S ix  i n s t r u c t i o n s  a r e  r equ i r sd  t o  perform a  non-exceptional add i t i on .  I n  

t h e  c a s e  where overf low occurs ,  seven i n s t r u c t i o n s  a r e  executed. Note 

t h a t  t h e  compiler  can always determine whether an a p p m p r i a t e  handler  

e x i s t s ,  and t h a t  i f  one does i ts  add re s s  is  known. The above code 

assumes t h a t  t h e  overflow handler  i s  pos i t ioned  away from t h e  code which 

c a l l s  it: before  t h e  beginning o r  a f t e r  t h e  end of t h e  r o u t i n e  would 

be s u i t a b l e  p l aces .  If it is pos i t i oned  with t h e  code, an e x t r a  i n s t r u c t i o n  

would be necessary t o  branch around it. It is f a i r l y  ea sy  f o r  a  compiler  

t o  a r range  such remote pos i t i on ing  of  t h e  handler,  but it does r e q u i r e  

bu f f e r ing  space and may n e c e s s i t a t e  t h e  use of  long format  jumps under 

some cond i t i ons .  

Now cons ide r  t h e  equ iva l en t  

o  := r ea l . add (x ,y l  
i f  Is Overflow(ol then  z := - - - 

phrase using type  unions: 

Real  ?lax 
else-z : = To Real (o l  end i f  - - 

Remember t h a t  t h e  add 

pmc a d d ( a : r e a l ;  
oneof ( r e a l ;  

opera t ion  now has t h e  heading 

b : r e a l l  r e t u r n s  c :  
underflow: s i n g l e t o n ;  overflow: s i n g l e t o n  1 



Following t h e  t rea tment  of CLU, we w i l l  assume t h a t  ' r e a l . add1  is  known 

t~ t h e  compiler  and is expanded i n  l i n e .  The fo l lowing  code niight be 

genera ted .  
-- - 

push x 
push Y 
add 

jno  e l s e  
then :  t op1  Real - Plax 

POP z 
Loto next 

e l s e :  j i u  F a i l u r e  
POP z 

next :  . , , 

:push t h e  va lue  of  x on to  t h e  s t a c k  
;push t h e  va lue  of y  on to  t h e  s t i c k  
;pop t h e  t o p  two s t a c k  va lues ,  and 
jpush t h e i r  sum 
;jump if overf low d i d  no t  occu r  
;set t h e  t o p  o f  t h e  s t a c k  t o  t h e  
; l i t e r a l  va lue  Real ?lax 
; s t o r e  t o p  of  stack-in z and pop it 
;uncond i t i ona l ly  
;jump i f  underflow occurred 
; s t o r e  t o p  of s t a c k  i n  z and pop it 

Th i s  code is based on t h e  assumption t h a t  ' 0 '  is a  teniporary v a r i a b l e  n o t  

used o u t s i d e  t h e  code fragment shown. If some o t h e r  p a r t  of  t h e  prograrn 

needs t o  acces s  ' 0 '  ( r a t h e r  than ' z ' l  then  code would have t o  be added t o  

s e t  and s t o r e  an app rop r i a t e  union va lue .  ( S i m i l a r  code would be necessary  

i n  t h e .  CLU ca se . )  The above example a l s o  assurnes t h a t  t h e  underflow 

cond i t i on  code is p e r s i s t e n t  ove r  an executed jump. Th i s  seems t o  be a  

reasonable  assumption: it can be avoided by re -order ing  t h e  code s o  t h a t  

t h e  e l s e  branch comes first: 



push x  
push Y 
add 

j i o  then 
j i u  F a i l u r e  

e l s e :  pop z 
goto  next  

then :  t op1  Real - Max 

POP = 
next :  . . . 

;push t h e  va lue  of x  on to  t h e  s t a c k  
:push t h e  va lue  of  y  on to  t h e  s t a c k  
;pop t h e  t o p  two s t a c k  va lues ,  and 
;push t h e i r  sum 
:jump i f  overf low occurred 
;jump if underflow occurred 
: s t o r e  t o p  of s t a c k  i n  z and pop it 
;uncond i t i ona l ly  
; s e t  t h e  t o p  of  t h e  s t a c k  t o  t h e  
; l i t e r a l  va lue  Real Max 
; s t o r e  t o p  of stack-in z and pop it 

Both of t h e s e  code fragments  execute  seven i n s t r u c t i o n s  t o  perform 

non-exceptional add i t i on .  When overf low occurs ,  s i x  i n s t r u c t i o n s  a r e  

executed,  The d i f f e r e n c e  from t h e  CLU code is t h a t  t h e  "handler"  f o r  

overf low is  now i n  t h e  middle of t h e  code which uses  it, and an e x t r a  

i n s t r u c t i o n  is needed t o  branch around it, Conversely, no r e t u r n  jump is  

needed a f t e r  t h e  handler  completes, s o  t h e  excep t iona l  c a s e  is one i n s t r u c t i o n  . 

s h o r t e r .  O f  course,  t h e  above code could e a s i l y  be transformed i n t o  t h e  

CLU code by moving t h e  ' 'then" p a r t  elsewhere.  However, it is not a s  

reasonable  t o  expect  t h e  compiler  t o  do t h i s  wi th  ha l f  of an '!if1' s ta tement  

a s  wi th  an except s ta tement ,  which may be i n t e r p r e t e d  a s  an a s s e r t i o n  t h a t  

one of  t h e  execut ion pa ths  w i l l  be much more corrmon than t h e  o the r .  

It is  d i f f i c u l t  t o  compare t h e  implementation of  Levin ' s  mechanism 

wi th  t hose  t r e a t e d  above, The obvious implementation o f  

z := add(x,yl  [ o v e r f l o w ~ v l :  v  := maxfpl 

involves  c a l l i n g  t h e  handler  a s  if it were a  procedure,  having p rev ious ly  

s e t  up 'v '  a s  a  r e f e r e n c e  o r  v a l u e / r e s u l t  parameter,  The code f o r  t h e  

normal c a s e  w i l l  be s i m i l a r  t o  t h a t  genera ted  f o r  add wi th  a  oneof r e s u l t ,  

Because it is not  p o s s i b l e  i n  gene ra l  t o  l o c a t e  t h e  c o r r e c t  handler  f o r  a  



p a r t i c u l a r  except ion u n t i l  run-time, t h e  code f o r  t h e  excep t iona l  ca se  w i l l  

be r a t h e r  more complicated than  t h e  examples presen ted  above. The code 

between ' t hen '  and ' nex t '  would be rep laced  by code which sea rches  f o r  t h e  

c o r r e c t  handler ,  c r e a t e s  i t s  parameter  list, c a l l s  it, and f i n a l l y  copies  

t h e  va lue  of  t h e  output  parameter  i n t o  ' 2 ' .  Clear ly ,  t h e  g e n e r a l i t y  of 

Levin 's  mechanism has its p r i c e  i n  t h e  excep t iona l  case;  unfor tuna te ly ,  it 

a l s o  has a  c o s t  i n  t h e  normal case .  The method Levin proposes f o r  l oca t ing  

handlers  involves  l i n k i n g  handler  d e s c r i p t o r s  t o  a  known p a r t  of t h e  s t ack .  

Although t h e  d e s c r i p t o r  i t s e l f  can be a l l o c a t e d  a t  compile t ime, t h e  l i n k i n g  

must be done dynamically.  The c o s t  of  l i n k  and un l ink  code must t h e r e f o r e  

be added t o  t h e  normal a s  well a s  t o  t h e  excep t iona l  case .  I n s t e a d  of  s i x  

o r  seven executab le  i n s t r u c t i o n s ,  t h e r e  a r e  t e n  o r  e leven.  I n  t h e  p a r t i c u l a r  

example we a r e  cons ider ing ,  t h e  choice  of handler  can be made s t a t i c a l l y ,  

but  it is an open ques t ion  whether a  compiler  which implemented Levin ' s  

mechanism i n  i t s  f u l l  g e n e r a l i t y  could reasonably be expected t o  op t imise  

such c a s e s ,  

Thus, when handlers  need t o  be a t t ached  t o  i n d i v i d u a l  a r i t h m e t i c  

ope ra t i ons ,  t h e r e  is l i t t l e  t o  choose between t h e  e f f i c i e n c y  of  CLU 

except ions  and type  unions,  whi le  Levin ' s  mechanism may be cons iderab ly  more 

expensive. When a  handler  should be a t t ached  t o  a  whole sequence of 

ope ra t i ons  r a t h e r  t han  one, a s  i n  t h e  examples on page 122 Levin 's  

mechanism f a r e s  b e t t e r .  Using both CLU except ions  and type  unions, convenience 

d i c t a t e s  t h e  d e c l a r a t i o n  and use o f  t h e  a u x i l i a r y  func t ion  'Localdiv ' .  

If t h i s  func t ion  is not  expanded i n  l ine,  many e x t r a  procedure c a l l s  w i l l  

t a k e  p lace}  if  it i s  expanded, many cop ie s  of t h e  hand le r  w i l l  e x i s t .  

Levin ' s  mechanism r e q u i r e s  on ly  hne handler ,  and involves  c a l l s  on ly  if an 

except ion a c t u a l l y  occurs .  



It is a l s o  i n t e r e s t i n g  t o  compare t h e  execut ion  e f f i c i e n c i e s  of 

except ion r a i s i n g  r o u t i n e s  w r i t t e n  by t h e  user .  CLU s i g n a l s  a r e  

implemented by embedding a  t a b l e  i n  the code of  each procedure.  Each 

handler  i n  t h e  procedure has an e n t r y  i n  t h e  t a b l e ;  each e n t r y  lists t h e  

except ions  wi th  which t h e  handler  w i l l  d ea l ,  i ts code add re s s  w i th in  t h e  

procedure,  i ts scope ( i n  terms o f  t h e  addresses  of t h e  s t a t emen t s  t o  which 

it is. a t t ached )  and o t h e r  information connected wi th  t h e  arguments and 

r e s u l t s  of  t h e  except ion.  When an except ion is generated by a  s i g n a l  

s ta tement ,  t h e  r o u t i n e  which c a l l e d  t h e  g e n e r a t o r  is first determined*. 

The handler  t a b l e  f o r  t h a t  r o u t i n e  is then examined, and t h e  handler  which 

a p p l i e s  t o  t h e  c a l l  which r a i s e d  t h e  except ion is found. Natura l ly ,  t h e  

time taken t o  f i n d  t h e  r i g h t  handler  depends on t h e  number of  handlers  i n  

t h e  t a b l e ,  and t h u s  i n  t h e  c a l l i n g  r o u t i n e .  F i n a l l y ,  t h e  s t a c k  is ad jus t ed  

t o  a l l ow  f o r  t h e  r e s u l t s  of t h e  s i g n a l ,  and a  " r e tu rn"  is made f r o m  t h e  

gene ra to r ,  no t  t o  t h e  p o i n t  from which it was c a l l e d ,  but  t o  t h e  a p p r o p r i a t e  

handler ,  

Now cons ide r  a  ' lookup'  ope ra t i on  on a  symbol t a b l e  l i k e  t h a t  

d i scussed  i n  Sec t ion  4.2.1. So t h a t  both ca se s  can be t r e a t e d  syrmnetrically, 

Levin made both "absent"  and "presen t"  except ions .  A CLU p r o g r a m e r ,  I 

am t o l d ,  would not do t h i s :  i n s t e a d  he would g i v e  'Lookup' t h e  type  

proctypeCsymbolTable, T) returnsCV1 s i g n a l s  absen t  

* Since  CLU procedures  may not  be nested,  t h i s  de te rmina t ion  can be made 
from a list o f t h e  s t a r t  add re s s  of  each procedure.  Such a  list does, of 
course,  occupy space  i n  main s t o r e ,  but it can be argued t h a t  it is s o  
u s e f u l  f o r  debugging purposes  t h a t  it ought t o  be i n  main s t o r e  anyway. 



s o  t h a t  t h e  s ea rch  f o r  a  hand le r  ( f o r  ' a b s e n t ' )  would t a k e  p l a c e  on ly  when 

t h e  i tem is not  i n  t h e  t a b l e .  Whether t h i s  occurs  f r e q u e n t l y  o r  

i n f r e q u e n t l y  is, of course,  dependent on t h e  use t o  which 'Lookup' is put .  

If a  s i m i l a r  r o u t i n e  is w r i t t e n  using a  oneof r e s u l t ,  t h e  s ea rch  f o r  

a  hand le r  i s  t r aded  f o r  t h e  e x t r a  i n s t r u c t i o n s  r equ i r ed  t o  r e t u r n  a  t a g  

wi th  t h e  r e s u l t  and t o  t e s t  it. It is d i f f i c u l t  t o  avoid t h i s  t a g  through 

opt imisa t ion ,  because p a r t  of  t h e  op t imi sa t i on  must t a k e  p l a c e  i n  t h e  

c a l l i n g  r o u t i n e  and p a r t  i n  t h e  c a l l e d  rou t ine .  The CLU s i g n a l  mechanism 

can be regarded a s  a  way o f  making t h e  op t imi sa t i ons  e a s i e r  by i d e n t i f y i n g  

where t hey  may occur.  Whether t h e  code t h a t  r e s u l t s  f r o m  t h e  CLU 

implementation is a c t u a l l y  f a s t e r  depends both on t h e  number of handlers  

i n  t h e  c a l l e r  and t h e  r e l a t i v e  frequency wi th  which i tems a r e  not  found. If 

t h e  CLU mechanism is used i n  t h e  way t h a t  I have suggested,  t h e  v e r d i c t  

must be "not proven". I n  p a r t i c u l a r ,  it is  important  t o  observe t h a t  the 

p r o g r a m e r  who w r i t e s  a  g e n e r a l  purpose l i b r a r y  r o u t i n e  such a s  'Lookup' 

knows nothing about  t h e  environment i n  which it w i l l  be used. He can only 

guess  whether ' p r e s e n t '  o r  ' ab sen t '  w i l l  occur  more f r equen t ly .  Even if  

he knows t h a t  t h e  lookup procedure w i l l  be used i n  an Algol compiler,  he 

does no t  know whether t h e  Algol programs t h e  compiler  is c a l l e d  upon t o  

process  w i l l  have been w r i t t e n  by an ex-Fortran p r o g r a m e r  who h a b i t u a l l y  

f o r g e t s  t o  d e c l a r e  h i s  v a r i a b l e s  o r  by a  b lock - s t ruc tu re  e n t h u s i a s t  who 

h a b i t u a l l y  uses  t h e  same names i n  each block. I n  some cases ,  of course,  t h e  

p r o g r a m e r  does have a  good idea  of t h e  r e l a t i v e  f r equenc i e s  of t h e  p o s s i b l e  

outcomes of  h i s  rou t ine .  An example is a  d i s k  read  rou t ine ,  where f a i l i n g  

t o  read  t h e  d a t a  on t h e  d i s k  is  a  very  r a r e  occurrence.  I n  such a  ca se  t h e  

use of a  CLU s i g n a l  can provide a  smal l  (bu t  s i g n i f i c a n t )  ga in  i n  e f f i c i e n c y .  



If t h e  CLU s i g n a l  mechanism is  used t o  emulate Levin 's  example, i.e. 

i f  a  'Lookup' r o u t i n e  is  w r i t t e n  which has type  

~ ruc type ( symbo lTab le ,  TI s i g n a l s  absent ,  present(V1 , 

then  it seems t h a t  using CLU s i g n a l s  would be l e s s  e f f i c i e n t  than using 

type  unions. However, a s  I mentioned above, t h i s  can be regarded a s  an 

u n f a i r  comparison because CLU p r o g r a m e r s  a r e  aware of  t h e  e f f i c i e n c y  

t r a d e o f f s  involved i n  t h e  c u r r e n t  implementation of  t h e  CLU except ion 

mechanism. They would never  use it i n  t h e  syrrmetric way suggested by Levin, 

however &rrmetric t h e  a p p l i c a t i o n ,  e 

I n  f a c t ,  it is f a i r  t o  po in t  ou t  t h a t  any implementation t h a t  makes 

except ions  more expensive than  normal r e t u r n s  w i l l  d i scourage  p r o g r a m e r s  

from using except ions  i n  t h e  syrrmetric way suggested by Levin. Even Levin ' s  

own implementation sugges t ions  had t h i s  p roper ty .  With such an implementation, 

a  p r o g r a m e r  is pressured  i n t o  making one of t h e  p o s s i b l e  r e s u l t s  lrnormallr 

and t h e  o t h e r  ' lexceptional ' l ,  r e g a r d l e s s  of whether t h a t  c l a s s i f i c a t i o n  is 

n a t u r a l .  Fo r  example, i f  except ions  were t o  be used t o  implement s p a r s e  

a r r a y s ,  pragmatics  would sugges t  t h a t  t h e  ca se  of  an element being non-zero 

be made t h e  "exceptionr1, s i n c e  z e r o  elements  would occu r  more f r equen t ly .  

I n  ca se s  such a s  t h i s ,  t h e  use of  an except ion mechanism is l i k e l y  t o  

impai r  r e a d a b i l i t y .  

4.5 Cone Zusion 

Thi s  c h a p t e r  could no t  i nc lude  a l l  of t h e  examples I have found which 

pu rpo r t  t o  j u s t i f y  except ion  handling. However, I b e l i e v e  t h a t  I have 

i l l u s t r a t e d  a  f a i r   selection^ I c e r t a i n l y  have no t  knowingly excluded any 

example because I could n o t  d e a l  with it. 



It must remain a  m a t t e r  of opinion a s  t o  whether t h e  i nc lu s ion  of  

an except ion handling mechanism i n  a  language is worthwhile. I hope 

t h a t  t h i s  c h a p t e r  has provided evidence which may be used a s  a  b a s i s  f o r  

forming such an opinion.  



C h a p t e r  5  

EXCEPTION HANDLING A N D  ABSTRACT DATA TYPES 

A d a t a  t ype  is  a  s e t  of  va lues  and a  set of  ope ra t i ons  on t h o s e  va lues .  An 

a b s t r a c t  d a t a  t ype  is a  t ype  whose implementation is hidden; t h e  u s e r  has no 

knowledge of t h e  r e p r e s e n t a t i o n  of  t h e  va lues ,  o r  of t h e  a lgor i thms  

corresponding t o  t h e  ope ra t i ons .  For  such a  t ype  t o  be u se fu l ,  t h e  u s e r  

m u s t  be provided wi th  a  semantics  f o r  t h e  type :  he must be t o l d  what 

ope ra t i ons  a r e  a v a i l a b l e  and how they  behave, A s p e c i f i c a t i o n  is t h e r e f o r e  

an e s s e n t i a l  p a r t  of  an a b s t r a c t  d a t a  type.  

The problem of spec i fy ing  a  d a t a  t ype  p r e c i s e l y  is d i f f i c u l t  because 

t h e  va lues  and ope ra t i ons  a r e  h igh ly  dependent. New va lues  a r e  generated 

by t h e  a c t i o n  of t h e  ope ra t i ons ,  but t h e  ope ra t i ons  themselves m u s t  be appl ied  

t o  va lues .  Which should be def ined  f i r s t ?  One s o l u t i o n  t o  t h i s  chicken and 

egg problem is t o  d e f i n e  them both s imultaneously by means of  axioms.* 

The technique of ax iomat ic  s p e c i f i c a t i o n  of t ypes  was proposed by Guttag 

1341 [35] .  It i s  c l o s e l y  r e l a t e d  t o  t h e  a l g e b r a i c  approach of  t h e  ADJ 

group [28];  t h e  d i f f e r e n c e s  a r e  beyond t h e  scope of  t h i s  t h e s i s .  

5 .1  EPPOPS and Exceptions in Axiomatic !Type Deffnitions 

Seve ra l  papers  have d e a l t  wi th  t h e  supposed d i f f i c u l t y  of inc lud ing  e r r o r s  

and except ions  i n  axiomatic  t ype  d e f i n i t i o n s  ( e  .g. [27 1, [38],  [28],  [69] 1, 

Some of  t h e  proposed s o l u t i o n s  appear  t o  be very  complicated. Th i s  c h a p t e r  . . 

* There a r e  va r ious  o t h e r  methods of spec i fy ing  d a t a  t ypes  which w i l l  no t  be 
considered here.  A survey w i l l  be found i n  [65] .  



argues  t h a t  t h e r e  a r e  no e r r o r s  i n  a b s t r a c t  d a t a  t ypes ,  and t h a t  1lexceptionsll  

do no t  need s p e c i a l  f a c i l i t i e s  f o r  t h e i r  d e s c r i p t i o n .  

This  view is i n  d i r e c t  oppos i t ion  t o  t h a t  of Goguen, who claims [27] 

t h a t  t h e  s p e c i f i e r  o f  an a b s t r a c t i o n  m u s t  a l s o  s p e c i f y  e x a c t l y  what 
e r r o r  messages a r e  t o  be produced and under  e x a c t l y  what circumstances; 
t h e  e r r o r  messages should ... not  be l e f t  t o  t h e  whim of  t h e  
implementer . . . 
The s i t u a t i o n  is  a c t u a l l y  worse than  t h i s ,  i n  t h a t  e r r o r  s t a t e s  a r e  an 
essential  and i n t r i n s i c  f e a t u r e  of  c e r t a i n  d a t a  t ypes  (such a s  
' s t a c k 1 ,  with 'UNDERFLOW1), s o  t h a t  t h e s e  t ypes  a c t u a l l y  cannot 
be handled c o r r e c t l y  a t  a l l  wi thout  some sys t ema t i c  provis ion  f o r  
error s t a t e s .  Previous a t t empt s  t o  s p e c i f y  t y p e s  l i k e  ' s t a c k 1  
a b s t r a c t l y  have e i t h e r  been wrong i n  t h i s  sense,  o r  e l s e  unnecessar i ly  
complex. Abs t rac t  d a t a  t ypes  must i nc lude  a b s t r a c t  e r r o r s .  

E r r o r s  and except ions  have been in t roduced  i n t o  a b s t r a c t  d a t a  t ypes  

a s  a  way of  completing t h e  d e f i n i t i o n  o f  p a r t i a l  ope ra t i ons .  The next  

s e c t i o n  exp la in s  why t h i s  is  d i f f i c u l t ,  and proposes an a l t e r n a t i v e  s o l u t i o n .  

5.2 Defining P a ~ t i a l  Ope~ations 

I n  mathematics it is a  corrmon p r a c t i c e  t o  avoid p a r t i a l  f unc t ions  by making them 

t o t a l .  Th i s  seems t o  be easy s o  long a s  t h e  domain of t h e  func t ion  is  

computable; t h e  range is extended s o  t h a t  a l l  p rev ious ly  undefined a p p l i c a t i o n s  

of  t h e  func t ion  map t o  a  d i s t i ngu i shed  va lue .  (If t h e  domain is uncomputable 

t hen  t h e  func t ion  cannot be made t o t a l :  t o  do s o  would l ead  t o  an irrmediate 

con t r ad i c t i on .  1 

The same technique was adopted by t h e  p ioneers  of ax iomat ic  t ype  

d e f i n i t i o n ,  A s  an i l l u s t r a t i o n ,  cons ide r  t h e  s t a c k  of i n t e g e r s ,  an e x a p l e  

which has perhaps been overworked, but which demonstrates  t h e  problem 

conc i se ly ,  A s t a c k  provides  f i v e  o p e r a t o r s  whose names and s i g n a t u r e s  a r e  



Empty: ( 1  -+ Stackof In t  
Push: (S t acko f In t ,  I n t l  + Stackof In t  
Pop: (S t acko f In t l  + Stackof In t  
Top: (S t acko f In t l  + I n t  
IsEmpty: (S t acko f In t l  + Boo1 . 

I have used a  no t a t i on  c l o s e r  t o  pmgrarrming languages than mathematics: 

'Push: (S t acko f In t ,  I n t l  +' i n d i c a t e s  t h a t  'Push' t a k e s  a s  argument a  

Ca r t e s i an  produce of  ' S t acko f In t '  and ' I n t ' .  The meanings of t h e s e  

ope ra t i ons  can be def ined  by axioms: 

Pop(Emptyl = Empty 
Pop( P u s h ( s , i l  l  = s 
Top( Push ( s , i l  l  = i 
IsEmpty(Emptyl = True 
IsEmpty( Push ( s , i l  l  = F a l s e  . 

However, t h i s  d e f i n i t i o n  is incomplete:  it does no t  s ay  anything 

about  applying 'Top' t o  'Empty'. I n t u i t i v e l y ,  t h i s  is an inposs ib l e  oper- 

a t i o n ,  j u s t  a s  is t ak ing  t h e  head o f  a  n u l l  list. 'Top' is a  p a r t i a l  

f unc t ion ,  and is not  def ined  on empty s t a c k s .  

I n  h i s  t h e s i s  [341 Guttag at tempted t o  cap tu re  t h i s  idea  by w r i t i n g  

Top(Empty1 = e r r o r  

where ' "error '  i s  a  d i s t i ngu i shed  va lue  with t h e  proper ty  t h a t  t h e  va lue  of  

any ope ra t i on  app l i ed  t o  an argument list con ta in ing  ' e r r o r '  is  ' e r r o r ' " .  

I n  o t h e r  words, Guttag used t h e  s tandard  mathematical t echnique  f o r  making 

a  p a r t i a l  f unc t ion  t o t a l ,  Unfortunately,  t h i s  technique g i v e s  r i s e  t o  

va r ious  complicat ions,  which w i l l  be explored i n  t h e  next s e c t i o n .  

An a l t e r n a t i v e  would have been simply t o  admit t h a t  'Top' is p a r t i a l ,  

and t o  inc lude  i n  t h e  s p e c i f i c a t i o n  t h e  c l a u s e  

Top(s1 E - not  IsEmpty(s1 



One can a rgue  t h a t  t h e  same e f f e c t  could be achieved simply by omi t t i ng  

t h e  axiom f o r  'Top(Emptyl'. However, t h i s  would no t  on ly  make e r r o r s  of 

omission d i f f i c u l t  t o  d e t e c t ,  but  would s p e c i f y  t h e  domain of 'Top' only 

i m p l i c i t l y .  

An a l t e r n a t i v e  way of  i n d i c a t i n g  t h e  r e s t r i c t e d  domain of 'Top' would 

be t o  change its s i g n a t u r e  t o  

Top({s E Stackof In t  1 - not  1 s ~ m p t ~ ( s l } l  + I n t  . 

One could even argue t h a t  by s o  doing one r ende r s  'Top' t o t a l .  Two reasons  

f o r  no t  using t h i s  no t a t i on  a r e  t h a t  it confuses  da t a types  wi th  sets of 

va lues ,  and t h a t  it is  not  always s u f f i c i e n t l y  powerful. For  example, 

s u b t r a c t i o n  ove r  t h e  n a t u r a l  numbers can be cha rac t e r i zed  by 

-: (Nat, Natl ++ Nat a-b : a  2 b, 

whereas t h e r e  is no convenient  s i g n a t u r e  which de f ines  t h e  r e s t r i c t e d  domain. 

For t h e s e  reasons  I p r e f e r  t o  s p e c i f y  p a r t i a l  f u n c t i o n s  by means of  

p recondi t ions .  

P a r t i a l  ope ra t i ons  occu r  n a t u r a l l y  both i n  computer s c i ence  and i n  t h e  

world o u t s i d e  t h e  computer; we a r e  used t o  household a r t i c l e s  which a r e  

p a r t i a l l y  app l i cab l e .  A ga s  h e a t e r  is provided wi th  a  s p e c i f i c a t i o n  which 

s t a t e s  t h a t  its ope ra t i on  is s a f e  provided t h a t  v e n t i l a t i o n  is adequate.  An 

e l e c t r i c  space h e a t e r  should no t  be submerged i n  t h e  bath.  Both a r t i c l e s  

a r e  u s e f u l  d e s p i t e  t h e i r  r e s t r i c t e d  domains of  a p p l i c a t i o n .  

For  an exarrple from computer sc ience ,  cons ide r  Euc l id ' s  a lgor i thms  

f o r  g r e a t e s t  comon d i v i s o r  [ 231 . 



% X  := x ;  y :=  Y ;  
do x  > y => x := x-y 
0 x < y = > y : =  Y -x 
o  d  

Th i s  code fragment ach ieves  ' x  = y = G C D ( X , Y I 1  provided both ' X '  and ' Y '  

a r e  p o s i t i v e .  Sub t r ac t i on  def ined  only  over  t h e  n a t u r a l  numbers is f u l l y  

adequate  f o r  t h i s  program. 'x '  and 'y '  a r e  always p o s i t i v e ,  and t h e  

guards i n  t h e  r e p e t i t i v e  s ta tement  ensure  t h a t  t h e  precondi t ion  o f  ' - '  is 

always t r u e .  Nothing whatsoever is t o  be gained by using a  s u b t r a c t i o n  

o p e r a t o r  which is t o t a l :  if '- ' is invoked o u t s i d e  i t s  domain something is 

s e r i o u s l y  wrong wi th  t h e  implementation of  t h e  algori thm, and d e f i n i n g  

s u b t r a c t i o n  f o r  a l l  i n t e g e r s  w i l l  n o t  s e t  it r i g h t .  

For  t h e s e  reasons  I be l i eve  t h a t  p a r t i a l  ope ra t i ons  a r e  now and w i l l  

always be u se fu l ;  t h e  only cavea t  is t h a t  t h e i r  p r econd i t i ons  must be 

r i g o r o u s l y  s p e c i f i e d .  One p r a c t i c a l  d i f f i c u l t y  is  t h a t  any implementation 

of a  p a r t i a l  ope ra t i on  m u s t  a c t u a l l y  do something if  t h e  precondi t ion  is not  

s a t i s f i e d .  If p r o g r a m e r s  come t o  r e l y  on t h a t  a c t i o n  then t h e  p o r t a b i l i t y  

of  programs is seve re ly  compromised. Th i s  problem can be mi t i ga t ed  by 

( i l  d e t e c t i n g  a s  many i l l e g a l  c a l l s  a s  p o s s i b l e  before  t h e  program 

is run, and 

( i t )  making it d i f f i c u l t  f o r  t h e  p r o g r a m e r  t o  t a k e  advantage o f  t h e  

response t o  an i l l e g a l  c a l l .  

The second p r i n c i p l e  is the one which pmmpted m e  t o  s t a t e  i n  Sec t ion  2.1 

t h a t  t e rmina t ion  of  t h e  program is an app rop r i a t e  response t o  H i l l ' s  problem. 

O f  course,  t h e s e  p recond i t i ons  i n  no way reduce t h e  r e s p o n s i b i l i t y  of 

t h e  d a t a  t ype  des igne r  t o  r e q u i r e  on ly  t hose  p recond i t i ons  which can be 

checked economically and convenien t ly ,  A compiler  which w i l l  on ly  o p e r a t e  



on s y n t a c t i c a l l y  c o r r e c t  programs is about  a s  u s e f u l  a s  a  room h e a t e r  

which r e q u i r e s  t h e  ambient temperature  t o  be above 30 degrees  C :  n e i t h e r  is 

s a l a b l e ,  A s  wi th  t h e  symbol t a b l e  example, such cons ide ra t i ons  may lead  

t h e  des igne r  t o  provide a  t o t a l  ope ra t i on  which r e t u r n s  d i f f e r e n t  s o r t s  of 

result under d i f f e r e n t  c i rcumstances.  tlowever, before  p re sen t ing  a  

formal  d e f i n i t i o n  of my mechanism f o r  r e t u r n i n g  such r e s u l t s ,  it is 

i n s t r u c t i v e  t o  s e e  why Gut tag ' s  o r i g i n a l  approach t o  t h e  d e f i n i t i o n  of  

p a r t i a l  f u n c t i o n s  is u n s a t i s f a c t o r y .  

5 .3  The Problem with EPPOP 

Gut t ag ' s  o r i g i n a l  d e f i n i t i o n  of  s t a c k  [34, p. 291 not  on ly  def ined  'Top(Empty1' 

a s  ' e r r o r '  but  descr ibed  t h e  f u n c t i o n a l i t y  of  'Top' by 

'Top: (S t acko f In t l  + I n t ' .  Th i s  imp l i e s  t h a t  ' e r r o r '  is an ' I n t ' ,  and is 

t h e  cause of  s e v e r a l  d i f f i c u l t i e s .  

F i r s t ,  it is c o u n t e r - i n t u i t i v e .  The r e s u l t  of applying 'Top' t o  

t h e  empty s t a c k  is  no t  an i n t e g e r :  t h a t  is why ' e r r o r '  was introduced.  

Second, i f  one wishes t o  d i s t i n g u i s h  between d i f f e r e n t  e r r o r s ,  every time 

a  new d a t a  t ype  such a s  'Queueof In t '  o r  ' S t r i n g o f I n t '  is  c r ea t ed  new 

excep t iona l  e lements  must be added t o  ' I n t ' .  I n  genera l ,  adding any new 

type  would r e q u i r e  a l t e r i n g  t h e  d e f i n i t i o n s  o f  a l l  t h e  t ypes  it uses; 

a p a r t  from being cumbersome and i n t e l l e c t u a l l y  unappealing, t h i s  would mean 

t h a t  a  l i b r a r y  of  t ype  d e f i n i t i o n s  could not  e x i s t .  Third,  i n  a t tempt ing  t o  

extend t h e  e x i s t i n g  types ,  cons is tency  problems a r i s e  i n  t h e  ax iomat iza t ion .  

- A f u l l  d e s c r i p t i o n  of  t h e  d i f f i c u l t i e s  is a v a i l a b l e  i n  [28, 53.51 ; what 

fo l l ows  is a  b r i e f  s u m a r y .  

If 'error' is  an ' I nk '  then axioms m u s t  be given which exp la in  t h e  

a c t i o n  o f  l11nt1' ope ra t i ons  on it. The usua l  philosophy is  t o  ensure  t h a t  



once an e r r o r  occurs  it is propagated, t h a t  is, i f  any argument of an 

opera t ion  is 'error1 then  s o  is its r e s u l t . *  If one a t t empt s  t o  implement 

t h i s  by adding new axioms one r a p i d l y  runs  i n t o  t r o u b l e .  One would need 

t o  add r u l e s  l i k e  

Sum(n, e r r o r )  = e r r o r  
P roduc t ( e r ro r ,  n)  = e r r o r  

t o  t h e  ax iomat iza t ion  of  t h e  i n t e g e r s .  O f  course,  it s t i l l  con ta in s  

o t h e r  r u l e s  desc r ib ing  t h e  more convent iona l  p r o p e r t i e s ,  such a s  

Using t h e  above f o u r  r u l e s  some i n t e r e s t i n g  r e s u l t s  can be obtained:  

0  = Product ( e r r o r ,  01 
= e r r o r  

and 

n = Sum(n, 0 )  
= Sum(n, e r r o r )  
= e r r o r  . 

(by i v l  
(by i i l  

(by i i i l  
(by above) 
(by i l  

These d e r i v a t i o n s  show t h a t  a l l  i n t e g e r s  a r e  equa l  t o  L e r r o r l .  A s i m i l a r  

problem a r i s e s  w i th in  t h e  s t a c k  d a t a   type^ one must add a  new cons t an t  

'S tackError '  of  t ype  s t a c k  and a  new axiom 

Push(s ,  e r r o r )  = StackError  

* Another way of  say ing  t h e  same t h i n g  i s  t o  a s s e r t  t h a t  a l l  ope ra t i ons  a r e  
s t r i c t  i n  ' e r r o r 1 .  



t o  ensure  t h a t  e r r o r s  propagate .  In  combination wi th  t h e  more usua l  axioms 

it is easy  t o  show t h a t  a l l  s t a c k s  a r e  equa l  t o  ' S t ackEr ro rV .  This  

i n s t ance  of  t h e  problem is d e a l t  wi th  very  f u l l y  i n  [69 ] ,  

O f  course,  such problems can be r e s o l v e d ~  va r ious  techniques  f o r  

doing s o  a r e  descr ibed  i n  [27] ,  1281 and 1691. Some mechanism is introduced 

t o  ensure  t h a t  t h e  ''normal'' axioms a r e  on ly  employed when no "error ' l  axiom 

is  a p p l i c a b l e .  I do not  i n t end  t o  c r i t i c i z e  t h e  mathematical i n t r i c a c i e s  

of t h e s e  appmaches j  i n s t e a d  I wish t o  avoid t h e  whole i s s u e ,  and f o r  two 

reasons.  F i r s t ,  it is very complicated. Second# p a r t i t i o n i n g  t h e  world 

i n t o  ' lermr ' '  and "OK1' s t a t e s  is inapprop r i a t e  when one is t r y i n g  t o  

fo rma l i ze  'Lookup1 and s i m i l a r  opera t ions .  A s  I have emphasised throughout  

t h i s  thesis, whether t h e  r e s u l t  of  a  p a r t i c u l a r  a p p l i c a t i o n  of  l'LookUpl' is 

an e r r o r  can only  be determined by t h e  c a l l e r :  it is not  a  p rope r ty  of  t h e  

'SymbolTablel d a t a  type .  

''Error algebras1 '  a r e  necessary  on ly  i f  one i n s i s t s  t h a t  'Top(Emptyl' 

is an i n t e g e r .  If one permi ts  'Top(Emptyl' t o  be of  some o t h e r  type  one can 

avoid e r r o r  a lgeb ra s ,  cons is tency  problems and t h e  need t o  augment e x i s t i n g  

t ypes  when a  new one is c rea t ed .  

It seems l i k e l y  t h a t  t h i s  was what Guttag o r i g i n a l l y  intended.  I n  

[34, p. 471 he s t a t e s  t h a t  'error1 w i l l  no t  normally be included i n  any of  

t h e  t ypes  involved i n  a  d e f i n i t i o n ,  c o n t r a d i c t i n g  t h e  i n f e r ence  t h a t  it was 

an i n t e g e r .  I n  t h e  l a t e r  papers  [36] and 1371 t h e  s i g n a t u r e  of 'Top' is 

given a s  

Top: (S t acko f In t l  -+ I n t  u {UNDEFINED} 

where t h e  range is s t a t e d  t o  i nc lude  t h e  " s ing l e ton  set '{UNDEFINED} ' l ' .  



Unfor tuna te ly  no more d e t a i l s  of  t h e  meaning a r e  given.  The d i f f i c u l t y  

is t h a t  s e t  ope ra t i ons  such a s  union cannot be app l i ed  t o  types ;  t h e  next 

s e c t i o n  d e f i n e s  a  data type union ope ra t i on  which can be used t o  

fo rma l i ze  t h i s  d e f i n i t i o n .  

5.4 A Rigo~ous Definition of Data Type Union 

The union opera t ion  I w i l l  d e f i n e  is e x a c t l y  t h e  oneof t ype  g e n e r a t o r  

in t roduced  i n  Chapter  4 and used t h e r e  i n  t h e  examples. F i r s t  cons ide r  

t h e  somewhat more r e s t r i c t e d  type  given i n  F igure  5.1. 

t ype  U2 
o p e r a t o r s  

Is F i r s t :  (U2) + Boo1 
IS-second: (U2) + Boo1 ~rzm F i r s t :  ( F i r s t )  + U2 
~rom-sec,ond: [Second) + U2 
To ~ T r s t :  (U21 ++ F i r s t  - 

To F i r s t ( u 1  Z 1s F i r s t ( u 1  
To ~ e c o n d : - ( ~ 2 )  ++ second- 

axioms 
Is F i r s t (  Fmm F i r s t ( + )  1 = t r u e  
IS-~irst ( From-second(s1 = f a l s e  
1s-second ( F ~ O K  F i r s t  (f 1 1 = f a l s e  
1s-~econd(  ~mm-second(s1 l  = t r u e  
TO-~irst ( From First [ f  1 i = f - -  - - 
TO-second( FroK Second (5 )  1 = s - 

end of-U2 -- 

Figure  5.1: S p e c i f i c a t i o n  o f  a  union o f  two t y p e s .  

'U2' is t h e  d i s c r i ~ i i n a t e d  union of  two d a t a  t ypes J    first'^ and 'Second1, 

It has s i x  o p e r a t o r s  wi th  t h e  f u n c t i o n a l i t i e s  given.  The use o f  I++' 

i n  t h e  s i g n a t u r e s  of  'To F i r s t '  and 'From F i r s t '  i n d i c a t e s t h a t  t hey  a r e  - - 
p a r t i a l  ope ra t i ons .  Th i s  is emphasised by t h e  presence o f  e x p l i c i t  

p recondi t ions .  ' f t J  's '  and ' u '  a r e  f r e e  v a r i a b l e s  wi th  types  ' F i r s t P J  



'Second' and 'U2' r e s p e c t i v e l y .  Some s t y l e s  of  s p e c i f i c a t i o n  would 

d e c l a r e  ' f ' ,  's ' and ' u '  e x p l i c i t l y :  I have not  done s o  because t h e i r  

t ypes  can be i n f e r r e d  fmm t h e  s i g n a t u r e s  o f  t h e  ope ra to r s .  

The only way va lues  of  t ype  'U2' can be generated i s  by a p p l i c a t i o n  

of  'From - F i r s t '  and 'From - Second', t h e  i n j e c t i o n  ope ra t i ons .  'U2' va lues  

can 'be examined only  by a p p l i c a t i o n  of t h e  two p r o j e c t i o n  f u n c t i o n s  

'To - .,.' and t h e  two in spec t ion  f u n c t i o n s  'Is ...'. Thus 'U2' can be - 
completely def ined  by spec i fy ing  t h e  r e s u l t  of  applying t h e  f o u r  i n spec t ion  

and p r o j e c t i o n  ope ra t i ons  t o  a p p l i c a t i o n s  of  t h e  two i n j e c t i o n  ope ra t i ons .  

Th i s  reasoning i n d i c a t e s  t h a t  a t  most e i g h t  axioms a r e  requi red ;  i n  f a c t ,  

because t h e  p r o j e c t i o n  f u n c t i o n s  a r e  p a r t i a l  t h e r e  is no need t o  s p e c i f y  t h e  

meaning of  'To - Fi r s t (F rom - S e c o n d ( s ) l '  and 'To Second(From F i r s t ( f 1 1 ' .  - - 
Indeed, t h e  pre .condi t ions emphasize t h a t  t h e s e  express ions  have no meaning. 

The s i x  axioms o f  F igure  5.1 a r e  t h u s  s u f f i c i e n t  t o  completely s p e c i f y  t h e  

type  

'U2' is r e s t r i c t i v e  i n  two ways: ' F i r s t '  and 'Second' a r e  no t  parameters,  

and t h e r e  a r e  on ly  two of  them. Both of t h e s e  r e s t r i c t i o n s  can be l i f t e d ,  

a l though t h e r e  a r e  d i f f i c u l t i e s  i n  doing s o  i n  a  completely formal  framework, 

The s imp le s t  way of  promoting ' F i r s t '  and 'Second' t o  t h e  s t a t u s  of  

parameters  is t o  view 'U2' no t  a s  a  t ype  bu t  a s  a  t y p e  schema: t h e  

meaning of 'U2(a, b ) '  is then  given simply by s u b s t i t u t i n g  ' a '  and ' b l  

uniformly f o r  ' F i r s t '  and 'Second', a s  i n  a  macro expansion. The gene r i c  

parameters  of  Ada a r e  given roughly t h i s  i n t e r p r e t a t i o n  [ g 6 ] .  Note t h a t  i n  

doing t h i s  t h e  names of  t h e  ope ra t i ons  remain unchanged: 'UZ(a,b) '  has t h e  

two i n j e c t i o n  o p e r a t o r s  



From F i r s t :  ( a )  + U2(aJ b) 
~rom-second: (b )  + U2(a, b) . - 

'U2(aJ a ) '  is t h u s  p e r f e c t l y  w e l l  behavedJ and 'From - F i r s t ( a I 1  is not  t h e  

same a s  'Fmm - Second(a) ' .  'U2' is a d i s j o i n t  o r  non-absorbing union5 

s e t - t h e o r e t i c  union is absorbing i n  t h e  sense  t h a t  '{a} u {2 Y is  '{a}'. It  

is t o  emphasize t h i s  d i s t i n c t i o n  t h a t  I have adopted t h e  name oneof f o r  my 

type  genera tor .  

The shortcomings of  t h e  macro s u b s t i t u t i o n  d e f i n i t i o n  of 

parameter iza t ion  a r e  i l l u s t r a t e d  by t h e  r e c u r s i v e  type  d e f i n i t i o n  

t ype  R = U2(in tegerJ  R )  . 

There a r e  o t h e r  problems too :  each i n s t a n t i a t i o n  m u s t  be type-checked 

independent ly ,  and t h e  macro expansion approach cannot d e a l  wi th  r e c u r s i v e  

procedures  wi th  t ype  parameters  [ 3 3 ] .  These d i f f i c u l t i e s  can be avoided by 

r e s t r i c t i n g  t h e  language, o r  t hey  can be faced  by t r y i n g  t o  d e f i n e  a semantics  

f o r  t h e  concept of  type .  An appa ren t ly  succes s fu l  a t tempt  t o  do t h e  l a t t e r  

is t h e  Russe l l  p r o j e c t  of  Corne l l  Un ive r s i t y  [24] 1181 [I21 [ l 7 ] .  I n  t h e  

Russe l l  language 'R' is p e f l e c t l y  l e g a l  and well-behaved. 

The f u l l  power of t h e  R u s s e l l  t ype  system is no t  necessary t o  r e l a x  

t h e  r e s t r i c t i o n s  of  'U2' i f  one is prepared t o  permit  a l i t t l e  l i c e n s e  i n  

t h e  d e s c r i p t i o n ,  By assuming oneof t o  be a p r i m i t i v e  of t h e  pmgrarrming 

no ta t i on  I w i l l  avoid t h e  ques t ion  of  whether the  power t h u s  admit ted is 

a v a i l a b l e  f o r  t h e  d e f i n i t i o n  of  t h e  u s e r ' s  own types .  

F i r s t ,  oneof w i l l  be permi t ted  t o  t a k e  an a r b i t r a r y  number of  argument 

types3 t h e  only r e s t r i c t i o n s  a r e  t h a t  t h e r e  s h a l l  be a t  l e a s t  one argument 

and t h a t  each s h a l l  be r ep re sen t ed  by a s y n t a c t i c a l l y  d i s t i n c t  i d e n t i f i e r .  



Second, t h e  names of t h e  o p e r a t o r s  w i l l  be parameter ized a s  w e l l  a s  t h e i r  

f u n c t i o n a l i t i e s ;  t h i s  is  a g r e a t  help t o  t h e  reader .  The r e s u l t i n g  t ype  

schema is  shown i n  F igure  5.2. 

t ype  0  = oneof ( Id1  ; . . . ;Idn1 
o p e r a t o r s  

Is Id1 : (0)  +- Bool 

Is Idn: (01 +- Bool 
~rym - I d l :  (Id11 -+ 0 

From Idn:  (Idn1 -+ 0 
To 171 : (01 * Id1 - To Id1 (01 : Is Id1 (0 1 - - 

axioms- 
Is I d i (  From I d i ( x 1  1 = t r u e  'd i  E [ I .  .n] 
1s-1di( ~ r o m - ~ d j ( x I  1 = f a l s e  'd i ,  j E [ l . . n ]  st i # j 
~ o - ~ d i (  ~rom-1di(xl - = x 'd i  E [ l . . n ]  

end of-oneof -- 

Figure  5.2: Axiomatic S p e c i f i c a t i o n  of  oneof 

The o t h e r  ex tens ion  used i n  Chapter  4 is pu re ly  s y n t a c t i c :  t h e  d e c l a r a t i o n  

t ype  0  = oneof ( Id1  :TI: Id2:T21 

is shorthand f o r  

t ype  Id1 = TI 
t v ~ e  Id2  = T2 
type  0  = oneof ( I d l ;  Id21 

and provides  a  convenient  way of d e c l a r i n g  types  wi th  d i s t i n c t  names, 



This  proved e s p e c i a l l y  u s e f u l  f o r  renaming ' s i n g l e t o n ' .  

The type  ' s i n g l e t o n '  i t s e l f  is t r i v i a l  t o  de f ine :  

t ype  s i n g l e t o n  
o p e r a t o r s  

: 0 + s i n g l e t o n  
end of  s i n g l e t o n  -- 

Single ton  con ta in s  one g e n e r a t o r  which I denote  by t h e  empty o p e r a t o r  sy-nbol. 

No axioms a r e  necessary because t h e r e  a r e  no enquiry o p e r a t o r s  whose 

r e s u l t s  must be def ined .  

One f u r t h e r  po in t  which needs c l a r i f i c a t i o n  is t h e  meaning o f  t h e  

t ype  d e c l a r a t i o n  

t ype  I d  = T 

Th i s  i n t roduces  a  new type  known a s  ' I d ' ,  isomorphic t o  'T' but  d i s t i n c t  

from it, Thus, a f t e r  t h e  d e f i n i t i o n s  

t ype  underflow = s i n g l e t o n  
type  overf low = s i n g l e t o n  

t h e  t ype  checking mechanism w i l l  p revent  confusion of  'underflow' wi th  

'overf1ow'. 

5.5 Fopma2 Specification of Two Data Types J 

Having s e t  up t h e  r equ i r ed  machinery by de f in ing  oneof and ' s i n g l e t o n ' ,  it 

is  p o s s i b l e  t o  p re sen t  a  formal  d e f i n i t i o n  of  a  s t ack .  The added 

complexi t ies  of  de f in ing  a  g e n e r i c  'S tack '  w i l l  be avoided here  by 

remaining wi th  ' S t a c k o f I n t ' .  



t ype  S t acko f In t  
Operators  

Emptv: ( 1  + Stackof In t  
~ u & h i  (S t acko f In t ,  I n t l  -+ Stackof In t  
Pop: (S t acko f In t )  + Stackof In t  
Top:(StackofInt)  + oneof(1nt ;  Underf1ow:singleton) 
IsEmpty: ( ~ t a c k o f 1 n t ) ~ o o l  

Axioms 
P o p ( h p t y 1  = Empty 
Pop( P ~ s h ( s ~ i . 1  1 = s 
T o p ( h p t y 1  = From Underflow( 1 
Top( Push(sP  i) I-= From - I n t ( i 1  
IsEmpty(Empty1 = True 
IsEmpty( Push ( s , i I  1 = Fa l se  

end of  S t acko f In t  -- 
Figure  5.3: S p e c i f i c a t i o n  of S t acko f In t  

The d e f i n i t i o n  o f  F igure  5.3 avoids  t h e  c o n t r a d i c t i o n s  which t roub led  

Ma j s t e r  [ 6 ! 3 ] .  I n  h e r  a n a l y s i s ,  t h e  f u n c t i o n a l i t y  of 'Top' is 

'S tackof In t  + I n t ' .  If 'Top(Empty)' is s u b s t i t u t e d  f o r  ' 5 '  i n  t h e  second 

axiom, one o b t a i n s  

However, t h e  axiom 'Top(Empty) = e r m r '  and t h e  r u l e  of propagat ion of 

e r r o r s  g ive  

Pop( Push(s ,  Top(Empty1) 1 = e r r o r  . 

According t o  my d e f i n i t i o n ,  t h e  troublesome express ion  is simply a  

t y p e  e r r o r .  'Top(Empty1' is of type  oneof (1nt ;  Underflow) whereas t h e  

second parameter  o f  'Push' must be of  t ype  ' I n t ' ,  Moreover, it is impossible  

t o  conver t  'Top(Empty1' t o  an ' I n t ' .  

The 'IsEmpty' o p e r a t o r  is a c t u a l l y  redundant with t h e  d e f i n i t i o n  of  

s t a c k  given i n  t h e  f i g u r e :  ' IsEmpty(s) ' can always be s imula ted  by t h e  



expression 'Is - Underflow(Top(sl)'. Nevertheless, a designer might include 

it for reasons of efficiency or convenience. In contrast, if 'Top' is a 

partial operation then '1sEmpty1 is essential because it defines the 

domain of 'Top'. 

type SymbolTable(Ident, Attrl 
operations 

EmptyST: (1 + SymbolTable 
InsertST: (SyrnbolTable, Ident, Attrl -+ SymbolTable 
LookUpST: (SymbolTable, Identl + oneof(Attr~ absent:singleton) 

axioms 
LookUpST(EmptySTl = From absent ( l 
~ o o k ~ ~ ~ ~ ( ~ n s e r t ~ ~ ( s t ,  i,aT, j l = 

if Ident ,Equal(i, j 1 then From Attr(al - - 
else ~ookUp~~(st, j l - 

end of SymbolTable -- 

Figure 5.4: An unbounded symbol table. 

The syrnbol table of Section 4.2.1 provides an example where partial 

functions are inappropriate, A complete axiomatic specification of an 

unbounded symbol table is presented in Figure 5.4. The type there specified 

differs from that of Figure 4.07. Most significantly, the latter uses 

procedures rather than pure functions: it is also bounded. Figure 4.07 can 

be cast into a form where it uses Figure 5.4: the semantics of an 'insert' 

procedure which alters its parame%ers might be given as 

{st=stl} insert(st, id, vall {st=1nsertST(st1, id, vall}. 

However, the details of such a specification of a symbol table are not 

relevant to the subject of this thesis, and will not be described further here. 



The s tudy  of  d a t a  type  s p e c i f i c a t i o n s  has given r i s e  t o  ano the r  i n s t ance  

of  t h e  l l a b s t r a c t  e r rors1 '  myth. Attempting t o  so lve  t h e  problems t h u s  

c r e a t e d  may be an i n t e r e s t i n g  mathematical exe rc i s e ,  but  not one t h a t  

seems t o  be p a r t i c u l a r l y  r e l e v a n t  t o  the product ion of q u a l i t y  programs. 

S p e c i f i c a t i o n s  l i k e  t h a t  of t h e  symbol t a b l e  need onbof r e s u l t s .  
* 

E r r o r  a lgeb ra s  a r e  no t  an adequate t o o l  because they  r e q u i r e  t h a t  one of  t h e  

r e s u l t s  o f  'Lookup' be des igna ted  an e r r o r ,  and t h a t  once an e r r o r  has 

been noted t h e  program remains i n  an excep t iona l  s t a t e  [ 2 7 ] .  

The s p e c i f i c a t i o n  of  oneof i t s e l f  could be done w i t h  e r r o r  a lgeb ra s .  

It  could a l s o  be done deno ta t i ona l ly .  I have p r e f e r r e d  t o  use  an axiomatic  

d e f i n i t i o n  wi th  e x p l i c i t  p r econd i t i ons  f o r  two reasons,  t h e  first of which 

i s  t h a t  it avoids  t h e  i n t roduc t ion  of  a  l o t  of  e x t r a  mathematical machinery. 

The second reason is t h a t  axioms have t h e  unique proper ty  of a l lowing 

one t o  say  nothing when t h e r e  is nothing one wishes t o  say; i n  o t h e r  words, 

t hey  enable  one t o  l eave  t h i n g s  i n t e n t i o n a l l y  unspec i f ied .  I n  c o n t r a s t ,  a  

deno ta t i ona l  d e f i n i t i o n  i n s i s t s  t h a t  a l l  r e s u l t s  a r e  def ined ,  even i f  t hey  

a r e  L. Allowing t h e  implementor s u f f i c i e n t  freedom t o  op t imise  seems t o  

me t o  be an e s s e n t i a l  p roper ty  of  a  s p e c i f i c a t i o n .  One of t h e  b e a u t i e s  

of  t h e  a b o r t  s ta tement  [ 2 3 ]  is t h a t  any implementation is c o r r e c t ,  The 

same b e n e f i t  accrues  t o  t ype  s p e c i f i c a t i o n s  when e x p l i c i t  p r econd i t i ons  a r e  

a  1 lowed, 



C h a p t e r  6  

PROGRAMMING WITHOUT EXCEPTION H A N D L I N G  

The examples of  Chapter  4 demonstrate t h a t  it is indeed p o s s i b l e  t o  program 

without  except ion handling mechanisms, and t o  do s o  c l e a r l y  i n  a  modular, 

s t r o n g l y  typed language. However, t h e  no t a t i on  I have used is not  t h a t  of 

any e x i s t i n g  language, and it is necessary t o  examine t h e  f e a t u r e s  I have 

introduced and ensure  t h a t  my cu re  is not  worse than t h e  d i s e a s e .  

The most obvious ex tens ion  I have used is t h e  oneof c o n s t r u c t o r  f o r  

d i s c r imina t ed  unions.  In  c e r t a i n  of  t h e  examples I have a l s o  assumed t h a t  

procedures  and f u n c t i o n s  a r e  va lues  which can be manipulated wi th in  t h e  

language. I w i l l  now cons ide r  t h e s e  ex t ens ions  i n  more d e t a i l .  

6.1 Prog~ainming with Dise~iminated Unions 

Unions of  d i f f e r e n t  t ypes  a c t u a l l y  pre-da te  t h e  i n c l u s i o n  of u s e r  d e f i n a b l e  

d a t a  t ypes  i n  p rog raming  languages.  I n  For t ran  and Algol 60 a  lookup 

func t ion  would t y p i c a l l y . o p e r a t e  on an a r r ay ,  and r e t u r n  e i t h e r  t h e  index 

of  t h e  a r r a y  element con ta in ing  the r equ i r ed  va lue  o r  some i n t e g e r  such a s  

zem which is not  a  v a l i d  a r r a y  index. The r e s u l t  of such a  func t ion  is 

indeed a  union of  d i s t i n c t  t ypes ,  a l though For t ran  and Algol 60 do no t  

provide a  means of exp re s s ing  t h i s .  

The p rog raming  language Pasca l  [IOI] [50] was t h e  first t o  i nc lude  

types  which a r e  subranges of  o t h e r  types .  Subranges make it p o s s i b l e  t o  

spec i fy  t h e  range of  a  lookup func t ion  exac t ly :  i n s t e a d  o f  say ing  t h a t  t h e  

r e s u l t  is an i n t e g e r ,  t h e  p r o g r a m e r  can express  t h e  c o n s t r a i n t  t h a t  it is 

i n  t h e  range l l . . n l .  This  is a  d e s i r a b l e  t h i n g  t o  do because it both makes 
* 

t h e  i n t e n t  of  t h e  program c l e a r e r  and makes it easy f o r  t h e  compiler  t o  

-- - 
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deduce t h a t  no range checks a r e  necessary  when t h e  a r r a y  is accessed ,  

However, t h e  i nc lu s ion  of  even one va lue  which is not  a  v a l i d  index i n  

t h e  r e s u l t  t ype  of t h e  lookup func t ion  means t h a t  it is d i f f e r e n t  from 

t h e  s u b s c r i p t  domain of  t h e  a r r a y .  The need t o  use d i f f e r e n t  t ype  names 

reduces r e a d a b i l i t y  and makes some range checks necessary.  Used i n  t h i s  

way t h e  t ype  'O..n '  is indeed a  union of  ' l . . n '  and zeru.  

A s i m i l a r  s i t u a t i o n  a r i s e s  i n  languages such a s  BCPL [OO] where 

s t r u c t u r e s  a r e  accessed by address .  A lookup ope ra t i on  t y p i c a l l y  r e t u r n s  

t h e  add re s s  of  t h e  app rop r i a t e  s t r u c t u r e ,  If no such s t r u c t u r e  e x i s t s  an 

i n v a l i d  add re s s  is r e tu rned  a s  r e s u l t .  

Th i s  p r a c t i c e  was recognized by t h e  des igne r s  of Algol 68 and Pasca l .  

References i n  Algol 68 and p o i n t e r s  i n  Pasca l  may e i t h e r  r e f e r  t o  a  va lue  

o f  t h e  app rop r i a t e  type  o r  be n u l l ,  i . e .  not  r e f e r  t o  anything,  

When a  func t ion  l i k e  a  lookup is used t h e  p r o g r a m e r  must always bea r  

i n  mind t h e  p o s s i b i l i t y  t h a t  t h e  key was no t  found. Usual ly  t h e  r e s u l t  

must be checked t o  s e e  i f  it is  a  v a l i d  a r r a y  index, address ,  p o i n t e r  o r  

r e f e r ence .  However, t h e  con tex t  may sometimes be such t h a t  t h e  p r o g r a m e r  

is s u r e  t h a t  t h e  key w i l l  be found: i n  some compilers ,  f o r  example, c e r t a i n  

s tandard  i d e n t i f i e r s  w i l l  always be i n  t h e  symbol t a b l e  because t hey  a r e  

i n s e r t e d  by t h e  set-up phase. Unfortunately,  even when p m g r a m e r s  a r e  sure 

of  something, t hey  may be wrong: i n  t h e  compiler  example, it is p o s s i b l e  

t h a t  t h e  set-up phase is no t  working c o r r e c t l y  because of  a  bug i n  t h e  

sof tware  ( o r  a  f a i l u r e  of t h e  hardware),  

The above methods of i n d i c a t i n g  f a i l u r e  of  t h e  search  s h a r e  a  p l ea san t  

p roper ty .  Even if t h e  p r o g r a m e r  dec ides  t h a t  no e x p l i c i t  tes t  of  t h e  

v a l i d i t y  of  t h e  r e s u l t  is r equ i r ed ,  an a t tempt  t o  misuse an i n v a l i d  r e s u l t  



w i l l  l ead  t o  an immediate alarm. A t  l e a s t ?  t h e  o t h e r  f e a t u r e s . o f  t h e  language 

a r e  such t h a t  a reasonable  implementation w i l l  provide checks which w i l l  

c a t ch  t h i s  mistake.  The a p p l i c a t i o n  of an a r r a y  wi th  bounds ' l . . n l  

t o  a s u b s c r i p t  of ze ro  ought t o  gene ra t e  an alarm, and by using ze ro  t o  

r e p r e s e n t  t h e  f a c t  t h a t  t h e  key was no t  found, t h e  p r o g r a m e r  is t ak ing  

advantage of  a b u i l t - i n  check which was a l r eady  p a r t  of  t h e  implementation. 

S imi l a r ly ,  i n  a BCPL implementation t h e r e  is usua l ly  some nega t ive  o r  very  

l a r g e  p o s i t i v e  va lue  which t h e  hardware w i l l  d e t e c t  a s  an i l l e g a l  address .  

Indeed, t h i s  hardware c h a r a c t e r i s t i c  is probably r e spons ib l e  f o r  t h e  

i nc lu s ion  of  - n i l  i n  Algol 68; it could very  we l l  have been omit ted,  and is 

one of  t h e  few f a c i l i t i e s  of  t h a t  language which a r e  a v a i l a b l e  by o t h e r  

means [70] .  

Both Algol 68 and Pasca l  provide o t h e r  ways of  forming unions i n  

a d d i t i o n  t o  t hose  mentioned. Indeed, programmers f a m i l i a r  wi th  t h o s e  languages 

and f aced  wi th  a need t o  implement my oneof c o n s t r u c t o r  may have immediately 

looked t o  Algol 68 ' s  union types  and P a s c a l ' s  v a r i a n t  r eco rds  without  

cons ider ing  n u l l  r e f e r e n c e s  and subranges a t  a l l ,  f o r  t h e s e  f a c i l i t i e s  a r e  

no t  o f t e n  recognized a s  unions.  Yet t h e y  should be s o  recognized,  both 

because a language should provide one way of r ep re sen t ing  an a b s t r a c t  

concept r a t h e r  than t h r e e ,  and because t h e  implementations used a r e  o f t e n  

p a r t i c u l a r l y  e f f i c i e n t ,  and should be adopted a s  widely a s  pos s ib l e .  S ince  

t h e  most app rop r i a t e  implementation f o r  a p a r t i c u l a r  union is governed by 

t h e  hardware, its s e l e c t i o n  ought t o  be l e f t  t o  t h e  compiler.  If t h e r e  a r e  

t h r e e  d i f f e r e n t  source  language c o n s t r u c t s  which compile i n t o  d i f f e r e n t  

code but which exp re s s  t h e  same idea ,  t h e  programmer must know a l l  about  

t h e  hardware and t h e  implementation t o  make a r a t i o n a l  choice  between them. 

Th i s  is c l e a r l y  undes i rab le .  



The oneof t ype  c o n s t r u c t o r  def ined  i n  Chapter  5 is designed t o  be 

convenient  i n  use both when t h e  type  of  a  r e s u l t  is known and when it is  

not .  Consider t h e  'LookUpST' func t ion  def ined  i n  F igure  5.4 and assume first 

t h a t  t h e  p r o g r a m e r  has proved, e i t h e r  formal ly  o r  in formal ly ,  t h a t  t h e  

r e s u l t  of 'LookUpST' w i l l  be an ' a t t r ' ,  He may then use t h e  app rop r i a t e  

p r o j e c t i o n  func t ion ,  a s  i n  

A t t r i b u t e  := To - attrCLookUpSTCst, I d ) )  . 

Thi s  express ion  is v a l i d  e x a c t l y  when t h e  a s s e r t i o n  {Is - attrCLookUpST(st, I d )  1 } 

is t r u e .  If t h e  argument of  'To - a t t r '  is  not  a  oneof va lue  i n j e c t e d  from 

an ' a t t r '  then  t h e  express ion  is an error. With t h e  example of  a  s t anda rd  

i d e n t i f i e r  i n  a  compi le r ' s  symbol t a b l e  t h i s  e r r o r  would i n d i c a t e  t h a t  t h e  

p a r t  of  t h e  program o r  computer which i n i t i a l i s e d  t h e  symbol t a b l e  was no t  

working c o r r e c t l y .  A reasonable  implementation o f  'To - a t t r '  w i l l  t r y  t o  

h a l t  t h e  program and gene ra t e  an e r r o r  message ( b u t  t h e  semantics  of oneof 

does no t  r e q u i r e  t h a t  a l l  implementations a r e  r ea sonab le ] .  The second 

ca se  occurs  when t h e  prograrrmer is unsure whether an ' I d '  w i l l  be i n  t h e  

t a b l e .  It is then  incumbent on him t o  w r i t e  code which d e a l s  wi th  both 

p o s s i b l e  r e s u l t s ,  a s  i n  t h e  fo l lowing  example. 

v a r  r ; oneof ( a t t r ~  absen t )  - 
r := LookUpSTCst, I d )  
i f  Is absen t  (r3 => SyntaxErrorC 'Undeclared i d e n t i f i e r '  , Id1 - 

1 s a t t r C r )  => A t t r i b u t e  :=  To a t t r ( r )  . - - 
f i  

E s s e n t i a l l y ,  t h e  a l t e r n a t i v e  c o n s t r u c t  reduces t h e  second c a s e  t o  t h e  

first: wi th in  t h e  guarded comnands it is known whether ' I d '  is i n  ' s t ' ,  



I n  Algol 68 t h e  t ype  ' a t t r '  would be represen ted  by some s t r u c t u r e d  

"mode" a t t r .  One way of  r ep re sen t ing  t h e  r e s u l t  of  'LookUpST' is a s  a  - 
r e f e r ence  t o  an a t t r .  Th i s  would permit  t h e  use of  t h e  n u l l  r e f e r ence  t o  - 
i n d i c a t e  t h e  absence o f  an item. Because t h e  de re fe r enc ing  o p e r a t o r  i s  

i m p l i c i t ,  t h e  case  where t h e  p r o g r a m e r  is s u r e  of  t h e  r e s u l t  could be 

coded a s  

A t t r i b u t e  := LookUpST(st, I d )  . . 

If ' I d '  was not ,  a f t e r  a l l ,  found i n  ' s t '  t h i s  express ion  would lead  t o  an 

a t tempt  t o  dereference  t h e  n u l l  po in t e r ,  wh,ich is  an undefined opera t ion .  

On t h e  o t h e r  hand, if t h e  p r o g r a m e r  does no t  know whether o r  no t  

' I d '  is i n  's t ' ,  he m u s t  t es t  t h e  r e s u l t ,  a s  i n  t h e  fo l lowing  program 

fragment 

i d e n t i f i e r ' ,  - 
else Actr ibUte := r - 

These express ions  a r e  f a i r l y  c l e a r ,  but have some drawbacks. Defining 

t h e  r e s u l t  of '  'LookUpST' t o  be ref a t t r  does not  make it obvious t h a t  a  -- 
n u l l  r e f e r e n c e  may be produced, o r  say  anything about what t h i s  means: a l l  

r e f e r ence  t ypes  conta in  n i l  whether  o r  not  t h e  p r o g r a m e r  wants t o  use it. - 
I n  c o n t r a s t ,  ' o n e o f ( a t t r j  a b s e n t ) '  is c l e a r l y  used f o r  t h e  exp re s s  purpose 

of a l lowing ' absent ' '  a s  a  r e s u l t ,  and t h e  name ' absen t '  is i t s e l f  an a i d  

t o  understanding.  Another problem wi th  us ing  t o  i n d i c a t e  an "except ional1 '  

r e s u l t  is t h a t  on ly  one such r e s u l t  can be represen ted :  t h e r e  is only  one 

n u l l  r e f e r ence  of  each type .  



Using a  r e f e r ence  result r a t h e r  than  t h e  s t r u c t u r e  i t s e l f  may a l s o  be 

expensive. Returning a  r e f e r e n c e  r e q u i r e s  t h a t  t h e  s t o r a g e  r e f e r r e d  t o  

o u t l a s t s  t h e  invoca t ion  of  t h e  func t ion .  I n  t h e  p a r t i c u l a r  c a s e  of a  t a b l e  

look-up t h i s  requirement is  f a i r l y  e a s i l y  met because t h e  t a b l e  e n t r i e s  

w i l l  u s u a l l y  be g loba l .  But i n  gene ra l  it may be necessary  t o  copy a  l o c a l  

s t r u c t u r e  on to  t h e  heap simply s o  t h a t  a  r e f e r ence  may be r e tu rned .  

The use of  a  n u l l  r e f e r ence  m y  be expensive i n  ano the r  way too .  While 

t h e  machines of t h e  l a t e  1960 ' s  and e a r l y  1970 ' s  u s u a l l y  t rapped  a t tempts  

t o  a c c e s s  an i n v a l i d  address ,  t h i s  is no longe r  always t h e  case.  Many mini- 

and micro-computers have a  phys i ca l  s t o r e  a s  l a r g e  a s  t h e i r  add re s s  spaceJ  

s o  t h e r e  is not  b i t  p a t t e r n  a v a i l a b l e  t o  r ep re sen t  n i l .  Others  may simply - 
i n t e r p r e t  any address  modulo t h e  s i z e  o f  t h e  s t o r e .  

Any o f  t h e s e  d i f f i c u l t i e s  may cause t h e  p r o g r a m e r  t o  look f o r  b e t t e r  

methods of r ep re sen t ing  d i f f e r e n t  t y p e s  of r e s u l t  than the use  of  n u l l  

r e f e r ences .  Most s t r o n g l y  typed languages provide some s o r t  of  union 

c o n s t r u c t o r  and some way of  d e c l a r i n g  new types  such a s  ' ab sen t ' .  

Algol 68 [97] provides  a  b u i l t - i n  t ype  c o n s t r u c t o r  union which has 

sonie of  t h e  p r o p e r t i e s  of  oneof. A t ype  ( c a l l e d  a  "mode") can be namedJ a s  i n  

mode AttrorAbsent = u n i o n ( a t t r J  absen t )  ; - -- 

such a  t ype  can be used i n  e x a c t l y  t h e  same way a s  a  p r i m i t i v e  type .  

HoweverJ t h i s  d e c l a r a t i o n  does not c r e a t e  a  new type: it names an e x i s t i n g  

one, There is no way t o  c r e a t e  new types  i n  Algol 68: i n  p a r t i c u l a r  t h e r e  

is no way t o  c r e a t e  t h e  s i n g l e t o n  enumeration type  absent .  The d e c l a r a t i o n  

mode absen t  = void - - 



simply provides  a new name f o r  void.  If one a l s o  dec la red  - 

rmde AttrorVoid = union ( a t t r ,  vo id)  - -- - 

t h e  two t a g s  AttrorVoid and At tmrAbsent  would i d e n t i f y  t h e  same type .  

Another d i f f i c u l t y  w i th  t h e  union c o n s t r u c t o r  of  Algol 68 is t h a t  

it is absorbing.  In  t h e  con tex t  of  t h e  d e c l a r a t i o n s  

t h e  mode S u f l e s u l t  is  i n d i s t i n g u i s h a b l e  from both u n i o n ( i n t J  s t r i n g ,  s t r i n g )  -- 
and f r o m  un ionc in t ,  s t r i n g ) .  -- 

These d i f f i c u l t i e s  a r e  t o  some e x t e n t  mi t i ga t ed  by t h e  r u l e  t h a t  two 

record  t ypes  ( " s t r u c t u r e s " )  a r e  on ly  i d e n t i c a l  if t h e  f i e l d  names a r e  t h e  

same. Thus 

mode BadFormat = s t r u c k  ( s t r i n g  BadFormat 1 : - 
mode Unrepresen tab le In teger  = s t r u c t ( s t r i n g  Unrepresen tab le In teger l  - 

i d e n t i f y  two d i s t i n c t  types .  However, because of t h e  ( q u i t e  unorthogonal) 

r e s t r i c t i o n  t h a t  a f i e l d  of  a s t r u c t u r e  cannot havemode voidJ  absen t  - 
m u s t  be dec la red  a s  something ' l i k e  s t r u c k  (boo1 a b s e n t ) .  - 

I n  Algol 6aJ  i n j e c t i o n  (which I have ind i ca t ed  by use of  o p e r a t o r s  

'From ... ' 1  is a v a i l a b l e  i m p l i c i t l y  a s  a coerc ion .  I n  t h e  r i g h t  contex t ,  - 
such a s  t h e  r e s u l t  c l ause  of  a procedure d e l i v e r i n g  a union, a va lue  of one 

of t h e  component t ypes  w i l l  be au toma t i ca l l y  "united1' t o  t h e  r equ i r ed  type.  

Th i s  provides  t h e  b r i e f e s t  p o s s i b l e  syntax  wi th  minimal l o s s  of information 

o r  r e a d a b i l i t y J  because t h e  t ype  r equ i r ed  is always obvious from t h e  contex t .  

I n  p l a c e s  where t h e  type  is not  obvious it can be made s o  by use of  a "cast1' ,  



such a s  ' AttrorAbsent  (expr )  ' . 
While t h i s  m k e s  ope ra t i ons  l i k e  'LookUpST1 easy  t o  w r i t e ,  t hey  a r e ,  

un fo r tuna t e ly ,  d i f f i c u l t  t o  use.  Th i s  is because t h e  i n spec t ion  and 

p r o j e c t i o n  ope ra t i ons  do no t  have s imple r e a l i z a t i o n s  i n  Algol 68. In s t ead  

t h e  language provides  a  cons t ruc t ion  c a l l e d  t h e  " c o n f o m i t y  c lause" :  t h i s  

is t h e  on ly  means of  t a k i n g  a  union a p a r t .  It is q u i t e  s u i t a b l e  f o r  dea l ing  

wi th  t h e  second e x a w l e ,  where t h e  p r o g r a m e r  does no t  know t h e  t ype  of  

t h e  r e s u l t .  

case  LookUuST( s t .  Id1 
m a b s e n t j  - : ~ ~ n i a x ~ & r n r ( '  Undeclared i d e n t i f  i e r F  , I d )  
, ( a t t r  rl: A t t r i b u t e  := r - 
esac  - 

Unfor tuna te ly  it is hopeless ly  cumbersome f o r  t h e  case  where t h e  prograrrmbr 

is s u r e  of  t h e  t ype  o f  t h e  r e s u l t .  The s imple assignment t o  ' A t t r i b u t e '  . 
must be coded a s  fo l lows:  

A t t r i b u t e  := case  LookUpST(St, I d )  - 
i n  ( a t t r  a1 : a  
7 (Grit): ( p r i n t  ( ' Impossible  happened' 1 

; s t o p  
1 

e s a c  . - 

If one is  su f f ' i c i en t ly  con f iden t  of t h e  r e l i a b i l i t y  of t h e  program t o  omit 

t h e  alarm, t h i s  can be shor tened  t o  

A t t r i b u t e  := case  LookUpST(st, Id1 
m a t t r  a )  : a  - -  
esac  

but t h i s  is sti l l  very  inconvenient  i f  union is  used a s  f r e q u e n t l y  a s  I have 

advocated. 



It is p o s s i b l e  t o  d e f i n e  Algol 68 procedures  which s imu la t e  t h e  

'To - a t t r J  and 'Is a b s e n t J  ope ra to r s ,  but such procedures  must be w r i t t e n  - 
f o r  every component of every union, and t h e r e  is no "procedure schema1' 

mechanism i n  Algol 68 t o  he lp  produce t h e  d e f i n i t i o n s .  

I n  Pasca l  [ I O I ]  [50] t h e  s i t u a t i o n  is a l s o  u n s a t i s f a c t o r y .  The 

problem is compounded by two f a c t o r s :  

( i )  t h e  or thogonal  mathematical concepts  of  union and Ca r t e s i an  product 

have been combined i n t o  a  s i n g l e  l i n g u i s t i c  cons t ruc t ion ,  t h e  

" v a r i a n t  record1': 

(ii) f u n c t i o n s  may not  r e t u r n  r eco rds  a s  t h e i r  result; a  p o i n t e r  t o  a  

record  m u s t  be used i n s t e a d .  

The Pasca l  v a r i a n t  record  i s  a  s t r u c t u r e  conta in ing  an o p t i o n a l  f ixed  

pa& and a  va~<ant  p o t .  The l a t t e r  c o n s i s t s  of a  t a g  f i e l d  of  some 

enumerated t ype  and s e v e r a l  a l t e r n a t i v e  v a r i a n t s ,  one f o r  each t a g  value.  

The i n t e n t i o n  is t h a t  on ly  one o f  the v a r i a n t s  should be c u r r e n t  and t h a t  

its i d e n t i t y  be given by t h e  t a g .  A v a r i a n t  record  used t o  r ep re sen t !  t h e  

r e s u l t  of JLookUpST' would have no f i x e d  p a r t :  

type  Whet herAttrorAbsent = (ATTR, ABSENT) 
J AttrorAbsentRecord = 

record  case  WhichType: WhetherAttrorAbsent 
- -  

of  ATTR: ( a t t r i b u t e :  A t t r l  - 
; ABSENT: ( 1  

end - 
; AttmrAbsent  = +AttrorAbsentRecord 

A s  it s t a n d s  t h i s  cons t ruc t ion  is not  type-safe .  The t a g  f i e l d  is o p t i o n a l  

and can i n  any ca se  be ass igned  t o  independent ly  of  t h e  rest of  t h e  record,  

indeed t h e r e  is no way o f  cons t ruc t ing  a  record  without  doing so.  Var ian t  

r eco rds  were a c t u a l l y  intended t o  c r e a t e  a  loophole  i n  t h e  t ype  system s o  



that machine dependent code (such as device drivers) could be written 

[102]. For this reason many implementations will not generate any 

run-time error message when a non-existent variant is accessed. 

When Pascal variant records are disassembled there is a significant 

improvement over Algol 68: a case statement need not be introduced if 

case analysis is not required. When one knows the type of the result of 

'LookUpST' one may write 

Attribute : =  LookUpSTCst, Id)+.attribute , 

Where enquiry is necessary an if statement can be used, as in - 

var r : AttrorAbsent : - 
r := LookUpSTCSt, Id)+; 
if r.WhichTv~e = ATTR - 
then ~ttribute : = r.attribute - 
else SyntaxErrorC "Undeclared identifier", Id) . - 

Writing 'LookUpST' is more difficult in Pascal than in Algol 68 because 

the result must be explicitly created with the procedure 'new'. To avoid 

this inconvenience, and to ensure that the tag field is always correctly 

set, injection functions like those of Figure 6.1 could be used. As in 

Algol 68, such functions must be written by the programmer for each union 

which requires them, 

function FromAbsent : AttrorAbsent; 
var result : AttrorAbsent; - 
begin new(resu1t 1 
; result+.WhichType := ABSENT 
; FromAbsent := result 
end: - 
function FromAttr(a:Attribute) : AttrorAbsent: 
var result : AttrorAbsent: - 
begin new(resu1t 1 
5 result+.WhichType := ATTR 
: result+.attribute :=  a 
; FromAttr := result 
end; - 

Figure 6.1: Pascal functions to create union values. 



The p rog raming  language Ada pe rpe tua t e s  t h e  confusion of product  and 

union introduced by Pasca l .  Type s a f e t y  is improved by making t h e  t a g - f i e l d  

a  cons t an t :  it can be changed only  by updat ing t h e  whole r eco rd ,  

Ada does not  have a  f a c i l i t y  powerful enough t o  permit  t h e  d e c l a r a t i o n  

of  t h e  oneof type  schema a s  I have def ined  it. The p o s s i b i l i t y  of "generic"  

t y p e s  is allowed, but on ly  t h e  f u n c t i o n a l i t i e s  of t h e  o p e r a t o r s  may be 

parameter ized,  not  t h e i r  names, I n  o t h e r  words, t h e  gene r i c  t ype  'U2' 

( s e e  Sec t ion  5.41 can be def ined ,  but  no t  gene ra l i zed  t o  oneof. So t h e  

r e s u l t  t ype  o f  'LookUpST' w i l l  probably be represen ted  a s  

t ype  WhetherAttmrAbsent is (IsAttr, IsAbsent1 
t ype  ~ t t r o r ~ b s e n t  ( w h i c h ~ ~ p :  Whe the rAt t ro r~bsen t  1 is - 

record case  Which Type - 
is  when IsAttr => a t t r i b u t e :  Attr - -  
: when IsAbsent => n u l l  
end ca se  -- 

end record  - 

Values of t h i s  t ype  a r e  cons t ruc ted  e x p l i c i t l y  using record  aggrega tes  

such a s  

(WhichType => IsAttr, A t t r  => A t a b l e [ i ] I  . 

One might choose t o  d e f i n e  conversion f u n c t i o n s  'FromAttr'  and 'FromAbsent' 

a s  i n  F igure  6.2. Ada a l l ows  over loading  of  func t ion  names s o  t h a t  two 

d i f f e r e n t  oneof t ypes  can both have 'FromAttr'  and 'ToAttr '  ope ra to r s ;  

t h i s  i s  not  permit ted i n  Pasca l .  



func t ion  FromAttr(a : A t t r l  r e t u r n  AttrurAbsent  is 
begin r e t u r n  (WhichType => IsAttr, a t t r i b u t e  * 7 1  
end; - 
func t ion  FromAbsent r e t u r n  AttrorAbsent  i s  - 
begin r e t u r n  (WhichType => IsAbsent 1 
end; - 

Figure  6.2: Ada r o u t i n e s  f o r  cons t ruc ing  oneof va lues .  

Va r i an t s  may be disassembled i n  Ada j u s t  a s  i n  Pasca l  by access ing  t h e  

components wi th  t h e  d o t  no ta t ion .*  If a  component which does no t  e x i s t  is  

re fe renced  t h e  except ion ' c o n s t r a i n t  - errorJ is generated.  Unfor tuna te ly  

it is p o s s i b l e  t o  suppress  t h i s  a c t i o n ,  t h u s  breaching what would o therwise  

be a  s t r o n g  type  system. 

The CLU language 1611 [64] provides  a t ype  c o n s t r u c t o r  c a l l e d  oneof 

which is  s i m i l a r  t o  t h e  oneof used i n  Chapter  4. The r e s u l t  of  'LookUpST1 

could be dec la red  i n  CLU a s  

AttrorAbsent  = oneof [At t r i bu t e :A t t r ,  Absent :nul l ]  - 

' A t t r i b u t e '  and 'Absent' a r e  l a b e l s ;  'At t rorAbsent '  is d i f f e r e n t  from 

a n o t h e r  oneof wi th  f i e l d s  of  t h e  same t y p e s  but  w i th  d i f f e r e n t  l a b e l s .  

The CLU oneof is non-absorbing: 

oneof[ I n t e g e r i i n t ,  Bad f0 rma t : s t r i ng  - , unrepresen tab le  - Tnteger :  s t r i n g  ] 

is u s e f u l  i n  CLU because it is p o s s i b l e  t o  a s k  whether a  s t r i n g  va lue  i n d i c a t e s  

-- -- - - - 

* The first Ada d e f i n i t i o n  [54] d i d  no t  a l low t h e  r e s u l t  of  a func t ion  c a l l  
t o  be s u b j e c t  t o  component s e l ec ton .  Th i s  omission has now been r e c t i f i e d .  
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a 'Bad f o m t t  o r  an 'Unrepresentable  i n t e g e r ' .  Fo r  each 3abel  '1' i n t h e o n e o f  - - 
t h e r e  is a p r e d i c a t e  !is l ' ,  a func t ion  'make l ' ,  and a procedure ' va lue  1' - - - 
which correspond f a i r l y  c l o s e l y  t o  t h e  'Is ,..', 'From ,.,' and 'To .,,' - - - 
ope ra t i ons  def ined  i n  F igure  5.2. A minor d i f f e r e n c e  is t h a t  i n  CLU t h e  

o p e r a t o r s  depend on t h e  l a b e l s ,  no t  t h e  names of t h e  types .  The t ~ ~ s t  

important  d i f f e r e n c e  i s  t h a t  t h e  CLU 'va lue  1' pmcedures  gene ra t e  except ions  - 
if t h e i r  aqumen t  is not  o f  t h e  c o r r e c t  type,  whereas my 'To ... 1 - 
o p e r a t o r s  r e q u i r e  t h a t  t h e i r  argument be of t h e  c o r r e c t  t ype"  

- 

CLU a l s o  provides  a c o n t r o l  s t r u c t u r e  c a l l e d  t h e  t agcase  s ta tement ,  

which may be used f o r  d i s s e c t i n g  unions when ca se  a n a l y s i s  is r equ i r ed ,  

The two examples may t h u s  be w r i t t e n  i n  CLU a s  

A t t r i b u t e  := Value Attribute(LookUpST(st,  I d ) )  - 

and 

t agcase  LookUpST(st, I d )  
% A t t r i b u t e ( a : a t t r l :  A t t r i b u t e  := a 
3 Absent: SyntaxError( 'Undec1ared i d e n t i f i e r ' ,  I d )  
end - 
The CLU oneof provides  a l l  t h e  c a p a b i l i t y  necessary  f o r  handling result 

of d i f f e r i n g  types ,  If t h e  d e f i n i t i o n  of t h e  CLU oneof d i d  no t  r e l y  on t h e  

s i g n a l  mechanism, it would be p o s s i b l e  t o  view CLU except ion  handling a s  an 

a l t e r n a t i v e  syntax  f o r  oneof results. 

Few would a rgue  a g a i n s t  some kind of union mechanism i n  a s t m n g l y  

typed language. P e r  Brinch Hansen is one who has done so ,  and t h e  Edison 

language does no t  i nc lude  unions i n  any form [40]. 

Edison is der ived  f r o m  (bu t  s imp le r  t han )  Pasca l .  Var ian t  r eco rds  

were e l imina ted  because t hey  were both complicated and in secu re ,  Nevertheless ,  



when unions a r e  r e a l l y  needed, a s  t hey  a r e  i n  t h e  Edison compiler  f o r  

de sc r ib ing  symbol t a b l e  e n t r i e s  [39], some way of s imu la t i ng  them must 

be found. Hansen used t h e  r e typ ing  mechanism of Edison and a  knowledge of 

t h e  s i z e  of t h e  r e p r e s e n t a t i o n s  of  d i f f e r e n t  t ypes  t o  s imu la t e  union. 

Such implementation dependencies seem t o  be a high p r i c e  t o  pay f o r t h e  

e l imina t ion  of a  t ype  gene ra to r ,  

I recornend t h a t  any s t r o n g l y  typed language should have a  b u i l t - i n  

t ype  g e n e r a t o r  l i k e  oneof.  Its type  mechanism should a l low new types  t o  

be c r ea t ed  e a s i l y .  Concise n o t a t i o n s  should a l s o  be a v a i l a b l e  f o r  

cons t ruc t ing  va lues  of  oneof t ypes  and f o r  p r o j e c t i n g  them i n t o  t h e i r  

component types .  I n  p a r t i c u l a r ,  t h e  language should not  i n s i s t  on c a s e  

a n a l y s i s  un l e s s  t h e r e  a r e  ca se s  t o  ana lyses  A s ta tement  l i k e  t h e  Algol 68 

conformity c l a u s e  o r  t h e  CLU t agcase  can sometimes be convenient,  but  it is 

never  e s s e n t i a l ,  and should not  be allowed t o  obscure t h e  s i m p l i c i t y  of oneof,  

The motivat ion f o r  t h e  Algol 68 conformity c l a u s e  seems t o  be t h e  

removal of  p a r t i a l  ope ra t i ons .  Whereas a p p l i c a t i o n s  of  t h e  p r o j e c t i o n  

o p e r a t o r s  of .- oneof can be undefined, t h e  conformity c l a u s e  is always t o t a l ,  

Nevertheless ,  Algol 68 does no t  s h r i n k  from using p a r t i a l  ope ra t i ons  i n  o t h e r  

p l aces :  d i v i s i o n ,  de re fe r enc ing  and a p p l i c a t i o n  of  a r r a y s  t o  s u b s c r i p t s  a r e  

a l l  p a r t i a l .  

6.2 Manipulating P~oeedu~es in Bog~aming Languages 

I n  c e r t a i n  of  t h e  examples considered i n  Chapter  4, procedure parameters  

were used i n  l i e u  of  except ion  handlers .  I n  t h e  i n c o n s i s t e n t  s t r i n g  

problem ( s e e  Sec t ion  4.2.21 it was a l s o  assumed t h a t  record  components 

could t a k e  on procedure va lues .  Are t h e s e  f a c i l i t i e s  one would expect  t o  

f i n d  i n  modern, s t r u c t u r e d  languages,  and a r e  t hey  more j u s t i f i e d  t han  

except ion handling? 
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Procedures a s  parameters  a r e  allowed i n  PL/I, BCPLJ Algol 6BJ RTL/2, 

Pasca l J  Ada and Edison, a s  w e l l  a s  i n  Fo r t r an  and Algol 60. However, t hey  

a r e  not  a v a i l a b l e  i n  Modula, Euc l idJ  3R and some Pasca l  d i a l e c t s ,  

such a s  UCSD P a s c a l  1941. C l e a r l y  t h e  des igne r s  of t h e s e  

languages had t h e i r  reasons  f o r  omi t t i ng  procedure parameters: it is 

i n s t r u c t i v e  t o  s p e c u l a t e  about  what t hey  might be. 

The first reason is probably t h a t  procedure parameters  can be awkward 

t o  implement. I n  languages wi th  Algol - l ike  scope r u l e s  it is p o s s i b l e  t o  

d e c l a r e  both v a r i a b l e s  and pmcedures  i n  an i n n e r  block. Within t h e  body of 

such a  pmcedure  such v a r i a b l e s  can be used. lioweverJ because t hey  a r e  

n e i t h e r  r e s i d e n t  i n  t h e  procedure ' s  own s tackf rame no r  may be a l l o c a t e d  

s t a t i c a l l y ,  t h e r e  is  some d i f f i c u l t y  i n  compiling code t o  access  them. So 

long a s  a l l  c a l l s  of  t h e  procedure a r e  e x p l i c i t ,  p rovid ing  a  p o i n t e r  t o  t h e  

a p p r o p r i a t e  s t a c k  frame is f a i r l y  easy: it becomes more d i f f i c u l t  i f  t h e  

procedure may be passed a s  a  parameter.  

These problems do not  a r i s e  i n  Fo r t r an  implementations which a l l o c a t e  

a l l  s t o r a g e  s t a t i c a l l y .  They have been faced  and surmounted by Algol 60 

implementors many y e a r s  ago, and t h e  s o l u t i o n s  a r e  well e s t a b l i s h e d m  BCPL 

[80] avoids  t h e  pmblem a l t o g e t h e r  by al lowing a  pmcedure  t o  acces s  on ly  

its l o c a l  v a r i a b l e s  ( inc lud ing ,  of courseJ  its parameters)  and t h o s e  f r e e  

v a r i a b l e s  of t h e  surrounding contex t  which have been dec la red  t o  be 

s t a t i c a l l y  a l l o c a t e d .  I n  p r a c t i c e  t h e s e  r e s t r i c t i o n s  cause few problems and 

permit  procedure c a l l s  t o  be implemented very  simply and e f f i c i e n t l y .  

Another reason, which pmbab ly  a p p l i e s  i n  t h e  ca se  of  Eucl id ,  is t h e  

f e a r  t h a t  pmcedure  parameters  complicate  t h e  semantics .  Ce r t a in ly  t h e  

formulae o f  a  semantic d e s c r i p t i o n  become l a r g e r ,  but  I do not  t h i n k  t h a t  



t hey  become much more profound. Consider  a  procedure which perForms numerical 

i n t e g r a t i o n  of  a  func t ion :  t h e  func t ion  and t h e  l i m i t s  o f  t h e  i n t e g r a t i o n  

must be parameters  o f  t h e  i n t e g r a t i o n  procedure because it is impossible  

t o  d e f i n e  i n t e g r a t i o n  without  r e f e r r i n g  t o  them. Th i s  is true whether one 

i n t e r p r e t s  t h e  word "define1'  wi th  mathematical r i g o u r  o r  a s  a vague mental  

image: it is t h e  concept of i n t e g r a t i o n  which is parameter ized,  not  any 

p a r t i c u l a r  r e a l i z a t i o n  of  it. It should come a s  no s u r p r i s e ,  t h e r e f o r e ,  t o  

d i s c o v e r  t h a t  t h e  semantics  of t h e  procedure is parameter ized by t h e  

semantics  of t h e  func t ion  on which it ope ra t e s .  

When p r e d i c a t e s  a r e  used a s  a  means of fo rma l i z ing  semantics,  t h e  

pre-  and pos tcondi t ion  of  t h e  c a l l i n g  r o u t i n e  w i l l  depend on t h e  pre-  and 

pos tcondi t ion  of  t h e  paramet r ic  r o u t i n e .  This  is e x a c t l y  what happened i n  

my formula t ion  of  Levin ' s  symbol t a b l e  example ( s e e  Sec t ion  4.2.11, The 

i n s e r t  ope ra t i on  t ook  a  procedure parameter  which was invoked only  when t h e  

t a b l e  was f u l l ;  i ts semantics  had t h e  form 

{ no t  t a b l e f u l l  o r  r e  p m c  1 - 
I n s z t b ,  i d ,  a t t r ,  p m c )  

{ ( t a b l e f u l l  and p o s t  pmc1 
o r  ( n o t  t a b m u l l  a n d < i d , a t t r >  E st1 3 . - -  - 

The t e c h n i c a l i t i e s  of spec i fy ing  t h e  semantics  of  procedure parameters  a r e  

r a t h e r  f a r  fmm t h e  s u b j e c t  of  except ion  handling. Readers i n t e r e s t e d  i n  

p a r t i c u l a r  formalisms a r e  r e f e r r e d  t o  1841 o r [  861. It should be noted, 

however, t h a t  except ion handl ing mechanisms which permit  handlers  t o  resume 

t h e  m u t i n e  which genera ted  t h e  except ion a l s o  provide a  way of  parameter iz ing  

t h e  semantics  of r o u t i n e s .  (The mechanisms of Levin and Mesa have t h i s  

pmper ty .1  If one o b j e c t s  t o  procedure parameters  on semantic  grounds, one 

must a l s o  o b j e c t  t o  resumption except ion handling. I n  t h e  examples I have 



used t h e  former on ly  t o  provide t h e  l a t t e r .  

The t h i r d  ob j ec t i on  t o  procedure parameters  i s  t h a t  a s  provided i n  

Algol 60, PL/I and Pascal ;  t hey  make type  checking d i f f i c u l t .  The forms 

of  parameter  s p e c i f i c a t i o n  included i n  t hose  languages do not  permit  t h e  

p r o g r a m e r  t o  s p e c i f y  t h e  t ypes  of t h e  parameters  o f  a  paramet r ic  procedure.  

Type checking a  c a l l  of such a  paramet r ic  procedure t h u s  involves  

examining every c a l l  o f  its paren t  procedure.  The s imple way of  r e so lv ing  

t h i s  ob j ec t i on  is  t o  r e q u i r e  f u l l  s p e c i f i c a t i o n ,  a s  do Algol 68 and Edison. 

The f i n a l  reason f o r  not  wishing t o  permit procedure parameters  is 

t h a t  t hey  a r e  unnecessary. I have argued s t r o n g l y  t h a t  unnecessary f e a t u r e s  

should no t  be included i n  p rog raming  languages. Let us  s ee ,  then,  what 

happens i f  procedure parameters  a r e  removed from a language. 

Suppose procedure ' A '  has a  procedure parameter  'P', and t h a t  ' A '  is 

c a l l e d  from ' n '  d i f f e r e n t  p l a c e s  i n  t h e  program, wi th  a c t u a l  procedure 

parameters  ' P I ' ,  'PZ1, ..., 'Pn' i n  p l ace  of  ' P ' .  Th i s  program can be 

transformed by p l ac ing  t h e  d e c l a r a t i o n s  of ' P I ' ,  ..., 'Pn' inside ' A 1 ,  and 

r ep l ac ing  t h e  procedure parameter  'P '  wi th  a  parameter  of an enumeration 

t y p e  ( o r  an i n t e g e r )  which t a k e s  a  d i f f e r e n t  va lue  a t  each c a l l .  I n s i d e  

' A '  t h e  app rop r i a t e  ' P i '  is s e l e c t e d  by t e s t i n g  t h e  enumeration value.  It 

should be c l e a r  t h a t  t h e  semantics  of t h e  pmgram a r e  unchanged by t h i s  

t ransformat ion .  

However, what has been d r a s t i c a l l y  changed is t h e  modular s t r u c t u r e  

of  t h e  program: it has been t o t a l l y  des t royed .  Th i s  should be obvious 

when ' A '  is  c a l l e d  ' I n t e g r a t e '  and is a v a i l a b l e  i n  a  numerical a n a l y s i s  

l i b r a r y .  My t ransformat ion  imp l i e s  t h a t  every f u n c t i o n  it could pos s ib ly  be 

c a l l e d  upon t o  i n t e g r a t e  must be dec la red  i n s i d e  it, s o  t h a t  t h e  u s e r  can 

s e l e c t  t h e  func t ion  he r e q u i r e s  by supplying t h e  a p p r o p r i a t e  enumeration 



value a s  a  parameter! Even i n  the  case where the  ca l l i ng  and parameteric 

rout ine  a r e  wri t ten  by the  same programer  and compiled a t  t he  same time, the  

m d u l a r i t y  and modif iabi l i ty  of the  program a r e  g rea t ly  enhanced by using a  

procedure parameter r a t h e r  than an enumeration value. Since these  a r e  

amongst the  most des i rable  proper t ies  of a  program, it seems c l e a r  t h a t  

procedure parameters a r e  indispensable. 

A note about Ada is i n  order here. Ada procedures may have pmcedure 

parameters, but they m u s t  be declared a s  "generic". Syntact ica l ly ,  the  

e f f e c t  of t h i s  is t o  require  t h a t  t he  ac tua l  procedure parameter is supplied 

i n  a  ''generic ins tan t i a t ion" ,  which c rea tes  and names a  p a r t i a l l y  

parameterised procedure. T h i s  "instance" is then ca l l ed  i n  t h e  normal way, 

when ordinary constant and var iable  parameters a r e  supplied. Semantically, 

Ada generic procedure parameters appear t o  be usable i n  the  same ways a s  

procedure parameters i n  Algol 60: the  syn tac t i c  alum seems not t o  a f f e c t  

t he  expressive power of the  language. 

Procedure var iables  a r e  more d i f f i c u l t  t o  defend than prucedure 

parameters. A l l  the  above objections t o  procedure parameters apply a l so  t o  

procedure var iables ,  but w i t h  i n c r ea sd fo rce .  

The implementation problems of procedure parameters become r e a l  

semantic problems when t rans la ted  i n to  the  domain of procedure var iables .  

A procedure declarat ion which accesses non-global f r e e  var iables  can be 

in terpre ted i n  two d i f f e r en t  ways. The f r e e  var iables  can be evaluated a t  

declara t ion time, and "frozen" i n to  the  procedure once and f o r  a l l .  The 

more usual in te rpre ta t ion  is t h a t  the  f r e e  var iables  a r e  evaluated every 
8 

time t he  procedure is cal led .  I n  t h i s  case the  scope of the  procedure 

( i . e .  the  area of t he  program i n  which it is meaningful] is the  same a s  t h a t  

of t h e  f r e e  variables.  

" 



The problem w i t h  procedures  whose scope is r e s t r i c t e d  i n  t h i s  way is 

t h a t  if assignment of procedure va lues  is permi t ted ,  a procedure wi th  a 

given scope may be ass igned  t o  a v a r i a b l e  wi th  a l a r g e r  scope. (The same 

problem a r i s e s  i f  a language permi ts  r e f e r e n c e s  t o  namescoped v a r i a b l e s . )  

Algol 68 avoids  t h e s e  dangl ing  reference problerns by p r o h i b i t i n g  t h e  

a s s i g n a t i o n  of  any va lue  t o  a v a r i a b l e  whose scope is  l a r g e r ;  un fo r tuna t e ly  

t h i s  r e s t r i c t i o n  is very  d i f f i c u l t  t o  en fo rce  a t  compile t ime. My first 

s o l u t i o n  t o  Levin 's  i n c o n s i s t e n t  s t r i n g  problem ( s e e  Sec t ion  4.2.2) breaks 

t h i s  r u l e ,  and would t h u s  not  be l e g a l  i n  Algol 68. The r e s t r i c t i o n  can be 

circumvented i n  t h e  same way a s  i n  t h e  example of Sec t ion  2.5. F i r s t J  a 

l o c a l  s t r i n g  v a r i a b l e  is dec la red  and i n i t i a l i s e d  t o  t h e  va lue  of t h e  

app rop r i a t e  element of 'dnames'. Then t h e  bad s t r i n g  r o u t i n e  of  t h e  l o c a l  

s t r i n g  is  set t o  'UseDuplicate '  and t h e  l o c a l  s t r i n g  is compared wi th  t h e  

parameter  of  'LookUp'. The code t h a t  r e s u l t s  (F igure  6"31 is i n  one r e s p e c t  

s imp le r  than t h e  o r i g i n a l  (F igure  4.13) because t h e r e  is no need t o  save  and 

r e s t o r e  t h e  o l d  bad s t r i n g  procedure.  

Another major  d i f f i c u l t y  wi th  procedure v a r i a b l e s  is t h a t  it can be 

very  d i f f i c u l t  t o  determine what w i l l  happen when they  a r e  invoked. Like 

r e f e r ences J  procedure va lues  a r e  unp r in t ab l e :  un l ike  r e f e r e n c e s  t h e r e  is no t  

even a p r i n t a b l e  va lue  a t  t h e  end of t h e  cha in .  Th i s  problem is e s p e c i a l l y  

a c u t e  when t h e  v a r i a b l e  ( o r  t h e  s t r u c t u r e  of  which it is p a r t )  i s  

accessed and assigned i n  many d i f f e r e n t  p l aces .  O f  course,  t h i s  ob j ec t i on  

a p p l i e s  equa l ly  t o  Levin ' s  except ion handl ing mechanism: t h e  handler  f o r  

a given except ion m y  have been set and r e s e t  i n  va r ious  d i f f e r e n t  p l aces .  

One way of avoid ing  t h i s  problem is t o  a l low procedure c o n s t a n t s  but no t  

procedure v a r i a b l e s .  When a s t r u c t u r e d  va lue  with procedure valued components 



is first created those con-ponents are initialized: they may not 

subsequently be changed. 

proc Lookup(t : symbol table^ s : string) returns 
r : oneof(Va1ue: Notfound : sin~letonl 

Ld 

is for i:u~to(l. last1 
7 

p m c  FixTableO is 
names [i] : = nzes [t. last] 
dnames[i] := dnames[t.last] 
values[i] :=  values[t,last] 
last := last - I 
t . LostEntry( 1 

end of FixTable -- 
proc UseDuplicate( I returns s: string is - 

s := t.dnames[i] 
SetResetRt (s, FixTable) 

end of UseDuplicate -- 
var Localstring : string := t.names[i] - 
SetBadStringRt(LocalString, UseDuplicatel 

if = (Localstring, sl 
7 

then r := From Value (t.values[i]l - - 
return 

fi - 
od - 
r : = From Notfound( 1 

end of ~ o o k u ~ -  -- 

Figure 6.3: Lookup using inconsistent string module with notification 

procedures and Algol 68 scope rules, 

The envelope data structure of PascalPlus [I31 permits the declaration 

of constant fields. It is based on the Simula class concept, as are many 

similar structures in other languages. A 'string' might be defined as 

in Figure 6.4, 



envelope string (procedure BadStr; procedure Reset ) 
; type *strchars = array [l..n] of char - - 

; var chars : strchars - 
: 1ength:integer 

procedure *SetStr(var s:string; c:strchars: 1:integer) - 
; var j :integer - 
begin s.length :=  1 
; - for j := 1 to 1 do s.chars[j] := c[j] - - 
end - .  - 

; 
function *EqualStr( var s1:string - 

; var s2:string ):boolean - 
: function IsOKCvar s:stringl:boolean 

; varc:strchars - 
; i:integers 

begin if s.length<O then - 
begin s . ~ad~tr[c, i 1 
; SetStrCs, c, il 

if s.length<O then - - 
begin s .Reset 
; SetStrCs, c 
; IsOK := false 
end - 
else IsOK := true 

- 
else IsOK := true - 

end 

; var i: integer - 
; AreEqua1:boolean 

begin 
if IsOKCsI) and IsOKCs2) then - - - 

if s1.length = s2.length then - - 
begin - 

1 := 0 
AreEqual := true 
while i < s1 .length and AreEqual do - 7 

begin 
AreEqual : = s1. chars [i] = s2.chars[i] 

; i:=i+l 
end - 
Equal :=  AreEqual 

end - 
else Eoual := false - 

else Equal := false - 
end - 

3 
begin length := 0; ***  end - 

Figure 6.4: A string envelope in PascalPlus 



This  s t r i n g  envelope is adequate  f o r  t h e  s o l u t i o n  of  t h e  i n c o n s i s t e n t  

s t r i n g s  problem. The 'BadStr '  and 'Rese t '  procedures  can be i n i t i a l i z e d  

when t h e  s t r i n g s  a r e  first placed i n  t h e  symbol t a b l e ,  and do not  

subsequent ly  need t o  be changed. O f  course,  t h e  t ransformat ion  which 

produced a  ' s t r i n g '  wi th  on ly  one procedure f i e l d  ( s e e  F igure  4.141 r e l i e s  

on being a b l e  t o  a s s ign  procedure values ,  and could not  be app l i ed  i n  

Pasca lP lus .  Nevertheless ,  one should r e c a l l  t h a t  t h e  s imp le s t  s o l u t i o n  t o  

t h e  i n c o n s i s t e n t  s t r i n g  problem is f o r  t h e  s t r i n g  module t o  con ta in  t h e  l ist 

of d u p l i c a t e  names; no procedure parameters,  v a r i a b l e s  o r  except ion handling 

mechanisms a r e  then needed. 

I am c l e a r l y  i n  danger  of  becoming t o o  involved wi th  t h e  p ros  and cons 

of  procedure v a r i a b l e s ,  My experience i n  BCPL and Algol 68 makes me 

r e a l i z e  t h a t  t hey  can be d i f f i c u l t  t o  use and t o  debug, but  a l s o  makes me 

a p p r e c i a t e  t h a t  t hey  can provide a  simple,  e f f i c i e n t  and f l e x i b l e  s o l u t i o n  

t o  c e r t a i n  p rog raming  problems. I do not  wish t o  t a k e  s i d e s  on t h e  

ques t i on  of whether procedure v a r i a b l e s  should be included i n  programming 

languages.  I have shown t h a t  except ion handling mechanisms can be rep laced  

by procedure parameters  and procedure c o n s t a n t s  a lone,  but  t h a t  procedure 

v a r i a b l e s  can be very  u s e f u l .  The dec i s ion  on whether t o  i nc lude  them m u s t  

be taken  by t h e  language d e s i g n e r  i n  t h e  l i g h t  of t h e  aims and o b j e c t s  of  

t h e  language. Procedure valued f i e l d s  i n  s t r u c t u r e s  seem t o  be an i n t e g r a l  

p a r t  of languages such a s  CLU and Mesa which aim t o  suppor t  "ob j ec t  

o r i e n t e d  programing" .  By t h i s  is meant a  s t y l e  of p rog raming  i n  which o n e ' s  

primary concern is with b locks  of s t o r a g e  r ep re sen t ing  obieets, which have 

t h e  proper ty  t h a t  t h e i r  i d e n t i t i e s  remain f i x e d  whi le  t h e i r  f i e l d s  may be 

changed. Such languages r e l y  on r e f e r ences  a t  t h e  semantic  l e v e l  bu t  can be 



implemented very  e f f i c i e n t l y  on c e r t a i n  a r c h i t e c t u r e s .  On t h e  o t h e r  hand, 

procedure v a r i a b l e s  a r e  f o r e i g n  t o  languages which compute wi th  values. 

Indeed, t h i s  idea  i s  taken  t o  its l o g i c a l  conclusion i n  so-ca l led  

a p p l i c a t i v e  languages which d i s c a r d  t h e  no t ions  of v a r i a b l e  and assignment 

a l t o g e t h e r .  

6.3 Condusion 

I n  o r d e r  t o  program without  except ion handl ing I have used procedures  which 

r e t u r n  r e s u l t s  of d i f f e r e n t  types .  I have a l s o  used procedure parameters  when 

a  procedure needs some a s s i s t a n c e .  Both of  t h e s e  techniques  a r e  more than 

twenty yea r s  o ld .  oneof results a r e  a lmost  c e r t a i n l y  a s  o l d  a s  p rog raming  

i t se l f :  un fo r tuna t e ly  many r e c e n t  s t r o n g l y  typed languages have made them 

d i f f i c u l t  t o  use. The i d e a  of  procedure parameters  i n t e r f e r i n g  wi th  t h e  

a c t i o n  of a  procedure was descr ibed  by Rut i shauser  i n  1961 [ 8 2 ] ;  it has 

become more important  o v e r  t h e  y e a r s  a s  p r o g r a m e r s  have r e a l i z e d  t h e  

importance of modular i ty .  

I n  a  p rog raming  language designed f o r  manipulat ing "objec ts" ,  

p a r t i c u l a r l y  "shared ob j ec t s " ,  Levin ' s  except ion handl ing mechanism provides  

f a c i l i t i e s  which t h e  o t h e r s  do no t .  These same f a c i l i t i e s  can always be 

ob ta ined  by t h e  use of  procedure v a r i a b l e s ,  and o f t e n  by procedure cons t an t s .  

Whether "objec t  o r i e n t e d  p rog raming"  is a d e s i r a b l e  development is poss ib ly  

t h e  s u b j e c t  f o r  ano the r  t h e s i s .  Nevertheless ,  procedure v a r i a b l e s  a r e  

u s u a l l y  found i n  languages which suppor t  t h i s  s t y l e  of  p rog raming .  Indeed, 

t h e  implementation of Levin ' s  mechanism r e l i e s  on being a b l e  t o  manipulate  

lists and s e t s  of  except ion  handlers ,  and t h u s  t h e  implementation language 

a t  l e a s t  must suppor t  manipulat ion of procedures.  



Chapter  7 

CATASTROPHE HANDLING 

One o f  t h e  c e n t r a l  themes of  t h i s  t h e s i s  has been t h a t  "except ion" is not  

a wel l -def ined concept, and t h a t  it is  t h e r e f o r e  not  app rop r i a t e  t o  

i nco rpo ra t e  except ion handl ing i n t o  a programming language. I n  c o n t r a s t ,  

t h e  term "ca tas t rophe"  can be r i go rous ly  def ined ,  and t h e  i nc reas ing  

emphasis on r e l i a b i l i t y  has made it important  t o  do so.  

This  c h a p t e r  i n v e s t i g a t e s  t h e  d i f f e r e n c e  between ca t a s t rophes  and 

except ions ,  and examines some examples of " ca t a s t rophe  handling".  Thus 

prepared,  it becomes c l e a r  t h a t  t h e  s o r t  of except ion  handl ing mechanism 

d iscussed  i n  Chapters  2 and 3 does no t  address  t h e  problem of  su rv iv ing  

ca t a s t rophes .  I n s t ead  it w i l l  be seen t h a t  t h e  manner i n  which ca t a s t rophes  

a r e  de t ec t ed  and handled and t h e  degree of  recovery t h a t  is p o s s i b l e  a r e  

important  design a t t r i b u t e s  of  a system. In  a da tabase ,  f o r  example, t h e  

p rov i s ion  made f o r  recovery a f t e r  f a i l u r e  can in f luence  t h e  structure of  t h e  

ent ire  system [31] .  * 

Having provided a mechanism f o r  su rv iv ing  ca t a s t rophes ,  it is of course  

p o s s i b l e  t o  Cmisluse it f o r  o t h e r  purposes.  The c h a p t e r  concludes wi th  a 

d i s cus s ion  of t h e  a d v i s a b i l i t y  of  t h i s  p r a c t i c e .  

7.1 Catastrophes, Exceptions, Errors and Faults 

A catastrophe occurs  when t h e  behaviour  of  a component d e v i a t e s  from i ts  

s p e c i f i c a t i o n .  Th i s  use of  t h e  term ca t a s t rophe  co inc ides  wi th  t h e  meaning 

of  failure i n  t h e  l i t e r a t u r e  on r e l i a b i l i t y  [57] [71] [78] .  However, w r i t e r s  

on except ion handling o f t e n  use f a i l w e  i n  a more gene ra l  sense,  and s o  it 

seems worthwhile t o  i n t roduce  a new term. 

- - -  
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The connexion with r e l i a b i l i t y ,  should be obvious: t h e  r e l i a b i l i t y  of  

a  system is a measure of  i ts conformance t o  its s p e c i f i c a t i o n .  An 

a b s o l u t e l y  r e l i a b l e  system is  one which never  f a i l s ,  i.e. i n  a l l  

c i rcumstances behaves a s  its s p e c i f i c a t i o n  r equ i r e s .  Randel l  [ 7 8 ]  emphasises 

t h a t  without  an a u t h o r i t a t i v e  s p e c i f i c a t i o n  it is meaningless t o  t a l k  about 

r e l i a b i l i t y .  

It should be c l e a r  t h a t  c a t a s t r o p h e s  a r e ,  o f  t h e i r  very na tu re ,  

unexpected. If a  program invokes a  r o u t i n e  which is s p e c i f i e d  a s  s o r t i n g  

an a r r a y ,  but f i n d s  t h a t  on completion t h e  con ten t s  of t h e  a r r a y  is not  a  

permutation of  i t s  o r i g i n a l  conten ts ,  t hen  a  ca t a s t rophe  has occurred.  

That which was s p e c i f i e d  a s  impossible  has taken p lace :  t h i s  must be an 

unexpected event .  

I n  c o n t r a s t ,  except ions  must r ep re sen t  a n t i c i p a t e d  and wel l -def ined 

events .  Exceptions a r e  on ly  genera ted  i n  t h e  expec ta t ion  t h a t  t hey  w i l l  

e v e n t u a l l y  be handled. For  t h i s  t o  be pos s ib l e ,  a  r o u t i n e  which can 

gene ra t e  an except ion must d e c l a r e  t h i s  f a c t  a s  p a r t  of  its s p e c i f i c a t i o n .  

F u l l  d e t a i l s  of  a l l  of  t h e  consequences of t h e  except ion must be provided if  

it is t o  be handled e f f e c t i v e l y .  

The terms error and fault a r e  used s u b j e c t i v e l y  i n  t h e  r e l i a b i l i t y  

l i t e r a t u r e .  I n  [ 7 8 ]  a s t a t e  is s a i d  t o  be erroneous 

when t h e r e  e x i s t  c i rcumstances (wi th in  t h e  s p e c i f i c a t i o n  of t h e  use 
of  t h e  system) i n  which f u r t h e r  processing,  by t h e  normal a lgor i thms  
of  t h e  system, w i l l  l e ad  t o  a  f a i l u r e  which we do not  a t t r i b u t e  t o  a  
subsequent f a u l t .  The s u b j e c t i v e  judgement . . . d e r i v e s  f r o m  t h e  use  
of  t h e  phrases  "normal a lgor i thms"  and "which we do not a t t r i b u t e "  i n  
t h i s  d e f i n i t i o n .  

The term error t h u s  d e s i g n a t e s  a  datum: t h a t  p a r t  of t h e  s t a t e  which is 



i n c o r r e c t .  A f a u l t i s a n  event :  t h e  mechanical o r  a lgo r i t hmic  cause  of  an 

e r r o r .  

A s  an example of  t h e  use of t h e s e  terms, c o n s i d e r  a  f i l i n g  system. A 

f i l e  a s  an a b s t r a c t i o n  is a  sequence of cha rac t e r s ,  but  i t s  r e p r e s e n t a t i o n  

may be a  l i nked  list of  d i s k  pages. Suppose t h a t  because of  a  mechanical 

f a u l t  i n  t h e  d i s k  heads o r  because of  an a lgo r i t hmic  f a u l t  i n  t h e  f i l e  stream, 

one of  t h e  l i n k  f i e l d s  is w r i t t e n  i n c o r r e c t l y .  An error is  t h u s  

introduced.  This  error w i l l  be l a t e n t  u n t i l  an at tempt  is made t o  read  t h e  

a f f e c t e d  f i l e .  If t h e  r e p r e s e n t a t i o n  of  f i l e s  is redundant,  e.g.  t h e  pages 

a r e  doubly l inked ,  t hen  t h e  e r r o r  may be de t ec t ed  by t h e  system. If it is 

not ,  read ing  t h e  f i l e  w i l l  produce g ibbe r i sh .  I n  e i t h e r  case,  t h e  system 

has f a i l e d  t o  meet a  s p e c i f i c a t i o n  which r e q u i r e s  t h a t  r ead ing  a  f i l e  w i l l  

g ene ra t e  t h e  same sequence of  c h a r a c t e r s  a s  was o r i g i n a l l y  w r i t t e n .  

The fault  i n  t h e  f i l i n g  system can be r e p a i r e d  by r ep l ac ing  t h e  d i s k  

head o r  t h e  s t ream program. Repair ing t h e  error involves  changing t h e  

r e p r e s e n t a t i o n  of  t h e  f i l e  from its c u r r e n t  erroneous s t a t e  t o  one which 

w i l l  permit  t h e  c o r r e c t  ope ra t i on  of  t h e  system. 

7.2 Fault-to lerant Computing 

A computer system can be viewed a s  a  s e r i e s  of compartments nes ted  

one w i th in  t h e  next .  Each compartment can be considered a s  a "block box" 

which processes  information according t o  some s p e c i f i c a t i o n .  In  a  

f a u l t - t o l e r a n t  system, each box does no t  assume t h a t  i n n e r  boxes w i l l  

conform t o  t h a t  s p e c i f i c a t i o n .  In s t ead  t h e  performance of  subcomponents is 

monitored i n  an a t tempt  t o  d e t e c t  e r r o r s ,  and t h e  compartments a r e  made "water  

t i g h t "  s o  t h a t  t h e  e f f ec t ' s  of a  ca t a s t rophe  a r e  contained.  

The need t o  d e t e c t  errors imp l i e s  t h a t  t h e r e  must be some redundancy i n  



d a t a  r e p r e s e n t a t i o n s  and t h a t  some redundant computation is performed. The 

e r r o r  d e t e c t i o n  c a p a b i l i t y  can be improved by inc reas ing  t h e  redundancy, 

but one m u s t  be aware t h a t  t h i s  a l s o  i n c r e a s e s  t h e  c o s t .  I n  c e r t a i n  

a p p l i c a t i o n s  where r e l i a b i l i t y  is paramount, t h e  whole computer system 

has been dupl ica ted3  such systems o f f e r  an extreme example of  t h e  u se  of  

redundancy. Once an e r r o r  i s  discovered,  recovery  may be at tempted i n  

e i t h e r  o-F two ways. Backward e r r o r  recovery i nvo lves  "backing up" t h e  

s t a t e  of  t h e  system t o  a prev ious  s t a t e  (which one hopes is e r r o r - f r e e ) ,  

and then  a t t empt ing  t o  cont inue  f u r t h e r  process ing .  Forward error recovery 

a t t empt s  t o  make f u r t h e r  use o f  t h e  e r roneous  s t a t e .  Both t echn iques  

r e l y  on " w a t e r t i g h t  bulkheads" o r  " f i r e w a l l s "  t o  con ta in  t h e  e r r o r  and 

i ts  consequences. 

7.2.1 Bae'kuard Error Recovery 

I n  some sense,  of course,  a l l  recovery m u s t  be forward, because t ime r u n s  

cont inuous ly  i n  one d i r e c t i o n .  Nevertheless ,  because we reason about  complex 

systems a t  one l e v e l  of a b s t r a c t i o n  a t  a t i m e ,  backward recovery can e x i s t  

a t  a given l e v e l  of a b s t r a c t i o n .  Forward p rog re s s  a t  an underlying l e v e l  can 

s imu la t e  t h e  r e g r e s s  of a h ighe r  l e v e l ,  provided t h a t  t h e  s t a t e  of t h e  h igher  

l e v e l  has  p rev ious ly  been recorded and p rov i s ion  has been made f o r  i ts  

r e in s t a t emen t .  Various techniques  have been developed t o  do t h i s :  an 

ex t ens ive  d i s cus s ion  and f u r t h e r  r e f e r e n c e s  w i l l  be found i n  [ 7 8 ] .  

An e a r l y  example of backward recovery is provided by t h e  Algol 60 

system o f  t h e  E l l i o t  803 computer, i n  which t h e  compiler  remained i n  c o r e  

whi le  t h e  user's program was execut ing.  I d e a l l y  t h e  Algol system would have 

s e a l e d  t h e  user program i n t o  a w a t e r t i g h t  compartment s o  t h a t  t h e  system 

sould be p ro t ec t ed  from even the most wayward programs. However, t h e  

hardware c h a r a c t e r i s t i c s  of  t h e  machine were such t h a t  t h i s  was no t  p o s s i b l e  

a t  a r ea sonab le  c o s t .  I n s t ead ,  t h e  containment was simulated: when t h e  

program te rmina ted  t h e  compi le r  sumchecked i t s  own code i n  an a t tempt  t o  

d e t e c t  i n t e r f e r e n c e .  If an error was found t h e  compiler  would t r y  t o  re- load 



i tself  from magnetic t ape ,  t h u s  e f f e c t i n g  recovery by r e s t o r i n g  t h e  system 

t o  t h e  s t a t e  which e x i s t e d  before  t h e  of fending  u s e r  program was submit ted,  

This  example i l l u s t r a t e s  two e s s e n t i a l  po in t s .  On d e t e c t i n g  a  

ca t a s t rophe  t h e  system f a l l s  back t o  an environment which expec ts  much l e s s  

of its subcomponents: t h e  i l l e g a l  behaviour  is now considered a  mere f a u l t .  

Fo r  t h i s  t o  be poss ib le ,  a l l  t h e  e f f e c t s  of t h e  f a i l i n g  component which a r e  

s i g n i f i c a n t  t o  its c a l l e r  must be undoable. 

Most ope ra t i ng  systems make some p rov i s ion  f o r  su rv iv ing  an e r r a n t  u s e r  

program. I n  a  s imple system designed t o  run s t u d e n t  programs on a  

micro-computer, t h e  phys i ca l  con f ines  of  t h e  p roces so r  may provide s u f f i c i e n t  

containment boundaries  and t h e  ' re-boot '  swi tch  an adequate  recovery 

mechanism.  The experimental  ope ra t i ng  system developed a t  t h e  Programning 

Research Group i n  Oxford provides  a  somewhat more comprehensive mechanism, 

but  one which can be implemented economically without  s p e c i a l  hardware and 

is a v a i l a b l e  r e c u r s i v e l y  t o  u s e r  programs themselves.  

The recovery block scheme invented a s  p a r t  of  t h e  r e l i a b i l i t y  p r o j e c t  

a t  t h e  Un ive r s i t y  of Newcastle upon Tyne is a more e l a b o r a t e  mechanism. It 

provides  ex t ens ive  f a c i l i t i e s  f o r  recovery a f t e r  f a i l u r e  but  a t  a  

s u b s t a n t i a l l y  g r e a t e r  c o s t .  These two examples of ca t a s t rophe  handl ing w i l l  

be presen ted  i n  more d e t a i l .  

7.2.2 Running Programs under an Operating System 

One of  t h e  f u n c t i o n s  of  an ope ra t i ng  system is t o  provide t h e  means of  

load ing  a  program and i n i t i a t i n g  its execut ion .  It is a l s o  u sua l ly  

expected t h a t  t h e  system be a b l e  t o  r e s t o r e  i t s e l f  t o  some wel l -def ined 

s t a t e  a f t e r  t h e  program has completed. Because t h e  s p e c i f i c a t i o n  o f  t h e  

program is no t  known t o  t h e  system, t h e  recovery mechanism must work 

independent ly  of whether o r  not  a  ca t a s t rophe  occurred.  



Recovery can be made t o  mean r e s t o r a t i o n  of t h e  system's  s t a t e  t o  

e x a c t l y  t h a t  which e x i s t e d  before  t h e  program was e v e r  submit ted.  But 

t h i s  d e f i n i t i o n  is inconvenien t ly  s t rong ,  because it means t h a t  no program 

can every change t h e  f i l i n g  system o r  t h e  s t a t e  of  t h e  main s t o r e .  Some 

weaker d e f i n i t i o n  is u s u a l l y  adopted, wi th  t h e  r e s u l t  t h a t  some programs 

occas iona l ly  produce unpleasant  effects, such a s  d e l e t i n g  an important  f i l e ,  

Other  ad 'hoe recovery processes ,  u s u a l l y  r e q u i r i n g  human i n t e r v e n t i o n ,  may 

then  be a v a i l a b l e ,  such a s  r e s t o r i n g  t h e  f i l e  from a  back-up t ape .  

A s  S toy  and S t rachey  observed i n  1972 [91] ,  the whole concept  of 

"program" is only  necessary  because of  t h e  p o s s i b i l i t y  of  f a i l u r e .  They 

considered a  program a s  t h a t  p a r t  of t h e  n e s t  of  r o u t i n e  a c t i v a t i o n s  which 

should be abandoned if  a  ca t a s t rophe  is de t ec t ed .  This  d e f i n i t i o n  was 

developed wi th in  t h e  framework o f  t h e  P rog raming  Research Group's 

experimental  ope ra t i ng  system OSPRG.* Nevertheless ,  it seems t o  cap tu re  t h e  

e s s e n t i a l  meaning of  "program": such m a t t e r s  a s  whether a l l  of t h e  program 

was loaded a t  one t ime a r e  i r r e l e v a n t .  Because t h e s e  concepts  a r e  c l e a r l y  

s epa ra t ed  i n  OSPRG it provides  a  conc re t e  framework wi th in  which t h e  

pragmatic bus iness  of  su rv iv ing  ca t a s t rophes  can be d i scussed .  

Despi te  i t s  experimental  na tu re ,  OSPRG is a  " r e a l "  ope ra t i ng  system. 

Its va r ious  i n c a r n a t i o n s  have been i n  use i n  Oxford f o r  twelve yea r s  on 

va r ious  hardware: t h e  system has a l s o  been por ted  t o  o t h e r  si tes and o t h e r  

machines [89 ] .  The complete t e x t  of a  1972 ve r s ion  is a v a i l a b l e  a s  [92]. 

- -  - -- 

* The system has evolved from 031 i n  1969 t o  OSExp16B a t  t h e  t ime of w r i t i n g :  
OSPRG is a  convenient name f o r  a  hypo the t i ca l  system which adopts  t h e  
underlying philosophy. 



OSPRG t a k e s  t h e  form of  a  n e s t  of  load and go loops.  Somewhere n e a r  

t h e  t ope  of  t h e  h i e r a r chy  is a v i r t u a l  machine monitor,  but  because t h i s  

monitor  i t s e l f  provides  f a c i l i t i e s  f o r  t h e  loading and obeying of  

programs, it cannot be s a i d  t o  be a t  t h e  top .  I n  f a c t ,  i n  OSPRG any 

program may load o r  obey any o the r .  

The system provides  a  p r i m i t i v e  r o u t i n e  'Run' which t a k e s  a  

parameter less  r o u t i n e  a s  parameter:  'Run[pll  i s  s i m i l a r  i n  effect t o  t h e  

s imple c a l l  ' p [ ] '  except  t h a t  c e r t a i n  p a r t s  of  t h e  s t a t e  a r e  recorded before  

p '  i s  appl ied ,  and r e s t o r e d  a f t e r  it te rmina tes .  The p a r t i c u l a r  va lues  

saved and r e s t o r e d  a r e  t h e  s t a t e  of t h e  free s t o r e  systems f o r  code and 

d a t a ,  t h e  s tandard  i npu t  and ou tpu t  s t reams,  and va r ious  va lues  connected 

wi th  t h e  product ion of d i a g n o s t i c s  when a  ca t a s t rophe  is de tec ted .  Th i s  

choice  prevents  ' p '  f r o m  r e t u r n i n g  a s  a  r e s u l t  a  s t r u c t u r e  i n  main s t o r e ,  

because t h e  restora-t 'ion of  t h e  o ld  free s t o r e  s t a t e  w i l l  e r a s e  it. Stoy and 

S t rachey  observe [91] : 

Thi s  i s  something of a  disadvantage.  It is p o s s i b l e  t o  regard t h e  
p roces so r  and co re  s t o r e  a s  an eva lua t ing  mechanism which always 
l eaves  i t s  r e s u l t s  a s  f i l e s  i n  t h e  backing s t o r e .  But i n  p r a c t i c e  
one wishes t o  leave  r e s u l t s  i n  core ,  and t h e  d e s i r e  t o  do t h i s  is 
counterbalanced by t h e  d e s i r e  t h a t  t h e  system should no t  a l low any 
permanent changes t o  t h e  co re  i n  c a s e  t hey  t u r n  o u t  t o  be mistakes.  

I n  p r a c t i c e  t h i s  d i f f i c u l t y  can u s u a l l y  be overcome because 'Run' does no t  

undo a l l  t h e  changes t o  t h e  s t o r e .  Global v a r i a b l e s  which a r e  caused t o  

, refer t o  r o u t i n e s  o r  c o n s t a n t s  by t h e  l o a d e r  a r e r e s e t  when t h e  code is 

unloaded, a s  w i l l  happen a t  t h e  end of  t h e  'Run'. However, g l o b a l s  which 

a r e  set by e x p l i c i t  assignment a r e  not reset a t  t h e  end of  t h e  'Run': t h i s  

is p a r t l y  ' f o r  reasons  o f  economy, and p a r t l y  because it is u s e f u l  t o  be 



a b l e  t o  r e t u r n  r e s u l t s  from programs. 

It  should be emphasised t h a t  'Run '  is  not  r e s t r i c t e d  t o  " supe rv i so r  

rmdel', indeed t h e r e  is no such concept i n  OSPRG. 'Run' is a l s o  f u l l y  

r e c u r s i v e :  any procedure may 'Run' any procedure,  t o  any depth, s u b j e c t  

on ly  t o  the f i n i t e  s i z e  of  t h e  machine. A u s e r  program irrplementing a 

comand i n t e r p r e t e r  may 'Run' t h e  programs ind i ca t ed  by its inpu t :  t h i s  i n  

no way a f f e c t s  t h e  degree of  p r o t e c t i o n  provided t o  t h e  underlying system 

which i n  t u r n  'Run's t h e  comand i n t e r p r e t e r ,  

The execut ion of a  program may t e rmina t e  f o r  one of t h r e e  reasons :  it 

may i t s e l f  determine t h a t  it has corrpleted its t a s k ,  it may dec ide  t h a t  it 

has f a i l e d  c a t a s t r o p h i c a l l y ,  o r  it may be f o r c i b l y  i n t e r r u p t e d .  The a c t i o n  

of 'Run' is t h e  same i n  a l l  c a se s :  t h e  mere f a c t  t h a t  a  program completes 

normally is no guaran tee  t h a t  it has complied wi th  its s p e c i f i c a t i o n .  

Normal t e rmina t ion  is u s u a l l y  achieved simply by r e t u r n i n g  from t h e  

r o u t i n e  which was 'Run'. Th i s  imp l i e s  t h a t  t h e  writer of r o u t i n e  need 

no t  know whether it w i l l  e v e n t u a l l y  be 'Run' o r  simply c a l l e d .  It  is a  

p r i n c i p l e  of OSPRG t h a t ,  a s  f a r  a s  t h e  w r i t i n g  is concerned, a  program and a  

r o u t i n e  a r e  i d e n t i c a l  [ g l ] .  

If t h e  program d e t e c t s  t h a t  it has c a t a s t r o p h i c a l l y  f a i l e d ,  t h e  

c o r r e c t  t h i n g  t o  do is t o  c a l l  'GiveUp'. The semantics  of 'GiveUp' a r e  

t hose  of abo r t ,  s o  t h a t  t h e  program may assume nothing a f t e r  c a l l i n g  it. 

The implementation of  'GiveUp' is r a t h e r  more he lp fu l ,  however. 

'GiveUp' is a  v a r i a b l e  r o u t i n e  and may be f r e e l y  a l t e r e d  by t h e  

p r o g r a m e r .  The va lue  of 'GiveUp' is  preserved  and r e s e t  by 'Run'. It 

is i n i t i a l i z e d  by t h e  system t o  a  d e f a u l t  va lue ,  which t y p i c a l l y  p r i n t s  

some d i a g n o s t i c  information and o f f e r s  t h e  u s e r  t h e  op t ion  of a  complete 

dump of t h e  s t a t e  of h i s  machine, which may be analysed a t  l e i s u r e .  The 



f i n a l  a c t i o n o f  'GiveUp' is t o  abandon a l l  t h e  procedure invoca t ions  o f  t h e  

c u r r e n t  'Run' by s imu la t i ng  a  r e t u r n  from t h e  t o p  l e v e l  r o u t i n e ,  i.e. 

t h e  r o u t i n e  provided a s  a  parameter  t o  'Run', 

Many system r u u t i n e s  c a l l  'Giveup' i f  t hey  d i scove r  t h a t  t h e i r  

p recondi t ions  have been v i o l a t e d .  For  example, t h e  r o u t i n e  which c r e a t e s  

an ou tput  s t ream f o r  ove rwr i t i ng  a  f i l e  r e q u i r e s  a s  its precondi t ion  

permission t o  write t o  t h a t  f i l e .  Fo r  s a f e t y ,  it checks t h a t  w r i t i n g  is 

a c t u a l l y  permi t ted ,  and i f  not  ou tpu t s  a  message and c a l l s  'GiveUpl. 

Some system p r i m i t i v e s  a r e  implemented d i r e c t l y  i n  t h e  "hardware1' of 

t h e  OSPRG v i r t u a l  machine. These i nc lude  not  only b a s i c  ope ra t i ons  l i k e  

d i v i s i o n  but SON q u i t e  e l a b o r a t e  bu f f e r ing  p r i m i t i v e s  intended t o  speed 

up t h e  ope ra t i on  of  s t reams.  If any v i r t u a l  machine i n s t r u c t i o n  d i s cove r s  

t h a t  its precondi t ion  is f a l s e ,  a  v i r t u a l  machine e r r o r  is s i g n a l l e d  t o  t h e  

i n t e r r u p t  r o u t i n e ,  which i n  t u r n  c a l l s  'Giveup'. Thus, from t h e  u s e r ' s  

p o i n t  of  view, an a t te r rp t  t o  d i v i d e  by z e r o  is t r e a t e d  i n  e x a c t l y  t h e  same 

way a s  an a t tempt  t o  write t o  a  p ro t ec t ed  f i l e ,  

If t h e  u s e r  f o r c i b l y  i n t e r r u p t s  a  program by means of t h e  app rop r i a t e  

key on h i s  t e rmina l ,  a  s i m i l a r  e f f e c t  is obtained.  The t e rmina l  s t ream 

causes  an i n t e r r u p t ,  which can c a l l  'Giveup' a f t e r  some confirmatory d ia logue  

on t h e  t e rmina l .  

The f i n a l  a c t  of  'GiveUp', i , e s  abandoning a l l  t h e  invoca t ions  i n  t h e  

c u r r e n t  'Run', is accomplished by c a l l i n g  t h e  r o u t i n e  ' F i n i s h [ ] ' .  Th i s  is 

t h e  only non-local* jump a v a i l a b l e  i n  OSPRG ( a p a r t  from r o u t i n e  c a l l s ) .  

* Local jumps a r e  a v a i l a b l e  on ly  through l l s t ruc tured l l  p r i m i t i v e s  l i k e  f o r  - 
and while:  g o t o  is  never  used. 



It is useful  because it enables users t o  wri te  t h e i r  own 'GiveUp' routines,  

but it is ac tua l ly  r a t he r  dangerous. 

It sometimes happens t h a t  a program r e a l i s e s  i ts  t a sk  is completed 

when it is deep i n  rout ine  ca l l s .  Most frequently t h i s  happens because of 

in te rac t ion  w i t h  the  user,  It is tenipting t o  c a l l  'F in i sh[ ] '  i n  such a 

s i tua t ion ,  but t h i s  has two unfortunate e f f ec t s ,  The f i r s t  of these  is 

t h a t  t he  placement of 'Run's now a f f e c t s  the  semantics of the  program" 

Replacing an invocation 'Prog[] '  by 'Run[ProgI1 ought t o  be an i nv i s i b l e  

act ion a s  f a r  a s  the  semantics of a working program a r e  concerned. The 

e f f e c t  w i l l  be v i s i b l e  only i f  'Prog' f a i l s ,  i . e .  e i t h e r  abor ts  by ca l l i ng  

'GiveUp' o r  does something more subt le ,  such a s  omitting t o  c lose  a stream 

which it creates .  However, because t h i s  subs t i tu t ion  a l t e r s  the  place 

t o  which 'F in i sh[ ] '  jumps, the re  w i l l  be su rpr i se  e f f e c t s  i f  a procedure 

uses 'F inish[] '  t o  achieve normal termination. Such a procedure is using 

information about its enbironment which it ought not t o  have: i n  t h i s  case 

it i s  the  knowledge t h a t  t he  "f i rewal l"  created by 'Run '  f o r  the  purposes 

of recovery is a l so  a su i t ab le  place t o  which t o  re turn  when the  use; 

requests  clean termination. 

The second unfortunate e f f e c t  a r i s e s  because of the  clearup pmblem 

(see  Section 2.21. OSPRG maintains a s t ack  of rout ines  and environments 

ca l led  t he  'CleadJpChain'. Whenever an a c t i v i t y  is i n i t i a t e d  which requires  

some c lear ing up should a f a i l u r e  occur, the  appropriate concluding action 

is  entered on the  'CleaflpChain'. I f  the  a c t i v i t y  completes normally it . 
removes the  en t ry  from the  chain. Any e n t r i e s  remaining on t he  'CleaflpChain' 

when the  program terminates a r e  removed and invoked by 'Run ' .  

A s  an example of t h i s  act ion of the  'CleadJpChain', consider the  creation 



of a  f i l e  s t ream, Invoking t h e  r o u t i n e  ' B y t e s t o F i l e [ f ] '  c o n s t r u c t s  a  

s t ream f o r  ove rwr i t i ng  ' f ' .  It p l aces  on t h e  'CleadJpChain' a  r o u t i n e  

'Fa i lClose '  which d e l e t e s  t h e  p a r t i a l l y  cons t ruc ted  new body of ' f ' ,  

l eav ing  t h e  o ld  body of ' f '  i n t a c t .  'Fai1Close1 is removed from t h e  chain 

if t h e  s t ream is c losed  normally: it w i l l  on ly  be invoked i f ,  because of  

some c a t a s t m p h e ,  t h e  c u r r e n t  'Run' is te rmina ted  without  t h e  s t ream being 

c losed  

Using ' F i n i s h [ ] '  t o  ach ieve  normal t e rmina t ion  means t h a t  t h e  noma2 

c l o s i n g  down a c t i o n s  of  t h e  program must be placed on t h e  'ClearUpChain'. 

A t  worst ,  t h i s  can lead  t o  confusion between those  a c t i o n s  app rop r i a t e  t o  

ca t a s t rophe  and those  app rop r i a t e  t o  normal t e rmina t ion ,  A t  b e s t  it reduces 

t h e  r e a d a b i l i t y  of t h e  program, because it is more d i f f i c u l t  t o  check t h a t  

t h e  a p p r o p r i a t e  f i n a l  a c t i o n  is taken i n  every circumstance. 

The dangers  of ' F i n i s h [ ] '  were no t  f u l l y  apprec ia ted  when OSPRG was 

first designed,  and it has become such an accepted p a r t  of t h e  system t h a t  

i ts withdrawal would be s t r o n g l y  opposed. Indeed, t h e  phi losophy of  t h e  

system i s  t o  permit  a  u s e r  t o  acces s  any r o u t i n e  he wishes.  Nevertheless ,  

t h e  dec i s ion  t o  use a  system r o u t i n e  r a t h e r  than  t h e  BCPL corrmand f i n i s h  

is q u i t e  d e l i b e r a t e :  " t h e  meaning of  t h e  concept of f i n i s h i n g  a  program 

depends e n t i r e l y  on t h e  p a r t i c u l a r  ope ra t i ng  system, and its ad hoe n a t u r e  

is q u i t e  ou t  of  p l a c e  i n  t h e  semantics  of  a  language with an h i e r a r c h i c a l  

s t r u c t u r e "  191 ]  a 

Some au tho r s  have proposed ' E x i t '  o r  'Leave' a s  an a l t e r n a t i v e  t o  

' F i n i s h '  [93] .  The c a l l e r  of  ' E x i t ~ p r o c e d u r e l '  must be a  dynamic descendant 

of  'procedure ' ;  t h e  e f f e c t  is equ iva l en t  t o  a  normal r e t u r n  from 'p rocedure ' .  

Such a  f a c i l i t y  is  a v a i l a b l e  i n  t h e  UCSD Pasca l  System [94] .  It makes a  

nonsense of h i e r a r c h i c a l  s t r u c t u r i n g  because a  r o u t i n e  should not  be 



permi t ted  t o  know t h a t  it is  a dynamic descendant of another ,  l e t  a lone  t h a t  

t h a t  procedure is an app rop r i a t e  one t o  te rmina te .  I n  c o n t r a s t ,  t h e  

~ a i s o n  d f2 tpe  of  'Run' is t o  d e c l a r e  t o  its dynamic descendants  t h a t  it is 

t h e  p l ace  t o  which r e t u r n  should be made i n  t h e  event  of  a  ca t a s t rophe .  

7.2.3 Recove~y Blocks 

Recovery blocks [ 5 2 ] [ 7 7 ]  a r e  a  s t r u c t u r i n g  scheme which provides  a  means of 

su rv iv ing  a  ca t a s t rophe  by conf in ing  i ts  effects. Whereas i n  a  gene ra l  

purpose ope ra t i ng  system t h e  s p e c i f i c a t i o n  of a  program is unknown, recovery 

blocks r e q u i r e  t h a t  it is made e x p l i c i t ,  

An e s s e n t i a l  p a r t  of  a  recovery block is  an acceptance t e s t ,  a 

Boolean express ion  which t h e  a c t i o n  of  t h e  block ought t o  r ende r  t r u e .  I n  

gene ra l  it w i l l  be t o o  expensive f o r  t h e  acceptance t e s t  t o  check a l l  of  

t h e  b lock ' s  pos tcondi t ion ,  and some weaker t e s t  implied by t h e  pos tcondi t ion  

w i l l  be chosen. For  example, t h e  acceptance test  f o r  a  s o r t  r o u t i n e  might 

check t h a t  t h e  a r r a y  is ordered and t h a t  t h e  sum of i t s  elements is t h e  same 

a s  before  s o r t i n g .  Such a  t e s t  is q u i t e  l i k e l y  t o  d e t e c t  f a u l t s  i n  t h e  

s o r t i n g  process  whose exac t  l o c a t i o n  and s i g n i f i c a n c e  a r e  unknown. Having 

de t ec t ed  such an unan t i c ipa t ed  f a i l u r e ,  recovery blocks pruvide a  means of 

d e a l i n g  with it. 

The recovery block scheme is  s i m i l a r  t o  t h e  provis ion  of  "stand-by 

spa re s r1  i n  hardware engineer ing .  Having de t ec t ed  t h a t  a  component has  

f a i l e d ,  a  s p a r e  component is switched i n  t o  t a k e  its p lace .  Unlike t h e  

hardware analogue, t h i s  component is no t  a  mere copy of t h e  one which 

f a i l e d ,  but  is  of  independent des ign ,  It is hoped t h a t  t h i s  w i l l  reduce 

t h e  l i ke l i hood  t h a t  t h e  same d a t a  w i l l  cause t h e  "spare"  component t o  f a i l  

a l s o ,  Another d i f f e r e n c e  f r o m  t h e  hardware case  is t h a t  t h e  s p a r e  sof tware  



component i s  invoked t o  d e a l  with on ly  t h e  p a r t i c u l a r  set of c i rcumstances 

which caused t h e  main component t o  f a i l .  Th i s  i s  because such f a i l u r e s  a r e  

assumed t o  be due t o  residual des ign  f a u l t s ,  and should t h e r e f o r e  occur  

on ly  r a r e l y .  

A recovery block, t h e r e f o r e ,  c o n s i s t s  of  an acceptance t e s t  which 

approximates a  pos tcondi t ion ,  a  normal a lgor i thm intended t o  s a t i s f y  t h a t  

pos tcondi t ion ,  and ze ro  o r  more s p a r e  a lgor i thms  o r  alternates which a r e  

independent ly  capable  o f  ach iev ing  t h e  pos tcondi t ion ,  a l though poss ib ly  i n  

less e f f i c i e n t  o r  d e s i r a b l e  ways. The term block is used t o  r e f e r  t o  t h e  

s t r u c t u r i n g  u n i t  of  t h e  program-design, be it module, r o u t i n e ,  paragraph 

o r  whatever. The t e x t  of  any p a r t i c u l a r  recovery block may inc lude  c a l l s  

on subord ina t e  b l o c k s  i n  t h e  usua l  h i e r a r c h i c a l  way. 

When a  recovery block is invoked i ts first a c t i o n  is t o  execute  t h e  

normal a lgori thm. If a  f a i l u r e  is de t ec t ed  dur ing  i t s  execut ion,  due perhaps 

t o  a t t empt ing  an i l l e g a l  ope ra t i on  o r  t o  t h e  f a i l u r e  of a  subord ina te  

recovery  block, then t h e  next  a lgor i thm i n  t h e  block is at tempted.  Th i s  is 

a l s o  done i f ,  a f t e r  completion of t h e  normal a lgori thm, t h e  acceptance tes t  

does no t  e v a l u a t e  t o  t r u e .  However, before  t h e  a l t e r n a t e  a lgor i thm is  

invoked t h e  s t a t e  of  t h e  program is reset t o  t h a t  which e x i s t e d  when t h e  

recovery  block was en t e r ed .  Thus, every th ing  t h a t  was done by t h e  f a i l i n g  

a lgor i thm is d iscarded .  If t h e  first s p a r e  a lgor i thm does no t  s a t i s f y  t h e  

acceptance t e s t , t h e  s t a t e  is aga in  r e s e t  and t h e  next  a l t e r n a t e  is invoked: 

t h i s  p rocess  is  repea ted  u n t i l  e i t h e r  t h e  t e s t  is passed o r  t h e  s e t  of  

a l t e r n a t e s  has been exhausted.  I n  t h e  l a t t e r  case  t h e  recovery  block a s  a  

whole f a i l s ,  and f u r t h e r  recovery is only  p o s s i b l e  a t  a  h ighe r  l e v e l .  

Cen t r a l  t o  t h e  recovery block scheme is t h e  r e s e t t i n g  of  t h e  s t a t e  



be fo re  invoking t h e  a l t e r n a t e s .  Because t h e  mechanism is designed t o  d e a l  

wi th  unan t i c ipa t ed  c a t a s t r o p h e s , t h e  on ly  t h i n g  known when a  f a i l u r e  is 

d e t e c t e d  is t h a t  t h e  s t a t e  of  t h e  program is erroneous.  Any assumptions 

made about t h a t  s t a t e  a r e  t h e r e f o r e  l i k e l y  t o  be wrong, and t h e r e  i s  

prec ious  l i t t l e  prospec t  of  s a t i s f a c t o r y  cont inua t ion .  However, by going 

back t o  a  previous s t a t e  and t r y i n g  aga in  wi th  a  d i f f e r e n t  a lgor i thm t h e r e  

i s  a  reasonable  chance t h a t  t h e  s p e c i f i c a t i o n  w i l l  be s a t i s f i e d , .  P i l o t  

s t u d i e s  [5]  show t h a t  a  high degree  of  recovery can be achieved. I n  p a r t  

t h i s  is because t h e  assumption t h a t  a l l  t h e  a l t e r n a t e s  s t a r t  f r o m  t h e  same 

s t a t e  enables  t h e i r  de s igns  t o  be independent.  The des igne r  of an 

a l t e r n a t e  need not  concern himself w i t h  t h e  des igns  of  t h e  o t h e r  a l t e r n a t e s ,  

o r  even know i f  t hey  e x i s t .  He c e r t a i n l y  should no t  have any r e s p o n s i b i l i t y  

f o r  r e p a i r i n g  t h e  damage they  may have caused. 

The automatic  r e s e t t i n g  of  t h e  s t a t e  is p a r t l y  accomplished by a  

mechanism c a l l e d  a  r e c u r s i v e  cache. A d e s c r i p t i o n  of t h e  r e c u r s i v e  cache i s  

beyond t h e  scope of  t h i s  t h e s i s ;  e s s e n t i a l l y  it d e t e c t s  assignment t o  

non-local v a r i a b l e s  and r e t a i n s  t h e i r  p r i o r  va lues  a s  well a s  t h e i r  new ones.  

The i n t e r e s t e d  r e a d e r  is r e f e r r e d  t o  [52] and [5 ] .  Considerat ion of  t h e  

a d d i t i o n a l  problems in t roduced  by t h e  f a i l i n g  process  corrmunicating wi th  

o t h e r  processes  (be  t hey  mechanical o r  human) w i l l  be found i n  [77] and 

[781 

Clear ly ,  r e p l a c i n g  s imple r o u t i n e  c a l l s  by recovery blocks w i l l  g r e a t l y  

i n c r e a s e  t h e  s i z e  of  programs. However, it is argued t h a t  t h i s  does no t  

imply any i n c r e a s e  i n  complexity,  because of t h e  e s s e n t i a l  independence o f  t h e  

a l t e r n a t e s  [78].  The form of  f a i l u r e  handl ing employed is  a c t u a l l y  very  

simple; t h i s  would seem t o  be an e s s e n t i a l  requirement of  any scheme 



designed t o  improve sof tware  r e l i a b i l i t y .  No a t tempt  is made by t h e  program 

t o  determine what went wrong o r  why: de t ec t ed  f a i l u r e s  a r e  simply logged 

f o r  l a t e r  i n spec t ion  by t h e  maintenance s t a f f .  

7.2.4 Backward Recovery and Programming Languages 

Nei the r  OSPRG Runs nor  Recovery Blocks a r e  programming language f e a t u r e s .  

They a r e  means of  marsha l l ing  programs i n t o  a  system, and r e p r e s e n t  a  l e v e l  of 

s t r u c t u r e  above t h a t  of  t h e  prograrming language. 

The Run mechanism of  OSPRG was designed t o  t a k e  up where t h e  r o u t i n e  

mechanism of BCPL l e f t  o f f .  I n  a  more convent ional  ope ra t i ng  system 'Run' 

would on ly  be e x p r e s s i b l e  i n  t h e  j ob  c o n t r o l  language. The f a c t  t h a t  

Run is a c t u a l l y  aBCPL r o u t i n e  d e r i v e s  from t h e  dec i s ion  t h a t  BCPL should 

be t h e  j ob  c o n t r o l  language t o o .  

S imi l a r ly ,  a l though recovery blocks a r e  o f t e n  i l l u s t r a t e d  i n  a  pro- 

g r a m i n g  language-l ike syntax,  t hey  a r e  r e a l l y  a  t o o l  f o r  c o l l e c t i n g  t o g e t h e r  

programs t o  form r e l i a b l e  systems. Th i s  v i t a l  d i s t i n c t i o n  cannot  be 

s t r e s s e d  t o o  s t rong ly .  They a r e  intended t o  d e t e c t  and r ecove r  from 

r e s i d u a l  des ign  e r r o r s ,  no t  a s  a  c o n t r o l  s t r u c t u r e .  The p r o g r a m e r  who 

'Runs' a  procedure r a t h e r  than  c a l l i n g  it d i r e c t l y ,  o r  who r e p l a c e s  a  

s imple c a l l  by a  recovery block, does not  do s o  t o  change t h e  semantics  

of  t h e  program. His i n t e r e s t  is t o  guard a g a i n s t  t h e  " impossible"  and 

t h u s  improve r e l i a b i l i t y .  

7.2.5 Forward Recovery 

Reca l l  t h a t ,  by d e f i n i t i o n ,  recovery  i s  necessary  because t h e  s t a t e  o f  t h e  

system is d e t e c t a b l y  i n c o n s i s t e n t .  Forward recovery  is an a t tempt  t o  r ega in  

a  c o n s i s t e n t  s t a t e  by making use of  t h e  i n c o n s i s t e n t  da t a .  Th i s  is obviously 

a  t r i c k y  procedure,  Randal l ,  Lee and Treleaven comment a s  fo l l ows  [ 7 8 ] :  

-- - - -  

The r e l a t i v e  s i m p l i c i t y  of  backward e r r o r  recovery is due t o  two 
f a c t s :  first, t h a t  q u e s t i o n s  of  damage assessment and r e p a i r  a r e  
t r e a t e d  q u i t e  s e p a r a t e l y  from t h o s e  of  how t o  cont inue  t o  provide  



t h e  s p e c i f i e d  s e r v i c e ;  and second, t h a t  t h e  a c t u a l  damage assessment 
t a k e s  v i r t u a l l y  no account  of  t h e  na tu re  of t h e  f a u l t  involved. I n  
forward e r r o r  recovery t h e s e  q u e s t i o n s  a r e  i n e x t r i c a b l y  in te rmingled ,  
and t h e  technique is t o  a  much g r e a t e r  e x t e n t  dependent on having 
i d e n t i f i e d  t h e  f a u l t ,  o r  a t  l e a s t  a l l  i ts consequences. 

A forward recovery scheme must be designed a s  an i n t e g r a l  p a r t  of  a  

system, r a t h e r  than forming an e s s e n t i a l l y  s e p a r a t e  mechanism a s  wi th  

backward recovery.  There is  t h u s  a  cons ide rab l e  danger  t h a t  t h e  i n c r e a s e  

i n  t h e  complexity i n  t h e  system t h i s  g e n e r a t e s  w i l l  r educe  r a t h e r  than  

i n c r e a s e  r e l i a b i l i t y .  However, because c e r t a i n  environments cannot be 

backed-up, forward recovery  is sometimes necessary.  Once a  m i s s i l e  has  

been launched no amount of  backing-up of t h e  c o n t r o l  computer w i l l  cause  

it t o  r e t u r n  t o  base.  Some p o s i t i v e  i n s t r u c t i o n  t o  t h e  guidance system i s  

necessary  i n  o r d e r  t o  d i sa rm o r  d e s t r o y  t h e  m i s s i l e .  

7.2.6 Exception Handzing as a Fovwavd Reeovevy Mee'hanism 

Having recognized t h a t  forward recovery is a d i f f i c u l t  t a s k ,  we must a s k  

whether  t h e  presence of  except ion  handling mechanisms i n  t h e  prograrnning 

language w i l l  make t h a t  t a s k  e a s i e r .  

Faced wi th  t h e  problem of  recover ing  from an i n c o n s i s t e n t  s t a t e ,  t h e  

programmer must ignore  some a s p e c t s  o f  t h a t  s t a t e  and pay e x t r a  a t t e n t i o n  

t o  o t h e r s .  How is  he t o  choose which d a t a  t o  use and which t o  ignore?  

There a r e  two p o s s i b i l i t i e s .  The first is t o  apply  h i s  knowledge of  t h e  

f a i l u r e  modes of t h e  components. For  example, it may be t h a t  i f  t h e  two 

o u t p u t s  of a p a r t i c u l a r  r o u t i n e  c o n t r a d i c t  each o the r ,  t hen  t h e  first 

should be ignored i n  f avour  of t h e  second. However, a l l  of  t h e  information 

t h e  programmer has about h i s  components ought t o  come f r o m  its s p e c i f i c a t i o n :  

he must no t  be permi t ted  t o  write a  program which depends on t h e  " s e c r e t "  



behaviour  of  a  component. Why? Because such a  program is unmaintainable: 

r ep l ac ing  one component wi th  ano the r  of  i d e n t i c a l  s p e c i f i c a t i o n  but  with a  

d i f f e r e n t  " sec re t "  w i l l  cause unpred ic tab le  changes i n  t h e  behaviour  of t h e  

o v e r a l l  system. I n  t h i s  p a r t i c u l a r  case,  t h e  recovery a lgor i thm w i l l  

make m a t t e r s  worse i n s t e a d  of b e t t e r .  

If o u r  i n t e n t  is t o  c o n s t r u c t  a  f a u l t - t o l e r a n t  system, w e  a r e  t h u s  

lead  t o  t h e  conclusion t h a t  d e t a i l s  of  t h e  f a i l u r e  modes of each component 

m u s t  be included i n  its s p e c i f i c a t i o n .  Observe, however, t h a t  once t h i s  has 

been done, t h e  mode of  ope ra t i on  under cons ide ra t i on  is no longe r  a  

f a i l u r e .  On t h e  con t r a ry ,  it is p a r t  of t h e  def ined  behaviour  of  t h e  

component. However undes i rab le  t h a t  behaviour  may be, it is  now openly 

recognized. A p r o g r a m e r  using t h e  component now has both t h e  r e s p o n s i b i l i t y  

of  dea l ing  wi th  t h e  undes i rab le  behaviour  and t h e  knowledge necessary t o  do so. 

A t  t h e  s t a r t  of  t h i s  s e c t i o n  I mentioned t h a t  t h e r e  were two ways 

i n  which a  p r o g r a m e r  might be helped t o  proceed when f aced  wi th  an 

i n c o n s i s t e n t  s t a t e .  The first, j u s t  d i scussed ,  amounts t o  changing t h e  

s p e c i f i c a t i o n  s o  t h a t  t h e  s t a t e  is no longe r  i n c o n s i s t e n t ,  i .e.  s o  t h a t  

t h e  d a t a  t h e  p r o g r a m e r  possesses  unambiguously t e l l  him a l l  t h a t  is 

necessary.  Th i s  approach has been c r i t i c i s e d  a s  "def in ing  t h e  problem away". 

I n  my view it does j u s t  t h e  oppos i te .  It i n s i s t s  t h a t  a l l  t h e  d e t a i l s  of 

t h e  problem a r e  openly admit ted.  Th i s  seems t o  be an e s s e n t i a l  first 

s t e p  i n  t h e  process  of f i n d i n g  a  s o l u t i o n .  

The second way i n  which a  p r o g r a m e r  can be given more confidence i n  

some a s p e c t s  of an i n c o n s i s t e n t  s t a t e  than i n  o the r s ,  is  if i n  some manner 

independent of his program he is assured  t h a t  some da t a  come from a  more 

r e l i a b l e  source.  The r e c u r s i v e  cache can be viewed a s  an example of t h i s :  



an e r r o r  i n  an a l t e rna t e  may well give r i s e  t o  a s t a t e  which does not 

s a t i s f y  the  acceptance t e s t ,  but it is most unlikely t o  corrupt the  data 

i n  the  cache. T h i s  is  because the  cache is not administered by the  

programer,  but is par t  of the  underlying abs t rac t  machine on which the  

program r u n s ,  

I n  backward recovery, the  data i n  the  cache is used t o  rol lback the  

s t a t e  en masse. Even i f  t h i s  is not possible, say because some i r r eve r s ib l e  

ac t ion has been performed, it is easy t o  envision the  cached data being 

used t o  determine which aspects of the  current  ( inconsis tent )  s t a t e  a r e  

correct  and which a r e  incorrect .  Notice, however, t h a t  before it i s  

reasonable t o  use data i n  t h i s  way, one m u s t  have a very high degree of 

f a i t h  i n  t h e i r  correctness.  

A t  t he  point where a f a i l u r e  is discovered, one has l i t t l e  o r  no 

f a i t h  i n  the  correctness of data maintained by the  program's code: it has, 

a f t e r  a l l ,  j u s t  f a i l ed .  However, data maintained by an underlying l eve l  

of abs t ract ion is unaffected by programing e r r o r s  a t  the  higher level .  

Its correctness is the re fore  not suspect ,  

T h i s  is the essence of the  argument t h a t  some form of protection 

mechanism i s  necessary t o  perform recovery, and t h a t  such a mechanism should 

not be par t  of t he  programing language. An exception handling mechanism 

embedded i n  the  programing language is i r re levan t  t o  the  business of 

recovering from f a i l u r e .  Exception handling mechanism can a s s i s t  i n  the  

construction of components which behave i n  a more complicated way instead 

of f a i l i ng ;  a s  was shown i n  Chapter 4, o the r  language mechanisms can do 

t h i s  too. 



Another way of e x h i b i t i n g  t h e  d i f f e r e n c e  between recovery and 

except ion handling is through t h e  observa t ion  t h a t  recovery is a p p r o p r i a t e  

when an unan t i c ipa t ed  e r r o r  occurs .  Th i s  may be a  r e s i d u a l  des ign  e r r o r  

t h a t  was no t  discovered when t h e  program was s p e c i f i e d  and cons t ruc t ed ,  

o r  it may b e d u e t o a h a r d w a r e  f a i l u r e ,  t h e  p r e c i s e  c h a r a c t e r i s t i c s  o f  which 

m u s t  be unknown u n t i l  it occurs ,  I n  c o n t r a s t ,  except ion handling 

involves  p r e d i c t i n g  f a u l t s  and t h e i r  consequences b e f o ~ e  they  happen, 

i , e .  when t h e  program is  w r i t t e n "  ThusJ whi le  it may be u s e f u l  f o r  

d e a l i n g  wi th  a n t i c i p a t e d  u n s a t i s f a c t o r y  behaviour  such a s  t h e  p rov i s ion  

of  i n v a l i d  i npu t ,  it cannot  be used t o  provide design f a u l t - t o l e r a n c e "  

Th i s  r a t h e r  t r a d i t i o n a l  view is well expressed i n  [77 ] :  

The v a r i e t y  o f  undetected e r r o r s  which could have been made i n  t h e  
des ign  of a  n o n - t r i v i a l  so f tware  component is e s s e n t i a l l y  i n f i n i t e ,  
Due t o  t h e  complexity of  t h e  component, t h e  r e l a t i o n s h i p  between any 
such e r r o r  and i ts  e f f e c t  a t  run t ime may be very  obscure,  Fo r  
t h e s e  reasons  we b e l i e v e  t h a t  d i agnos i s  o f  t h e  o r i g i n a l  cause  of  sof tware  
e r r o r s  should be l e f t  t o  humans t o  do, and should be done i n  comparat ive 
l e i s u r e .  Therefore  o u r  scheme f o r  sof tware  f a u l t  t o l e r a n c e  i n  no way 
depends on automated d i agnos i s  o f  t h e  cause of t h e  e r r o r  - t h i s  would 
s u r e l y  r e s u l t  on ly  i n  g r e a t l y  i nc reas ing  t h e  complexity and t h e r e f o r e  
t h e  ermr proneness o f  t h e  system. 

I n  f a c t J  except ion handl ing and recovery,  whether forward-or 'backward ,  a r e  

d i s t i n c t  t echniques  designed f o r  dea l ing  wi th  d i f f e r e n t  problems. The fo l lowing  

example is designed t o  b r ing  o u t  t h i s  d i f f e r ence ;  it is based on t h e  appendix 

t o  [ 7 l ] .  The b a s i c  form of  t h e  program is t h e  recovery  block: 

ensu re  c o n s i s t e n t  i nven to ry  
bv Drocess u~date ;  
d P  

e l seby  r e f r s ;  - updates 
e l s e  f a i l  . -- 



The program is assumed t o  manipulate  an inventory  f i l e  whose cons i s t ency  

must be maintained.  The procedure ' p roces s  - updates '  invokes a n o t h e r  

pmcedure  'checknum' t o  r ead  and check t h e  updates .  'Checknum' assumes 

p r o c  process  upda tes  is - 
v a r  num:Tnteger - . . . 
whi le  updates  remain 
do update numEer := update number + I  - - - ... 

num := checknum0 

end do 

end of  process  upda tes  -- - 
proc  checknum r e t u r n s  j 

v a r  c0un t : i n t ege r  = - 
p r o c  message is  - 

count := count  
if count < 3 - 
then w r i t e ( ' p 1 e a s e  t r y  a g a i n ' )  - 

r e t r y  
e l s e  w r i t e  ( ' t h r e e  i npu t  e r r o r s :  update abandoned') - 

f a i l  - 
f i  

end 5 message -- 
yead ( j 1 [ over-Flow, underflow, conversion : message ( 1 

i o e r m r :  f a i l  ] - 
end o f  checknum -- 
proc  r e f u s e  upda tes  i s  

w r i t e ( ' F o r r y  - l=t update  accepted was number') 
write (upda te  number) 

end o f  r e fuke  upTates -- - 

Figure  7.01: Complementary use of except ion  handl ing and recovery blocks.  



t h e  e x i s t e n c e  of  an except ion handl ing mechanism and a procedure ' r e a d '  

which is used t o  ob t a in  input  and m y  gene ra t e  except ions .  

In  F igure  7.01 e x p l i c i t  except ion  handling is used t o  a l low t h e  

u s e r  t h r e e  a t t empt s  t o  produce t h e  c o r r e c t  input .  The s ta tement  r e t r y  

s p e c i f i e s  t h a t  t h e  s ta tement  which r a i s e d  t h e  except ion should be executed 

aga in .  f a i l  s p e c i f i e s  t h a t  t h e  c u r r e n t  a l t e r n a t e  of  t h e  recovery block - 
has f a i l e d :  t h e  recovery mechanism w i l l  then r e s e t  t h e  s t a t e  and a t tempt  

t h e  next  a l t e r n a t e .  In  t h i s  example t h e  f a i l  i n  'message' w i l l  cause  t h e  - 
abandonment o f  'p rocess  upda tes '  and the invocat ion of  ' r e f u s e  upda tes1 .  - - 
The same t h i n g  w i l l  happen i f  ' p roces s  upda tes '  f a i l s  t o  pas s  t h e  - 
acceptance tes t  fop any peason, i nc lud ing  a r e s i d u a l  des ign  o r  p rog raming  

e r r o r  i n  i ts  code, o r  i n  t h e  implementation of t h e  except ion  handling 

mechanism. 

'Checknum' is a c t u a l l y  a s l i g h t l y  s i m p l i f i e d  ve r s ion  of a r o u t i n e  

of Wasserman's [ 99 ] .  The s i m p l i f i c a t i o n  is p o s s i b l e  because t h e  recovery 

block s t r u c t u r e  w i l l  t a k e  c a r e  of  c lear ing-up.  Wasserman in t r aduces  

'checknum' no t  j u s t  a s  an e x e r c i s e  f o r  h i s  except ion handl ing mechanism 

but s p e c i f i c a l l y  t o  j u s t i f y  t h e  i nc lu s ion  of t h e  r e t r y  p r imi t i ve .  It is 

t h e r e f o r e  i n s t r u c t i v e  t o  program 'checknum' using n e i t h e r  f a c i l i t y .  

F igure  8.02 i l l u s t r a t e s  t h e  r e s u l t  of  t h i s  exe rc i s e .  

The ve r s ion  of 'Checknum' i n  F igure  7 .02  uses  ( t a i l )  r ecu r s ion  i n s t e a d  

of r e t r y .  It assumes t h a t  i n s t e a d  of gene ra t i ng  excep t ions J  ' r e a d ( j J  rl '  

uses  two output  parameters:  'r' is an enumeration va lue  i n d i c a t i n g  t h e  

f a t e  of the read ,  and ' j '  is t h e  r e s u l t  a s  before .  



p m c  checknum r e t u r n s  j: i n t e g e r  is - - 
v a r  count :  i n t e g e r  = 0 - ... 
read  j - 

where m a d  j is - - 
v a r  r : oneo f (  r e a d 0 K : s i n ~ l e t o n  

; underflow: s i i g l e t o n  
: convers ion :s ing le ton  
; i o e r m r :  s i n g l e t o n  
1 

if 1s readOK(r1 => s k i p  - 
ll 1s-ioerrnr(~-I  = > f a i l  - 

1s-overflow(r1 o r  Is underf low(r1 o r  - 
IS convZFsionTr1 => message- - 

where message is 
count := c T n t  + I 
if count < 3 => - 

w r i t e (  ' P l ea se  t r y  aga in '  1 
read  j 

fl count 2 '3 => 
w r i t e  ( ' t h r e e  i npu t  e r r o r s  
f a i l  - 

f i  
end 5 checknum -- 

: update abandoned' 1 

F igure  7.02: checknum without  except ion  handling 

This  example is t r i v i a l  compared t o  many of t h o s e  i n  Chapter  4; it does 

however s e r v e  t o  i l l u s t r a t e  t h e  d i f f e r e n c e  between except ion handling and 

recovery.  Exception handling is j u s t  ano the r  language f e a t u r e ,  and one 

whose func t ion  is subsumed by procedures,  arguments and r e s u l t s .  It is t h u s  

e s s e n t i a l l y  i r r e l e v a n t  t o  t h e  problem of  providing f a u l t - t o l e r a n c e  i n  

sof tware,  t h e  problem which recovery blocks were designed t o  so lve .  Any 

r e a s o n  a b 1 e response t o  r e s i d u a l  design e r r o r s  must avoid a t t m p t i n g  

au tomat ic  d i agnos i s  of t h e  f a u l t ,  ''a t a s k  whose complexity is such a s  t o  



be p m d u c t i v e  of design f a u l t s ,  r a t h e r  than  conducive t o  t h e  design of  

r e l i a b l e  systems1' 1781. 

7.3  using a Recove~y Mechanism fop Exception Handling 

I have argued above t h a t  except ion  handling i s  inapprop r i a t e  a s  a  recovery 

mechanism. But what of  t h e  converse: can a  recovery mechanism be used 

f o r  except ion handling? I n  o t h e r  words, can a  recovery mechanism be used 

t o  d e a l  with even t s  which a r e  no t  f a i l u r e s  (even though they  may be unusual 

i n  some s u b j e c t i v e  s ense )?  

The answer t o  t h i s  ques t ion  is llyes'', and t h e  a v a i l a b i l i t y  of  

' F i n i s h [ ] '  i n  OSPRG (see Sec t ion  7.2.21 demonstrates  one p o s s i b i l i t y .  It 

is a l s o  conceivable  t h a t  recovery blocks could be used t o  implement backt rack  

p m g r a m i n g  [9 ]  [go ] .  A more i n t e r e s t i n g  ques t i on  is whether one should 

use a  recovery mechanism i n  t h i s  way. 

The argument i n  f avour  of  such a  use i s  simply s t a t e d .  The recovery 

mechanism e x i s t s ,  and happens t o  he lp  t h e  p r o g r a m e r  achieve t h e  d e s i r e d  

e f f e c t ,  C lea r ly  it should be used t o  do so,  r a t h e r  than  cons t ruc t ing  a  

second device  t o  do t h e  same t h i n g .  

The argument a g a i n s t  can be gene ra l i zed  from t h e  above d i scus s ion  of  

' F i n i s h ' .  Readab i l i t y  is impaired because one can no longe r  be s u r e  t h a t  

invoca t ion  of  t h e  recovery mechanism imp l i e s  t h e  occurrence 0 f . a  c a t a s t m p h e .  

More impor tan t ly ,  t h e  use o f  t h e  recovery mechanism f o r  its o r i g i n a l  

purpose is jeopardized. 

My own experience i n  t h i s  a r e a  is  admi t ted ly  l im i t ed .  Although I 

m u s t  admit t o  us ing  ' F i n i s h ' ,  I may a t  l e a s t  c la im t h a t  I always f e l t  

g u i l t y  about  doing s o  - without  r e a l l y  knowing why. I could not  a s c r i b e  



t h i s  f e e l i n g  simply t o  a  d i s l i k e  f o r  non-local jumps, because I had no 

r e s e r v a t i o n s  o v e r  t h e  use o f  'GiveUp'. One of t h e  b e n e f i t s  of  w r i t i n g  t h i s  

c h a p t e r  has been t h e  r e a l i z a t i o n  t h a t  ' F i n i s h '  and 'GiveUp' a r e  not  

symmetrical p r i m i t i v e s ,  and t h a t  the placement of 'Run's t o  provide 

op t imal  recovery a f t e r  a  'GiveUp' may not  correspond t o  t h e  placement 

r equ i r ed  by ' F i n i s h ' .  It is then  tempting, and highly dangerous, t o  a d j u s t  

t h e  'Run' s t r u c t u r e  t o  d e a l  c o r r e c t l y  wi th  c a l l s  of ' F i n i s h '  and t o  l e t  

'GiveUp' t a k e  c a r e  o f  i t se l f .  

The danger  is i l l u s t r a t e d  by an analogy due t o  C.A.R. Hoare. The 

i n s t a l l a t i o n  of  a  f i r e  alarm system involves  t h e  f i x i n g  of  loud b e l l s  s o  

t h a t  a l l  t h e  occupants  of  t h e  bu i ld ing  can hea r  them. I t  is obviously 

convenient  t o  use such b e l l s  t o  i n d i c a t e  t h e  presence of  c a l l e r s  a t  t h e  

f r o n t  door.  A s h o r t  r i n g  could r ep re sen t  a  v i s i t o r ,  and a  cont inuous r i n g  

a  f i re .  

Economical a s  t h i s  scheme may be, t h e r e  a r e  a t  l e a s t  two reasons  why it 

is p roh ib i t ed .  The first is t h a t  t h e  cont inuous r i ng ing  of t h e  f i r e  a larm 

might be a t t r i b u t e d  t o  a smal l  boy p u t t i n g  chewing-gum i n t o  t h e  b e l l  push. 

The second is t h a t  t h e  p ro fe s so r ,  t i r e d  of being cont inuous ly  i n t e r r u p t e d  

by t radespeople ,  w i l l  c o n t r i v e  t o  d i sconnec t  h i s  alarm b e l l .  

The p rog raming  no ta t i on  3R [Ill [ Z ]  provides  an example of  t h e  

consequences of  misusing a  ca t a s t rophe  mechanism. 3R is designed f o r  t h e  

product ion of  publ i shable  programs [ 8 7 ] .  It is a  minimal language, but 

o r i g i n a l l y  included t h e  no t ion  t h a t  any s ta tement  could - f a i l .  A b a s i c  

ope ra t i on  such a s  assignment o r  m u l t i p l i c a t i o n  might f a i l  because of  an 

implementation malfunct ion o r  i n s u f f i c i e n c y .  A guarded command [22] 

would f a i l  i f  no guard was t r u e ;  t o  emphasise t h i s  t h e  c l o s i n g  bracke t  was 

r ep re sen t ed  a s  otherwise - f a i l  r a t h e r  than  - f i .  An invoca t ion  would f a i l  i f  



any command i n  it f a i l e d .  

I n  o r d e r  t o  r e p o r t  on and perhaps c lear -up  a f t e r  such ca t a s t rophes ,  

t h e  concept of  a  t e s t e d  invoca t ion  was introduced.  Whereas t h e  s imple 

invocat ion ' r o u t i n e '  would cause t h e  invoking block t o  f a i l  i f  ' r o u t i n e '  

i t s e l f  f a i l e d ,  t h e  t e s t e d  invoca t ion  t e s t  ' r o u t i n e '  would no t .  I n s t e a d  

t o  s e e  whether 

- 
it was p o s s i b l e  t o  examine t h e  s t a t e  of  t h e  computation 

' r o u t i n e '  had f a i l e d  o r  not ,  and t o  a c t  on t h e  r e s u l t .  

Because no s t a t e  r e s t o r a t i o n  was performed by t e s t  - 
a f t e r  a  f a i l u r e  was very  r i s k y ,  o r  indeed impossible  i n  

, t r y i n g  t o  cont inue  

t h e  c a s e  o f  a  

machine f a i l u r e .  Attempts t o  axiomatize - f a i l  and test  demonstrated t h i s  - 
very  c l e a r l y .  However, it had meanwhile been observed i n  p r a c t i c e  t h a t  

machines f a i l  r a r e l y ,  and t h a t  d e l i b e r a t e  use of  t h e  - t e s t  and f a i l  comands  - 
t o  s imula te  a  boolean r e s u l t  could sometimes prove t o  be very  convenient .  

By t h e  t ime I formulated a  r i go rous  d e f i n i t i o n  of  3R [ I l l ,  f a i l  had become - 
j u s t  ano the r  c o n t r o l  cons t ruc t ,  completely s t r i p p e d  of any connotat ion of  

ca t a s t rophe .  If a  p r o g r a m e r  was us ing  - f a i l  t o  c o m u n i c a t e  e s s e n t i a l  

r e s u l t s ,  it would have been d i s a s t r o u s  i f  a  f a u l t y  guard might cause t h e  

f a i l u r e  f l a g  t o  be set unexpectedly.  The semantics  of  t h e  guarded comand 

w e r e  t h e r e f o r e  changed s o  t h a t  t h e  f a i l u r e  f l a g  was no t  s e t .  To r e f l e c t  

t h i s  the c l o s i n g  bracke t  of t h e  a l t e r n a t i v e  cons t ruc t  was rendered a s  

o therwise  chaos; I hoped t h i s  would b e t t e r  convey t h e  consequences o f  f a i l i n g  

t o  ensure  t h a t  a t  l e a s t  one of  t h e  guards  was t r u e .  Chaos is the s t a t e  i n  

which f a l s e  is t r u e ,  i n  o t h e r  words t h e  ca t a s t rophe  s t a t e  def ined  a t  

t h e  beginning of  t h i s  chapter .  

S ince  t h i s  t ime 3 R  has been used f o r  f u r t h e r  p r o j e c t s  by Euro Computer ' 

Systems. They have concluded t h a t ,  whi le  sometimes very  convenient ,  - f a i l  



has no t  earned i t s e l f  a p lace  i n  t h e  language. Indeed, i t  has n o t  been used 

i n  any o f  t he  modules w r i t t e n  recen t l y .  I n  surrmary, one sees t h a t  what was 

o r i g i n a l l y  intended as a catastrophe mechanism was mod i f i ed  u n t i l  i t  

became a p r i m i t i v e  except ion handl ing mechanism. As such, i t  was found 

t o  be i n s u f f i c i e n t l y  u s e f u l  and has been abandoned. I n  p rac t ice ,  i t  seems 

t h a t  attempts t o  misuse catastrophe mechanisms f o r  o t h e r  purposes are  

l i k e l y  t o  f a i l ,  o r  even l e a d  t o  chaos. - 



C h a p t e r  8 

CONCLUSION 

In  t h e  preceding chap te r s  of t h i s  t h e s i s  I have argued t h a t  except ion  handling 

mechanisms a r e  both unnecessary and undes i r ab l e .  I have a l s o  argued t h a t  

ca t a s t rophes ,  i .e.  t h e  t o t a l l y  unexpected, cannot  be "handled" but  must 

be survived,  and t h a t  a c a t a s t r o p h e  i s  a  very  d i f f e r e n t  concept f r o m  an 

except ion .  It is a p p r o p r i a t e  here  t o  s u m a r i z e  t h e s e  arguments. 

8.1 Exception Handli-ng is Unnecessary 

Recent ly  t h e  b e l i e f  has grown up t h a t  some form o f  except ion  mechanism i s  

an e s s e n t i a l  p a r t  of  both s p e c i f i c a t i o n  and p rog raming  no ta t i ons .  Some 

programmers have been l ed  t o  b e l i e v e  t h a t  t h e  awesome r e s p o n s i b i l i t y  o f  

d e a l i n g  wi th  a l l  p o s s i b l e  c a s e s  could be l i f t e d  f r o m  t h e i r  shoulders  by 

adding a  c o n s t r u c t  t o  t h e i r  programming language - if on ly  t h e  r i g h t  

c o n s t r u c t  could be found. 

I do not  s h a r e  t h i s  b e l i e f ,  and one of t h e  p r i n c i p a l  mo t iva t ions  f o r  

t h i s  t h e s i s  was my d e s i r e  t o  p o i n t  o u t  both t h a t  a b s t r a c t  s p e c i f i c a t i o n s  

can be w r i t t e n  without  a b s t r a c t  e r r o r s  Csee Chapter  51, and t h a t  a  

programming language except ion  mechanism n e i t h e r  p revents  t h e  c o n s t r u c t i o n  

of  erroneous programs nor  provides  a  way of  dea l ing  wi th  e r r o r s  t h a t  

abso lves  t h e  p r o g r a m e r  from t h i n k i n g  about them. 

Nevertheless ,  because t h e  popular  p r e s s  and t h e  a u t h o r s  of a t  l e a s t  one 

p r o g r a m i n g  language Csee Sec t ion  1 .5)  seem t o  be confused a s  t o  t h e  

c a p a b i l i t i e s  of except ion handl ing mechanisms, l e t  u s  examine t h e  v a r i o u s  kinds 

of  e r r o r  t h a t  may occu r  dur ing  t h e  c o n s t r u c t i o n  of a  program, and s e e  

whether  except ion handling mechanisms a r e  r e l e v a n t  t o  t h e i r  c o r r e c t i o n .  
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I be l ieve ,  a s  D i j k s t r a  has s o  a p t l y  pu t  it [ 2 3 ] ,  t h a t  "p rog raming  is 

a  g o a l  d i r e c t e d  a c t i v i t y 1 ' .  I am convinced t h a t  one should dec ide  what one 

is t r y i n g  t o  do before  s e t t i n g  ou t  t o  do it, o r  i n  more t e c h n i c a l  terms,  

t h a t  s p e c i f i c a t i o n  should precede implementation. 

Once given a  s p e c i f i c a t i o n ,  t h e  p r o g r a m e r  is r e spons ib l e  f o r  

implementing it. Of course,  t h e r e  a r e  s p e c i f i c a t i o n s  which a r e  impossible  

t o  implement. 

One hopes t h a t  de s igne r s  w i l l  not  gene ra t e  such impossible  s p e c i f i c a t i o n s  

f r e q u e n t l y ,  and t h a t  p r o g r a m e r s  w i l l  t e l l  s p e c i f i e r s  i f  t hey  have e r r e d .  

Indeed, it is one of t h e  f u n c t i o n s  of an engineer ,  whether  of hardware o r  

sof tware,  t o  recognize t h e  c o n s t r a i n t s  of Phys ics  and Mathematics. If a  

c i v i l  eng inee r  is asked t o  bu i ld  a  ra i lway  br idge  a c r o s s  t h e  F i r s t  of  For th  

o u t  of  bamboo, he should f e e l  f r e e  t o  say  t h a t  it is impossible .  A 

software eng inee r  should s ay  t h e  same about a  r eques t  f o r  a  square  r o o t  

program a p p l i c a b l e  t o  a l l  r e a l  numbers. Recognizing an impossible  

s p e c i f i c a t i o n  has  nothing t o  do wi th  gene ra t i ng  an except ion  - it happens 

before  o r  dur ing  the cons t ruc t ion  o f  t h e  program, not whi le  it is  running. 

When t h e  program is completed and de l ive red ,  it should comply wi th  i t s  

s p e c i f i c a t i o n :  I do not be l i eve  t h a t  t h i s  should be except iona l .  If it does 

no t ,  it is because t h e  programmer has made an e r r o r ,  such a s  overlooking 

t h e  consequences of  an a c t i o n  o r  making an u n j u s t i f i e d  assumption. Such 

e r r o r s  a r e  a l s o  no t  except ion  occur rences :  t hey  should be co r r ec t ed  before  

t h e  program is de l ive red ,  not  handled whi le  it is being run. 

F i n a l l y ,  i f t h e p r o g r a m  is c o r r e c t  bu t  is invoked from a  s t a t e  which 

does not  s a t i s f y  its s p e c i f i e d  precondi t ion ,  what should happen? Anything 

a t  a l l  - f o r  t h a t  t o o  is an ( i m p l i c i t 1  p a r t  of t h e  s p e c i f i c a t i o n .  



The a b i l i t y  t o  l eave  t h e  a c t i o n  of  a  component unspec i f i ed  when it is 

invoked from an i l l e g a l  s t a t e  is one of  t h e  most u s e f u l  a s p e c t s  of a  

s p e c i f i c a t i o n :  it a l lows  t h e  implementor t h e  maximum freedom t o  op t imise  

and t o  use e x i s t i n g  components. If a  program is  used wi thout  first achiev ing  

its precondi t ion ,  we may deduce t h a t  t h e  very  reasoning on which t h e  invoking 

program was based is f a u l t y .  By t h e  same argument a s  above, t h a t  is n o t  an 
> 

except ion;  it is a  p rog raming  e r r o r .  However, because such errors do occur,  

it is  o f t e n  app rop r i a t e  f o r  a  program t o  be susp i c ious  of  i ts  i n p u t s  and 

t o  provide an alarm if it d e t e c t s  t h a t  t hey  a r e  no t  a s  s p e c i f i e d .  Programs 

which a r e  w r i t t e n  i n  t h i s  way a r e  s a i d  t o  be robus t .  

It seems necessary  t o  r e q u i r e  t h e  s p e c i f i c a t i o n  of  a  program t o  d e f i n e  

t h e  cond i t i ons  ( i f  any1 under which except ions  w i l l  be genera ted .  If 

except ions  a r e  no t  s o  s p e c i f i e d ,  an invoking program could never  be prepared 

t o  handle them and t h e i r  e x i s t e n c e  would be p o i n t l e s s .  So an alarm from a  

robus t  program r e p o r t i n g  i l l e g a l  i n p u t s  is  a l s o  no t  an except ion ,  f o r  such an 

alarm is by d e f i n i t i o n  no t  p a r t  o f  i t s  s p e c i f i e d  behaviour.  In  any case ,  

' r a i s i n g  an except ion"  is hard ly  a  s u i t a b l e  alarm: t h e r e  is  no ground f o r  

be l i ev ing  t h a t  t h e  reasoning behind t h e  i nvoke r ' s  "except ion handling1' 

is  any l e s s  f a u l t y  than  t h a t  on which t h e  o r i g i n a l  invoca t ion  was based. 

From t h i s  reasoning  it f o l l o w s  t h a t  except ions  have nothing t o  do wi th  

" e r r o r s "  o r  " f a i l u r e s " ;  t hey  a r e  r e l e v a n t  on ly  when a  program complies wi th  its 

- .  s p e c i f i c a t i o n .  

The f a c t  remains t h a t  except ion  handling mechanisms have been proposed 

and implemented, and we may t h e r e f o r e  a s k  what f a c i l i t y  t hey  add t o  a  p rog raming  

language. The answer is t h a t  t h e y  a r e  a  new c o n t r o l  s t r u c t u r e ,  ' i n  some 

languages c a r e f u l l y  r e s t r i c t e d  i n  a p p l i c a t i o n ,  and i n  o t h e r s  s o  g e n e r a l  a s  t o  

r e p l a c e  t hego to .  Exception handl ing  mechanisms a r e  unnecessary because 
- 



they  can always be rep laced  by union results, paramet r ic  procedures  and 

p a r t i a l  ope ra t i ons  (see Chapters  4, 5 and 61. The ques t i on  remains whether 

an except ion handling mechanism is a  d e s i r a b l e  a d d i t i o n  t o  a  modern 

p rog raming  language. 

8.2 Exception Handling is Undesi~able 

Programing  languages a r e  no t  j u s t  a r b i t r a r y  n o t a t i o n s .  If they  were, t hen  

it would indeed be adv i sab l e  t o  choose t h a t  wi th  t h e  l a r g e s t  and r i c h e s t  

sponsor  o r  t h e  f a s t e s t  compiler  [45] .  But i n  f a c t  t h e  choice  of no t a t i on  

has an important  i n f luence  on t h e  way we reason.  The no ta t i on  of 

mathematics i s  an important  a i d  t o  l o g i c a l  reasoning:  equa t ions  can be 

manipulated symbol ica l ly  w i t h  an ea se  and r a p i d i t y  t h a t  would be q u i t e  

impossible  if t he i r  meaning had t o  be considered a t  every s t e p .  

S imi l a r ly ,  a  programming language should be cons t ruc ted  with t h e  aim 

of making programs w r i t t e n  i n  it easy  t o  understand and reason about .  

S i m p l i c i t y  is one d e s i r a b l e  p rope r ty  of such a  language. Thus g r e a t  c a r e  

should be taken  before  any nonessen t i a l  f e a t u r e  is included.  

E x c e p t i o n  h a n d l i n g  i s  j u s t  s u c h  a  n o n e s s e n t i a l  f e a t u r e .  

I t  i s  n o t h i n g  m o r e  n o r  l e s s  t h a n  a n  a d d i t i o n a l  c o n t r o l  

---- 

s t r u c t u r e  f o r  p rog raming  languages.  Before adding any such s t r u c t u r e  it should 

be encumbent on language des igne r s  t o  ensure  t h a t  it encourages c l e a r ,  

s t ruc tured  and modular p rog raming .  



The reason t h a t  except ion  handl ing mechanisms a r e  undes i rab le  is t h a t ,  

w h e r e a s  t h e y  a r e  i r r e l e v a n t  t o  t h e  c o r r e c t i o n  o f  e r r o n e o u s  p r o g r a m s ,  

t h e  d i f f i c u l t i e s  t hey  intro.duce-are  very  - - r e a l .  R a t h e r ,  than  making it e a s i e r  $ t o  

w r i t e  r e l i a b l e  programs, t h e y  make it more d i f f i c u l t .  It is  i n s t r u c t i v e  t o  

look  a t  some o f  t h e  problemssome except ion  handling mechanisms -. have in t roduced ,  

fi) They permit  non-local  t r a n s f e r s  of  c o n t r o l ,  re - in t roduc ing  t h e  dangers  

of t h e  - go to  and t h e  problem o f  c lear ing-up.  

Ci i l  They can cause p a r a l l e l  p roces se s  t o  i n t e r a c t  o t h e r  than  through t h e  

normal comnunication channels .  Th i s  g r e a t l y  compl ica tes  reasoning 

about t h e  co-operat ion of  t h o s e  processes .  

Ciii) If " func t ions"  a r e  a l lowed t o  gene ra t e  except ions ,a  rift is in t roduced  

between t h e  concepts  of  " func t ion"  i n  t h e  prugrarrming language and i n  

mathematics. Th i s  compl ica tes  t h e  semantics  of  t h e  language and makes 

reasoning about  programs more d i f f i c u l t .  

Civl Recursive except ion  handl ing is extremely complex. If an except ion 

occurs  whi le  ano the r  except ion  is being handled, an a r b i t r a r y  dec i s ion  

m u s t  be made a s  t o  which has  precedence. The problem a r i s e s  because 

t h e  u l t i m a t e  a c t i o n  of  a hand le r  i s  o f t e n  t o  perform a non-local 

t r a n s f e r  o f  c o n t r o l  whi le  t r a n s m i t t i n g  some r e s u l t .  Two c o n f l i c t i n g  

t r a n s f e r s  o r  r e s u l t  va lues  produced by r e c u r s i v e  a p p l i c a t i o n  of  t h e  

except ion  handling mechanism cannot both be honoured. 

Cvl An except ion  handling mechanism may be used t o  d e l i v e r  information t o  a 

l e v e l  of  a b s t r a c t i o n  where it ought no t  t o  be a v a i l a b l e ,  v i o l a t i n g  



t h e  p r i n c i p l e  of information h id ing .  

( v i )  If a  list of  p o s s i b l e  except ions  is incorpora ted  i n t o  t h e  s y n t a c t i c  

i n t e r f a c e  of  a  procedure,  t h a t  i n t e r f a c e  is the reby  complicated, and 

i n t e r f a c e s  a r e  t h e  very  p a r t  of  a  program which one wishes t o  keep 

a s  smal l  and s imple a s  p o s s i b l e .  On t h e  o t h e r  hand, i f  except ions  

a r e  not  s o  s p e c i f i e d  then  t h e  dangers  of  us ing  them a r e  increased ,  and 

many of  t h e  advantages of s t r o n g  typ ing  a r e  l o s t .  

To be harmless,  an except ion  handling mechanism m u s t  be cons t ra ined  

t o  avoid t h e s e  problems. I n  f a c t ,  r a t h e r  than  doing so ,  many p roposa l s  

f o r  except ion  handling s u f f e r  from exces s ive  g e n e r a l i t y :  t h e y  a r e  powerful 

enough t o  subsume procedures ,  parameters ,  r e s u l t s ,  co rou t ines ,  - gotos ,  

dynamic binding and a b o r t .  The CLU except ion  handl ing mechanism is one 

of t h e  most cons t r a ined .  It completely avoids  problems Cil, (ii) and ( v )  by 

conf in ing  i t s e l f  t o  one l e v e l  of  procedure c a l l ,  r e s o l v e s  Civ) by jumping 

and d e l i v e r i n g  r e s u l t s  before invoking t h e  handler ,  l e a v e s  r e s o l u t i o n  

of  C iii I t o  t h e  programmer, and on p o i n t  Cvil dec ides  t h a t  a  complicated 

s p e c i f i c a t i o n  i s  b e t t e r  t han  none a t  a l l .  This  should n o t  be taken a s  a  

c r i t i c i s m  of CLU; on t h e  con t r a ry ,  CLU's except ion  mechanism is markedly 

super ioT t o  most o the r s .  Fo r  example, t h e  Mesa unwind p r i m i t i v e  makes 

problem Civl doubly s e r i o u s ,  and t h e  absence of any mention of except ions  

a t  procedure i n t e r f a c e s  is a throwback t o  t h e  days be fo re  type  checking, 

The Ada mechanism is ob jec t ionab le  on a l l  of t h e  above coun t s  and on 

s e v e r a l  o the r s .  



It seems c l e a r ,  then ,  t h a t  e x i s t i n g  except ion  handling mechanisms 

a r e  not a  d e s i r a b l e  add i t i on  t o  a  programning language because of t h e i r  

i n t e r a c t i o n  with o the r ,  more necessary,  language f e a t u r e s .  But how can we 

be s u r e  t h a t  t h i s  impl ies  t h a t  except ion handling mechanisms a r e  bad per se, 

r a t h e r  than  merely t h a t  e x i s t i n g  mechanisms a r e  i n s u f f i c i e n t l y  cons t ra ined?  

Without a  d e f i n i t i o n  o f  except ion it is, of course,  q u i t e  impossible  

t o  show t h a t  a  mechanism f o r  handling except ions  can never  be u se fu l .  

I myself have argued t h a t  eatastrop'he handl ing mechanisms can be very  u se fu l ,  

s o  extending t h e  meaning of  "except ion" t o  i nc lude  "ca tas t rophe"  would 

inmediately provide an example o f  u s e f u l  except ion  handling. Nevertheless ,  

if  one r e s t r i c t s  except ion  handling t o  mean something s i m i l a r  t o  t h e  

a c t i o n  of  t h e  mechanisms descr ibed  i n  Chapter  3, then  a  mechanism which 

avoids  t h e  problems l i s t e d  above seems t o  be n e c e s s a r i l y  somewhat l i k e  t h a t  

of CLU. Such an except ion mechanism m u s t  provide a  way of  dea l ing  wi th  

'unusua l"  r e s u l t s .  If it is  cons t r a ined  t o  d e a l  wi th  a  s i n g l e  procedure 

invoca t ion  then  t h e r e  is no ga in  i n  b r e v i t y  o r  c l a r i t y  o v e r  t h e  use of 

r e s u l t s  va lues  which may be oneof a  number of  d i f f e r e n t  t ypes .  On t h e  

o t h e r  hand, if t h e  mechanism may apply a  s i n g l e  handler  t o  s e v e r a l  

invoca t ions ,  one ach ieves  b r e v i t y  but i s  s imul taneous ly  a s s a i l e d  with t h e  

dangers of  d e f a u l t s .  It is f a r  t o o  easy t o  omit a  necessary  hand le r  and 

t o  have an except ion caught by an i napp rop r i a t e  handler  from a  surrounding 

scope. Th i s  was c l e a r l y  i l l u s t r a t e d  by t h e  example of  Sec t ion  4.1. 

Now t h a t  t h e  dangers  of l a r g e  languages with exces s ive ly  g e n e r a l  

f e a t u r e s  a r e  becoming app rec i a t ed ,  one is e n t i t l e d  t o  a s k  why except ion  

handling mechanisms were e v e r  proposed. The mot iva t ion  seems t o  have been 

twofold.  One a s p e c t  of  t h e  c a s e  was a d e s i r e  t o  make a v a i l a b l e  t h e  " f u l l  



a power of t h e  machine" t o  t h e  high l e v e l  language p r o g r a m e r .  When PL/I was 

designed it was observed t h a t  t h e  hardware provided " t r a p s "  f o r  a r i t h m e t i c  

underflow, and ON cond i t i ons  were included a s  a way of  a l lowing  t h e  

p r o g r a m e r  t o  use them. Extending ON cond i t i ons  t o  d e a l  a l s o  wi th  cond i t i ons  

de t ec t ed  by t h e  run-time system was an a t tempt  t o  c r e a t e  a homogeneous 

i n t e r f a c e  between t h e  language and t h e  implementation by modelling t h e  

former on t h e  l a t t e r .  

S ince  t h e  1960 ' s  o u r  a t t i t u d e  towards computers has matured. In s t ead  

of a programming language being v i s u a l i s e d  a s  a t o o l  f o r  c o n t r o l l i n g  a 

computer, t h e  computer is  considered a s  a t o o l  f o r  implementing a 

language. Language f e a t u r e s  a r e  now assessed  a s  much on t h e  help t hey  

provide t o  t h e  programmer a s  on t h e  ea se  and e f f i c i e n c y  wi th  which they  

may be implemented. Th i s  is not  t o  say  t h a t  e f f i c i e n c y  of  implementation 

is unimportant,  f o r  however f a s t  and cheap computersbecome it w i l l  

always be f a s t e r  and cheaper  t o  use them e f f i c i e n t l y  [45].  But e f f i c i e n c y  

of  t h e  o b j e c t  code is not  t h e  on ly  cons ide ra t i on :  if t h e  c o s t s  of p rog raming  

a r e  increased  o r  t h e  r e l i a b i l i t y  of programs reduced, t hen  t h e  sav ing  of  

machine c y c l e s  has been counterproduct ive .  

An encouraging example of  t h e  t r e n d  towards s imple,  p rog ramer -o r i en t ed  

languages is provided by Edison [40]. 

The v a r i a n t  of  t h e  Edison language f o r  PDP-11 computers, Edison-11, 

is implemented by ignor ing  i n t e r r u p t s  completely,  even a t  t h e  machine l e v e l .  

The only  synchronizing p r i m i t i v e  is a form o f  t h e  c o n d i t i o n a l  c r i t i c a l  

reg ion .  Input  and output  a r e  c o n t r o l l e d  by e x p l i c i t l y  t e s t i n g  t h e  s t a t e  

of t h e  app rop r i a t e  r e g i s t e r s  i n  t h e  device .  If a process  is suspended 



because a device  is not  ready it m u s t  wa i t  u n t i l  t h e  o t h e r  processes  ( i f  

any) t e rmina t e  o r  a r e  suspended, and then  t e s t  t h e  device  r e g i s t e r s  aga in .  

Th i s  s imple schedul ing scheme reduces t h e  overhead of process  swi tch ing  t o  

o n e - f i f t h  of  t h a t  of an i n t e r r u p t  d r i v e  concur ren t  Pasca l  implementation 

[ 3 9 I a  

Now cons ide r  t h e  main loop of  an Edison program f o p  backing-up a d i s k  

t o  magnetic t a p e  descr ibed  i n  [41] .  

while  mom d i s k  do - 
i := nz t  i 
c o b e g r l  do w r i t e  t a p e ( x [ n o t  - i ] )  
a l s o  2 do G a d  d i s x ( x [ i ] l  - - - 

The cobegin s ta tement  denotes  concur ren t  execut ion .  The d i s k  is read  and 

t h e  t a p e  is w r i t t e n  s imultaneously,  but  no con-munication is necessary  

because t h e  two processes  o p e r a t e  on d i s j o i n t  b u f f e r s .  S ince  l i p  and 

' n o t  - i1 must be d i f f e r e n t ,  and ' i t  is only  changed when execut ion  is 

pu re ly  s e q u e n t i a l ,  t h e  i n t e g r i t y  of  t h e  program is guaranteed.  The s i m p l i c i t y  

i s  achieved by r e - c r e a t i n g  t h e  read ing  and w r i t i n g  processes  f o r  each 

c y l i n d e r ,  This  i s  f e a s i b l e  because t h e  s imple form of concurrency used i n  

Edison makes p m c e s s  c r e a t i o n  and t e rmina t ion  very  cheap. When backing up 

a d i s k  on t h e  PDP 11/55, r e - c r e a t i n g  t h e s e  processes  imposes an overhead of 

l e s s  than  0.06 p e r  c e n t ,  

The lesson  t o  be drawn from t h i s  i l l u s t r a t i o n  is  t h a t  t r y i n g  t o  make use 

6f t h e  ' ' f u l l  power of  t h e  machine1' ( i n  t h i s  ca se  i n t e r r u p t s )  not  on ly  makes 

p r o g r a m i n g  mom d i f f i c u l t  by complicat ing t h e  language but  is o f t en  q u i t e  

unnecessary: e f f i c i e n c y  can a l s o  a r i s e  from s i m p l i c i t y .  
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The second cons ide ra t i on  which seems t o  have motivated except ion  handling 

is a d e s i r e  t o  w r i t e  t h e  code f o r  t h e  normal c a s e  first and t o  avoid 

c l u t t e r i n g  it wi th  t e s t s  f o r  l e s s  d e s i r a b l e  cases .  Considering t h e s e  o t h e r  

c a s e s  l a t e r  permi ts  concerns t o  be s epa ra t ed  i n  a  corm~endable way. However, 

t h e  same sepa ra t i on  can be achieved by w r i t i n g  t h e  normal ca se  code a s  a  

procedure which is c a l l e d  on ly  when tests have e s t a b l i s h e d  t h a t  t h e  c a s e  

r e a l l y  is normal. This  method has t h e  a d d i t i o n a l  b e n e f i t  of  making t h e  

cond i t i ons  f o r  normali ty  e x p l i c i t ,  

A r e l a t e d  mot iva t ion  is t h a t  checking t h e  r e s u l t s  of  an ope ra t i on  t o  s ee  

i f  a  p a r t i c u l a r  event  has occurred can be a  chore f o r  t h e  p r o g r a m e r .  This  

is q u i t e  t r u e ,  However, i f  t h e  a c t i o n  t o  be taken  on d i scove r ing  the 

l 'unusualll event  is  t h e  same f o r  s e v e r a l  invoca t ions ,  t hen  procedures  p m v i d e  

a s u i t a b l e  means of abb rev i a t i on .  On t h e  o t h e r  hand, i f  d i f f e r e n t  a c t i o n s  

a r e  r equ i r ed  a t  each invoca t ion  then  s e t t i n g  up a  d i f f e r e n t  except ion  

handler  a t  each p lace  is even more of  a  chore than  w r i t i n g  t h e  e q u i v a l e n t  

i f  s ta tements .  - 
The a s s o c i a t e d  complaint t h a t  t e s t i n g  is a s e r i o u s  source  of  

i n e f f i c i e n c y  [88] seems t o  be vacuous. S ince  t h e  r e s u l t  of t h e  o p e r a t i o n  

w i l l  be on t h e  s t a c k ,  comparing it wi th  a  cons t an t  and branching on t h e  

r e s u l t  w i l l  t a k e  very few o p e r a t i o n s  - f a r  fewer,  i n  f a c t ,  than t h e  o v e ~ h e a d  

imposed on procedure c a l l s  by t h e  implementation of  most except ion handl ing 

mechanisms. One implementation which does no t  p l ace  an overhead on c a l l s  

is t h a t  chosen f o r  t h e  Plesa  mechanism^ if  excep t ions  a r e  never  gene ra t ed  

t h e  on ly  e x t r a  c o s t s  a t  run time a r e  increased  code s i z e  and a  s i n g l e  branch 

i n s t r u c t i o n  p e r  handler  d e f i n i t i o n .  A s  a  consequence, gene ra t i ng  an except ion  

i n  Mesa is f a i r l y  expensive:  i n d i c a t i n g  an unusual  event  wi th  a  s i g n a l  

c o s t s  about f o u r  hundred t imes  as  much a s  us ing  a  r e s u l t  1261, 



It is neve r the l e s s  t r u e  t h a t  c e r t a i n  cond i t i ons  may be known t o  occu r  

s o  r a r e l y  t h a t  t h e r e  may be an o v e r a l l  saving o f  execut ion t ime i n  s p i t e  of 

t h i s  r a t i o .  Th i s  is even more t r u e  wi th  o t h e r  implementations.  A s  was 

shown i n  Chapter  4, t h e  r e s t r i c t e d  na tu re  of t h e  CLU mechanism makes it 

implementable wi th  l i t t l e  overhead, and a  few i n s t r u c t i o n s  may be saved 

even when f r equenc i e s  d i f f e r  by a  much s m a l l e r  r a t i o .  It i s  my view, 

however, t h a t  whi le  t h i s  s o r t  of  argument may have been an app rop r i a t e  

mot iva t ion  f o r  t h e  FREQUENCY s t a t a n e n t  of  Fo r t r an  11, it should no t  be 

allowed t o  i n f luence  t h e  design of  a  modern p rog raming  language. Methodological 

c o n s i d e r a t i o n s  a r e  f a r  more important ,  

8.3 Exceptions and Catast~ophes  

I n  c o n t r a s t  t o  except ions ,  c a t a s t r o p h e  is a  wLl1-defined a b s t r a c t  concept.  

One o f  t h e  reasons  t h a t  except ion handling is not  j u s t  undes i rab le  but  

p o s i t i v e l y  dangerous is t h a t  it encourages t h e  b e l i e f  t h a t  c a t a s t r o p h e s  and 

except ions  d i f f e r  on ly  i n  degree,  whereas i n  f a c t  t hey  d i f f e r  i n  kind. 

A c a t a s t rophe  occurs  when some component f a i l s  t o  meet i t s  s p e c i f i c a t i o n .  

Even i f  a l l  sof tware  components a r e  proved c o r r e c t ,  t h e  p o s s i b i l i t y  t h a t  

t h e  hardware may f a i l  is e v e r  p re sen t :  c a t a s t r o p h e s  w i l l  occur .  

Catastrophes d i f f e r  from excep t ions  i n  t h a t  t hey  a r e  t o t a l l y  

unexpected. The accepted  view of an except ion  i s  a s  an i n d i c a t i o n  t h a t  some 

event  has occurred.  Whether o r  no t  it is a d e s i r a b l e  event  is unimportant:  

what i s  s i g n i f i c a n t  is t h a t  t h e  p r o g r a m e r  was aware t h a t  it might happen, 

was a b l e  a p ~ i o ~ i  t o  f u l l y  understand t h e  imp l i ca t i ons  of i t s  occurrence,  

and has coded a  hand le r  which makes some we l l - spec i f i ed  response.  I n  

c o n t r a s t ,  a  c a t a s t r o p h e  i n d i c a t e s  t h a t  t h e  impossible  has happened. The 



p r o g r a m e r  had no way of even knowing t h a t  t h i s  p a r t i c u l a r  i m p o s s i b i l i t y  

might occur ,  and c e r t a i n l y  d i d  no t  understand a l l  i t s  imp l i ca t i ons .  

Because t h e  symptoms of a  ca t a s t rophe  a r e  l i k e l y  t o  be t o t a l l y  un re l a t ed  

t o  i ts cause,  it is more a p p r o p r i a t e  t o  speak of smviving a  ca t a s t rophe  

t h a n  recovering f r o m  it. Because t h e  e f f e c t s  of  a  c a t a s t r o p h e  may be 

widespread and unquan t i f i ab l e ,  t h e  on ly  hope of  s u r v i v a l  l ies  i n  

containment.  Ca t a s tmphe  handl ing invo lves  d i v i d i n g  a  system i n t o  s e c u r e  

compartments p ro t ec t ed  from each o t h e r  by l l f i r ewa l l s l l  which one hopes w i l l  

be proof a g a i n s t  c a t a s t rophes .  F i r e w a l l s  a r e  l i k e l y  t o  be s t r o n g e s t  when 

t h e y  a r e  d i r e c t l y  supported by t h e  underlying hardware. For  example, i n  a  

m u l t i p r o c e s s o r  con f igu ra t i on  i n  which each p roces so r  has i ts own p h y s i c a l  

memory, a  ca t a s t rophe  i n  one p roces so r  is  u n l i k e l y  t o  c o r r u p t  t h e  s t a t e  of  

t h e  o t h e r s .  However, i f  t hey  s h a r e  a  s t o r e  segmented by sof tware  o r e v e n  

firmware, t h e  p o s s i b i l i t y  of  cross-contaminat ion is inc reased .  

It is a l s o  important  t o  remember t h a t  t h e r e  is a  c o s t  a s s o c i a t e d  wi th  

e s t a b l i s h i n g  a  l l f i r ewa l l l l .  In  t h e  c a s e  of t h e  'Run' s t r u c t u r e  of  OSPRG t h e  

c o s t  is small ,  but t h e  degree of  p r o t e c t i o n  provided is cor respondingly  

l i m i t e d .  Recovery Blocks provide much b e t t e r  containment bu t  a t  a  g r e a t l y  

i nc reased  c o s t .  Because of  t h i s  c o s t  it is q u i t e  i n a p p m p r i a t e  t o  set  up 

f i r e w a l l s  a t  each a b s t r a c t i o n  boundary. Mhereas except ions  a r e  supposed 

t o  be t r apped  a s  c l o s e  t o  t h e i r  source  a s  p o s s i b l e  s o  t h a t  t h e r e  is 

s u f f i c i e n t  contex t  f o r  t h e i r  c o r r e c t  a n a l y s i s ,  t h e  handlers  f o r  c a t a s t m p h e s  

may be q u i t e  widely spaced. No automatic  a n a l y s i s  o f  t h e  cause of t h e  

c a t a s t r o p h e  i s  even at tempted:  f r o m  t h e  o t h e r  s i d e  of  t h e  f i r e w a l l  o n l y  

s u r v i v a l  i s  important .  Th i s  may t a k e  t h e  form of an a t t empt  t o  E -c rea t e  

t h e  f a i l e d  component o r  a  con t inua t ion  without  it. 



8.4 On Subjectivity and P~oof 

A p o t e n t i a l  ob j ec t i on  t o  t h i s  t h e s i s  is t h a t  it is noth ing  but an express ion  

o f  my own opin ion ,  That is  an o v e r s i m p l i f i c a t i o n .  While I have no t  

h e s i t a t e d  t o  exp re s s  my opin ion  where it seems r e l e v a n t ,  I have a l s o  

presen ted  t h e  evidence on which it is based. P a r t  of  t h a t  evidence is t h e  

exper ience  of  o t h e r  p r o g r a m e r s  wi th  except ion  handling, and p a r t  is t h e  

s e r i e s  of  comparative examples. 

It i s  p e r t i n e n t  t o  a s k  how my argument could be made more o b j e c t i v e  

and r i go rous .  The t h e s i s  t h a t  t h e  occur rence  of  unusual  o r  undes i r ab l e  even t s  

can be d e a l t  w i th  i n  t h e  same way a s  any o t h e r  p r o g r a m i n g  problem is not  

s u s c e p t i b l e  t o  formal  proof .  Any d e c i s i o n  about  what should and should not  

be included i n  a  p m g r a m i n g  language must be s u b j e c t i v e  because t h e  

language w i l l  be w r i t t e n  and read  by people .  Re j ec t ing  a l l  s u b j e c t i v e  

assessment means t h a t  any language is a s  good a s  any o t h e r ,  on ly  provid ing  

t h e y  a r e  a l l  un ive r sa l  ( i n  t h e  sense  of a u n i v e r s a l  Turing machine].  Those 

who be l i eve  t h i s  w i l l  no t  be convinced by my arguments3 indeed, t h e y  w i l l  

probably not have read t h i s  t h e s i s .  On t h e  o t h e r  hand, my argument can 

be disproved by a  s i n g l e  counter-example; t h i s  t h e s i s  could be i n t e r p r e t e d  

a s  a  cha l lenge  t o  t h e  proponents  of  except ion  handl ing t o  produce an 

example of  a  well-handled except ion .  

The q u a l i t i e s  of a  convincing proof vary  f r o m  one r e a d e r  t o  ano the r .  

Even i n  a  mathematical proof it is necessary  t o  make assumptions about  t h e  

s i z e  of t h e  s t e p  t h a t  a  r e a d e r  w i l l  be a b l e  t o  understand:  except  i n  the 

most t r i v i a l  theorems, r e s o r t i n g  t o  proof t heo ry  a t  each s t a g e  would 

be impossibly t e d i o u s  f o r  t h e  theorem p m o v e r  and would r ende r  t h e  

pmof  incomprehensible t o  t h e  r eade r .  The same problem faced  me when 

w r i t i n g  t h i s  t h e s i s .  Some people  may have been convinced of my hypothes i s  



be fo re  t hey  read  t h i s  t h e s i s ,  whi le  o t h e r s  may f i n d  t h e  l e a p s  i n  i n t u i t i o n  

r equ i r ed  by my argument a r e  t o o  l a r g e ,  I hope I have made a  r ea sonab le  

compromise, and t h a t  even those  who a r e  no t  convinced by my arguments may 

a t  l e a s t  be prompted t o  a s k  f o r  s u b s t a n t i a t i o n  o f  t h e  o f t e n  unsupported 

counter-claim t h a t  except ion  handl ing mechanisms must be a v a i l a b l e  i n  

t h e  p rog raming  language. 

8.5 Suggestions for Fuvfhev Work 

It is convent ional  f o r  a  d o c t o r a l  t h e s i s  which has proposed some new idea  

t o  o u t l i n e  a r e a s  where f u r t h e r  i n v e s t i g a t i o n  is  r equ i r ed  and d i r e c t i o n s  i n  

which ex tens ion  might be p o s s i b l e .  This  t h e s i s ,  by disposing of  a  language 

f e a t u r e ,  d i sposes  a l s o  wi th  a l l  need f o r  smoothing i ts  rough edges.  What 

f u r t h e r  work is app rop r i a t e  t o  s u b s t a n t i a t e  t h i s  t h e s i s ?  

The most obvious sugges t ion  i s  t h a t  t h e  experiment of  w r i t i n g  programs 

wi thout  except ion handl ing mechanisms should be conducted a s  widely a s  
-- 

p o s s i b l e .  O f  course,  t h i s  "experiment" has been i n  p rog re s s  f o r  many 

yea r s ,  and t h e  r e s u l t s  t o  d a t e  have been encouraging. Many r eadab le  programs 

have been w r i t t e n ,  and some even publ i shed ,  which cope wi th  d i v e r s e  

behaviours  without  using except ion  handl ing mechanisms. I hope t h a t  

language des igne r s  encourage t h e  con t inua t ion  of  t h i s  experiment by exc luding  

except ion  handling mechanisms from t h e i r  p roducts ,  and devot ing  t h e i r  

e f f o r t s  t o  o t h e r  i s s u e s .  

Two language design i s s u e s  which are r a i s e d  by t h i s  r e sea rch  a r e  t h e  

a v a i l a b i l i t y  of d a t a  t y p e  unions and procedure-valued v a r i a b l e s .  It 

c e r t a i n l y  seems t o  be t r u e  t h a t  unions have not  been c a r e f u l l y  designed i n  

many e x i s t i n g  languages.  A s  was shown i n  Chapter  5, t h e r e  i s  no d i f f i c u l t y  

i n  determining t h e  semantics  o f  a  d i s j o i n t  union. However, t h e r e  a r e  

engineer ing  problems i n  i n t e g r a t i n g  such a  f a c i l i t y  w i t h  t h e  r e s t  of t h e  



language. The convent iona l  wisdom is t h a t  i n  o r d e r  t o  ach ieve  t y p e  s e c u r i t y  

a t  an accep tab l e  c o s t  an a d d i t i o n a l  s y n t a c t i c  s t r u c t u r e  l i k e  t h e  CLU 

t a g c a s e  s ta tement  i s  r equ i r ed .  Whether t h e  implementation techniques  

suggested i n  Chapter  6 make t h i s  unnecessary is an open ques t ion .  Whether 

o r  no t  i n j e c t i n g  t o  ( o r  p r o j e c t i n g  from) a  union should e v e r  be i m p l i c i t  

o p e r a t i o n s  is a  dec i s ion  which can only  be made i n  t h e  con tex t  of  a  p a r t i c u l a r  

language. These ques t i ons  can only  be reso lved  with exper ience  of  t h e  u s e  

o f  oneof t ypes  f o r  r ep re sen t ing  d i f f e r e n t  kinds of r e s u l t .  

T rea t ing  procedures  a s  manipulable va lues  seems t o  be harmless enough 

i n  i s o l a t i o n .  However, when combined with nes ted  procedure d e c l a r a t i o n s ,  

block s t r u c t u r e  and f r e e  v a r i a b l e s ,  problems a r e  posed f o r  t h e  compiler  

w r i t e r .  Some languages have e l imina t ed  non-global f r e e  v a r i a b l e s  i n  o r d e r  
- -- - 

t o  avoid t h e s e  problems; i n  o t h e r s  procedure parameters  and procedure 

assignment have been omit ted.  With t h e  development of module s t r u c t u r e s  

which provide f o r  e x p l i c t  exposure of  names, it may be t h a t  nested procedure 

d e c l a r a t i o n s  and block s t r u c t u r e  a r e  t h e  l e a s t  u s e f u l  f a c i l i t y .  O r  perhaps 

a l l  t h e s e  f e a t u r e s  a r e  s u f f i c i e n t l y  important  t o  warrant  t h e  smal l  i n c r e a s e  

i n  implementation complexity r equ i r ed  t o  accommodate them. It is even 

p o s s i b l e  t h a t  a s  implementations of  a p p l i c a t i v e  languages become more 

e f f i c i e n t  assignment i t s e l f  may become an e r ror -prone  anachronism. 

The t r e n d  towards s i m p l e r  languages p r e s e n t s  t h e i r  de s igne r s  wi th  both 

a  cha l lenge  and an oppor tun i ty .  I n  a  baroque des ign  each i r r e g u l a r i t y  is  

camouflaged by many o t h e r s .  In  a  smal l ,  compact language every f a c i l i t y  

must be man i f e s t l y  worth its p lace ;  any s p e c i a l  c a s e s  a r e  p l a i n l y  v i s i b l e .  

The design of a  p r o g r a m i n g  no ta t i on  which is s o  s imple and n a t u r a l  t h a t  

i ts  semantics  a r e  obvious on in spec t ion  provides  o p p o r t u n i t i e s  enough f o r  

t h e  e x e r c i s e  of i ngenu i ty  and s k i l l .  There is no need t o  s ea rch  f o r  e v e r  

more s o p h i s t i c a t e d  c o n s t r u c t s  which w i l l  i n e v i t a b l y  pe rp l ex  r a t h e r  t han  

en l igh t en .  
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