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1~
EVALUATION

This final Report represents the development of a software

design methodology specifically tailored for use by the Air Force

in its acquisition of C3 embedded computer systems. This methodology

was synthesized from the best, curren tly ava i la ble id eas i n software

engineerin g. Its principles were identified , its design procedures

were establ i shed , a comprehensive set of tool s was outlined and a

small demonstration on a typical Air Force software design problem

was performed.

This work is part of the Software Cost Reduction program (TPO5 )

at RAUC . It is oriented toward increasing current understanding of

the software engineering process so that the cIStS associated wi th

system life cycle mana gement may be reduced.

The resul ts of this work are directed at practicin g softwa re

engineers and software acquisition managers working in Air Force System

Program Offices and are intended to enhance their underst andinq of

modern software eng ineering techniques .

WILLIAM E. RZEPKA
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1. INTRODUCTION

THE SOFTWARE DESIGN PROBLEM

Introduction to the Problem

The annual cost of sof tware development in the U. S. is approx imately 20

billion dollars [BOEH77I . In FY 1975 , the U. S. Department  of Defense

spent an estimated 2. 9-3. 6 bi l l ion dollars [FISH74] yet this  indus t ry  is

affl icted by problems which actually slow down computer introduction.

Fur the rmore  sof tware  products are not renown for  the i r  reliab ili ty.  A large

percentage of p rogramming  labo r is required to repair  m a l f u n c t i o n s  in

products in use for  long periods of t ime . The cost of sof tware  maintenance

has been estimated as 70-75% of its total l i fe  cycle cost. Although not all

the maintenance is for repair ing e r rors , the economic im pact of software

er rors  is very sizable.  It has been est 1mated in one a i rc ra f t  computer

app lication , software development costs were  approx imate ly  $75 per instruc-

tion whi le  dur ing main tenance  the costs were $4000 per i n s t ruc t i on

~TRAI 73].

The ove rall impress ion of so f tware  i~idus t ry  observers  is that the re  is a

considerable lack of control of the development  process. The product  does

not ref lec t  the . r equ i remen t s , the r equ i r emen t s  are not understood by the

developers , or the t ime  and cost schedules  are over run  b y an order  of

magni tude . Each of these show a lack of development process control .

It was fash ionable  in the late s ix t ies  to talk about a “software c r i s i s ” and

many techn ica l  papers were w r i t t e n  analyzing the problems and causes ,

and suggest ing remedies .  At the same t ime , results  of compute r  science

research supp lied the basis for possible cures.  Today,  we can app ly this

s c i e n t i f i c  knowledge to produce p rogramming  methodologies.

7
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This document presents a review of programming principles and analyzes

their  app lication to working procedures for sof tware  development.  To

accomplish the latter task , a definit ion of a software development method-

ology is essential. The software product life cycle will be anal yzed in the

f ramework  of the t radi t ional  development environment  to a r r ive  at a defini-

tion.

Software Development in a Tradi t ional  Envi ronment

The development cycle is divided , following the “ Management  Guide  to

Avionics Software Acquis i t ion ’ [ L0G176J , into the following phases:

Conceptual - during this phase requirement s are anal yzed.

Validation - requirements  are t r ans fo rmed  into some form of system

design and the re fo re  accepted for  fu r the r  development

work.

Full  scale development - the requi rements  are t r a n s f o r m e d  into a

func t ion ing  product  (a program or a set of programs for

the required hardware) .

Product ion/deployment - d u r i n g  this  phase the f u n c t i o n i n g  product  is

dis t r ibuted to the users.

These four phases are iden t i f i ab le  in all sof tware  development  p lans.

A character is t ic  of sof tware  development  in th is  mode is the  d i f f i c u l t y  of

def in ing  the t r a n s i t i o n  f rom one phase to the  next.  In fact , the production

of code usual ly  shows problems which are  ac tua l l y due to incomp lete or

misunders tood r equ i r emen t s .  These  problems should  be recognized in

previous phases. The result is that the developers p e r f o r m  ac t iv i t i e s  of

the conceptua l and va l i da t i on  phases d u r i n g  development  and the product ion

phases. Other product  developments  s u f f e r  f rom these problems but not to

8
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the extent found in software.  In software development too many  effor ts  fall
outside this sequence of event s making it d i f f icul t  to exercise meaningful

control on the process .

This s i tuat ion demonstrates an inadequate unders tanding of the programming

task.  Two major  problem areas are obvious: f i r s t , the requirements are
not s u f f i c i e n t l y  comp lete or understood;  second , the actual code does not
represent a f a i t h f u l  rendi t ion of the requ i red  task . The second problem is

usuall y ident i f ied as that of program correctness  and has received consid-

erable at tent ion in the research communi ty .  The problem of ill-defined
requi rements  is harder  to fo rmal i ze , since it is caused b y inadequate

communica t ion . For tunate ly, the work on program correctness has sup-
plied ins ight  into the whole cycle of 9rograrn development ~o tl~at a
h e u r i s t i c  approach to the r equ i rements  problem may be ou t l ined .

The Need for  a Methodology

Improvement  of the sof tware  development process mus t  be in accord with
the sc ien t i f i c  p r i n c i p les of programming.  The mere  recognition of these
princi ples does not improve the development process. The theory is hard
to unde r s t and  and there is a need for  procedures  that can be followed by a
large v a r i e t y  of peop le ass igned to all phases of the development process.

A nother aspect of the successful app l icat ion of pr incip les is to support the
work procedures with appropriate tools. This makes the appl icat ion of the

procedures  easier and more natural .  In othe r words , there is the need to

def ine  a rationa l sof tware  development  methodology.

1)FI IN I T ION A N D  SCOPE OF A RATIONAl . ,  MET IIODIA) OG Y

The emphasis of this study for the A i r  Force is on the design problem.

This  does not mean that  the aspects of implementat ion and dep loyment of
software are considered uniportant . It i s the op inion of the authors ,

9
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supported by wide ranging experiences~ that the most improvement can

be obtained in the design phase [BOEH75J and its methodology.

A methodology is defined as

a complex of work procedures supported by a body of scientific
principles which are made effec t ive  by an appropriate set of
notational and organizat ional  tools.

Fur thermore, this def in i t ion is a basis for  a methodology which may include

implementation and p roduc t ion/ dep loyment .

Software design includes all the ac t iv i t ies  beg inn ing  with the conceptual

phase and ending with  the detailed spec i f ica t ions  of data and algori thms.

The design must  be validated to obtain a very high level of conf idence  in

its abilities to satisf y problem requ i r emen t s .

The key advantage of a wel l-considered methodology over the tradit ional
development env i ronment  is in the  level  of conf idence  obtainable . In the

traditiona l env i ronment  there  is no way of knowing if a design is satis-

fac to ry  unt i l  the programs run on the real machine.  The re fo re , the tradi-

tional design procedures  y ield a very low level of conf idence . It is the ru le

rathe r than the except ion that des ign flaws are discove red b y the execution

of the actual  code during the p rodu c t i on/ dep loyment  phase.

A design methodology is also r e q u i r e d  to accommodate changes in problem

requirements .  F requen tl~~, a n u m b e r  of r e l a t ive ly  mino r changes in the

problem speci f ica t ions  occur  d ur i n g  the product  life cycle.  The usual  way

of coping wi th  . . i iS is to change the execu tab le  code and test to demons t ra te

the  adequacy of changes . The  des ign  d o c u m e n t a t i o n , i f it e x i st s , is f re-

quen t ly  neglec ted  in t h i s  process .

In a r a t iona l design methodology, prob [cm specif icat ion changes are t r ea t€ ’ d

as new design problems.  A comp lete va l ida t ion  and documen ta t ion  of t he

solut ion is made before  ac tual  code is r u n . The task  of des ign ing  changes

10 
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is facil i tated by the documentation of the origina l design . This is a key

element of a successful  design methodology.

CONTRACT TASKS

The f ina l  contract  report del iverables for the Rat ional Design Methodology

(RDM) effort will be delivered in two versions: inter im repo rt and final

report . The in t e r im report contains the results of work performed to

satisf y Statement of Work (under  Goals and Purpose of Support Tools , and

Design Notations categories of Section 4). The f irst paragraph requires the

examinat ion.of  c u r r e n t  so f tware  design , validation , and pe r fo rmance

assessment methodologies .  The second pa ragraph calls for  the identif i-

cation of a p romis ing  methodology f r o m  those examined . The methodology

may be a sy n t h e s i s  of concept s and f ac i l i t ie s  f rom a number  of the most

p romis ing  candidates .  The work required  to accomplish this e f fo r t  is

contained in Honeywell  tasks “Software Design I’roblem , ” and “Def in i t i on

and Scope of a Rat ional  Methodology ” (at beginning of this section) .

The stud y of c u r r e n t  methodologies was done in the f ir s t  month of the

contract  period. An ini t ia l  list of candidate  methodologies and languages.

re la t ing to methodologies is disp layed in Table 1. E xist ing lit e ra ture

searches , persona l contacts  and in terac t ions  wi th  RADU p ersonnel  were

conducted to iden t i f y those features  of a methodology w h i c h  were  most

relevant to the  A i r  Force env i ronment .

During the second month of the contract , the concepts of the methodology

were f or m u l a t e d  and documented. The basis for this was the methc iology

called W1 L 1 . M AD I , c u r r e n t l y under  development wi th in  l-lonevwel l .

Specif icat ions of W E I . L M A D E  may be found  in the references  [ M( ’G F 7 6 ,

B ()Y D76 , PL Z Z 7 ( i , l 1()NE 77a 1 .

The r e m a i n in g  w o r k , subsequent  to the two ini t ial  Honeywel l  tasks , has been

documented  in mon th ly  technica l  status report , and in this f ina l report.

11
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In pa r t i cu l a r , “Cont ract Tasks , ” in Chapter 1 and “General Discussion”

and “ Proof-~~f-( ’orrectness  Princ iple ” of Chapter. 2 were concerned with
the specif icat ion of concept s, procedures  and general  design tools. This
work comp leted the detailed examinat ion of the general  design phase , and
te rmina ted  at approximate l y month s ix .

h oneywell  task 3, Deta iled Design (SOW paragraph 4 . 1.3)  began at mont h
one and cont inued through month n ine  of the contract  t e rm . This work
concent ra ted  on PDL notation , v e r i f i c a t i o n  tools and static per formance

assessment tools and techni ques .

“.lonths eight th rough  twelve were devoted to the demonstra t ion of the RDM
on a selected po r t ion of the IBM Prog ramming  Support Library  (Honeywell
task  4 , SOW pa ragrap h 1. 1. 4 ) .

R I ~ PORT O U T I . I N I :

The bo dy of t h i s  report  is a r r a n g e d  in s ix  major sections . The f i r s t ,
In t roduc t ion , con ta ins  a d i scuss ion  of the sof tware  problem and the Honey-
well de f in i t i on  of a methodology. Chapter  1 also contains a descri ption of
the  contract  tasks  p e r f o r m e d  and the out l ine  of the report. Chapter 2 ,
Design Principles, contains  descr ip t ions  of the scient if ic  pr inciples  which
m u s t  fo rm the basis for a succ ’ss fu l  design methodology. In par t icular ,
the p r i n c i ples of proofs -o f - co r r ec tnes s, l im i t i ng  complexi ty ,  and construc-
t ive design a re  expounded . Chapter  3, Design Procedures , describes the
way in which  the sc i en t i f i c  p r inc i ples are  app lied to a RDM. Chapter 4 ,
Tools , desc r ibes  aids  which  support  the R D M .  Chapter 5 demonstrates the

appl icat ion of the selected methodology on a sof tware  design . The sixth
chapter , Conc lu s ions , s u m m a r i z e s  the f ind ings  of th is  research.

13 
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2. DE SI ( ;N P R I N C I P L E S

GENERA L DISCUSSION

The weakness of t radi t ional  so f tware  design t echn iques  became apparent
ten years ago [NAT 069]  and led to ac t ive  research in sof tware engineer ing .
This  research has highl ighted the d i f f i c u l t i e s  and inadequacies  in the
t radi t ional  approaches . Among  them are  improper under s t and ing  of the
sof tware  r equ i remen t s, inadequate t echn i ques for  ver i f y ing  sof tware  satis-
fact ion of in tended r equ i remen t s , the inabil i ty to cope wi th  large and com-

plex so f tware , and  uncont rolled design process act ivi t ies . Three  p r inc ip les
of so f tware  des ign  have been iden t i f i ed , and are the center  of ac t ive
research.  T h ey  are r e f e r r e d  to here in  as:

p r o o f -o f - co r r e c t n e s s
l i m i t i n g  comp l e x i ty

cons t r u c t i v e  des ign

“ P roo f -o f - co r r ec tnes s” is a m a t h e m a t i c a l ly  r i go rous  p r o o f  that  the detai led
spec i f i ca t ions  of so f tware  design comp le te ly  c a r ry  out t h e i r  r e q u i i ’ ernent s .
This assumes the designer has c o r r e c t ly  i d e n t i f i e d  and spec i f i ~ ’ 1  t he  r equ i re -
ments of the softwa re. Hv ‘‘ l i m i t i n g  comp l e x i t y , ‘ the p rob lem is decorn —

posed into a s~~t of intellectuall y manageable s teps , eac h  r e q u i r i n g  a u r n  i l e d

number  of de s ign  dec, ’ is ions  and ea h p r o d u c i n g  I t s  ign s p e c i f i c a t i o n s  of
l imi ted  s i t e  and  de ta i l .  I in a l l v , 1 1 r i s t  r u c t i v e  l ies  ign ’’ is i n t e n d e d  t o be a

c o n s t r a i n e d  and  c o n t r o l l e d  process ~If s t epwi se  so f twa re  des i~~ :i a n d  p r o o f —
o f - c o r rec tness .

The f o u n d a t i o n s  of a ra t iona l lv~ ign m e t h o d o l o gy  a re  a sv n t h e s  is of concepts
resulting f rom the t h e o r y  developed  t h r o u g h research on t l ie se  l ’ ~ ign
p r i n c i p les. In t h i s  st et ion , t ? i  ‘ r e s e a r c h  i l i v i d  v i n g  ca h of t h e se  princ ip les

is d iscussed  in the con t ex t  of the concepts  used  in so ft ~va re ( I t s ign method-

ologies.  I h t ’  p r o c e i l u n ’ t ’ s  w h i c h  lea f I I  . o n n p r e h c r i s i b l e  and m a t h e m a t i c a l l y
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provable designs are necessary tools for  any software project since an in-
correct program has no value and a program which cannot be understood
has at best margina l  value .

PROOF —OF — C O R R  I ;(  TN 1:55 P R I N ( ’  IPI  E

P rog cam Seman ics

Resea rch on the proof-of-correctness princip les has usuall y been concerned
w i t h  d e m o n s t r a t i o n s  of f u n c t i o n a l  correctness . Assuming the functional

requ i rements  a t e  c o r r e c t ly  spec i f ied , the proof must  demonstrate that the
progra m s a t i s f i e s  i ts  i n t e n d e d  f u n c t i o n s .  The notion of th is  demonstrat ion
of correctness was men t ioned  as early as 1947 b~ John von Neumann
[(;oI.D63] . In o rde r  t o  make such a demonstration, the program ’s

semantics must he de f ined  in a concise and uncompromis ing way.

The t r a d it i o n a l  t e c h n i q u e  for  d e f i n i n g  program semant ics  is known as the
operat iona l approach.  This  was expressed by John M cCar th y in 1962 as:
“The seman t i c s  i t s e l f  is g i v e n  by an i n t e r p r e t e r  that describes how the

state vec to r  changes  as the computa t ion  progresses” [MCCA63] . Thus , the

most direct  t e c h n i q u e  for  d e t e r m i n i n g  what a program does is by observing
its execut ion. Testing a program shows functiona l correctness of program

path for a sp ecific set of values of input data . However , to comp letely
v e r i f y  a given program , every possible computat ion (path and data values)

mus t  be demons t ra t ed . This is general l y impossible, even with simple

prog rams . The resul t  of th is  imposs ib i l i ty  was clearl y ident i f ied by
Di~ks tr a  in h i s  famous statement : “l’rograrn testing can be used to show the

presences of bugs , but never to show the ir absen ce” a)IJK7~ . However ,

t e s t ing  r e m a i n s  the predominant l y used tec hnique  for demonstrat ing the

correc tness of a program.

It was not unt i l  1967 that  Floy d f i r s t  suggested an execut ion- independent

t echn ique  for  d e f i n i n g  the semant ics  of programs [FWYG7] . This method

is .  ,.-~:



is often known as the inductive assertion technique. The functional  speci-

fications of a program are given by a descript ion of its input and output

states. The state space of the program is defined as the collection of all

the possible values of all the variables used by the program. The input and

output states are subspaces which a re  defined by assert ions which fu r the r

constrain the values of variables and describe relationships exist ing be-

tween variables at start and comp letion t ime in the program ’s execution.

Thus , a program is correct  if it can be demonstrated that when it begins

in an input state satis f ying the Input assert ions , it t raverses  several inter-

mediate states and eventuall y halts in an output state satisf y ing the output

assertions.

To make this demonstra t ion , it was necessa ry  for Floyd to define the

meaning of each command cons t ruc t  as a condi t ion relating antecedents

(input a s se r t ions)  to consequences  (output  asser t ions) .  By us ing  onl y flow

charts in w h i c h  meanings  of c o n st r u c t s  are  defined and by inserting asser-

t ions between the flow chart blocks c h a r a c t e r i z i n g  i n t e r m e d i a t e  states ,

Floy d could make a clea r demonstration that the correct  r e l a t i onsh i p

(ver i fica t ion  condi t ion )  exists between two asse r t ions . In particula r, it was

possible to verify correctness of an entire program . F loy d lim ited the

constructs to sequential  commands  containing boolean tests and ass ignment

statements.

In 1969 , I loare fo rmal ized  this  t e chn ique  for h igh level language constructs

[HOAR 6~]. Iloare defined the semant ics  of the language cons t ruc ts  by

axioms and in fe rence  rules . Consequen t ly ,  the execut ion  independent

technique  for de f in ing  program semant ics  and v e r i f y i n g  f u n c t i o n a l i ty  is

called the ax iomat i c  approach.

The Axiomat ic  A pproach

The concept s of l loy d and I loare  arc  s u m m a r iz e d  here  because they are the

foundations for all techniques involving proof-of-correctness. l et S be the

text of the program . l e t  P and Q be assertions cha rac te r izing  the input
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and output states, respectively, of S. To verif y S with respect to its ante-
ceder. P and its consequent Q, it must  be proved that if P holds before exe-
cution of S, then Q will hold after execution of S. This verification is de-
noted by Hoare with the notation P[ SJQ .

The program constructs  whose semantics were f i rs t  def ined by Hoare are

compositions of the operations : assignment, alternation, and iteration.

It has been shown by Bohrn and Jacop in i [B O H M 6 6 ]  tha t these const ructs

are su f f i c i en t  for representing any computation .

The ru le  for  composit ion of o p e r a t i o n s  allows proofs of a sequence of state-

ments to be decomposed into a sequence of’ proofs. That is , P [Sl;S2~Q may

be proven by first proving P[5l11{ for some in termedia te  set of states

cha rac te r ized  by R , and then proving RS2~Q.

The consequence of an assignment statement is given by the axiom:

P[x-~ j{ x :  e~P, wh ere I’[x~~e] is the predica te  obta ined f rom P when every

free occurrence of x is replaced by the expression e.

The rule for al ternation requires  that each al ternat ive  be proven separately.
Thus to prove P{if B then SI else S2~Q, it must be proven that (P and B[Sl}Q )

and (P and not B[S21~~ hold.

To provide rules for ite rat ion, b are i nt roduced an invar ian ce theo rem .

An invar iant  assert ion is a relationship between data s t ruc tu res  which is

t rue  each tim e control enters a specific point in the computation . Thus

the proof of a loop, P [while B do S1Q requires that an invariant assertion I

be fo und and that the follow ing propert ies be ver if ied : the i nva riant is
impl ied by P. P 1, the invariant is maintained th roughout  each iteration of

the loop, I and H[S~I, and finally, the va riant implies the consequent,
I and not B Q. To show that the invariant is maintained throughout loop

iterat ion, an inductive argument rrrust be used [REYN76]. The invariant

relationship describes the functionality of the iteration.
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Note that  in the above d iscuss ion  involving proofs of i tera t ions , no th ing  was
said about  whether  or not the i tera t ion te rminates ;  thus , the  proof is valid
onl y when the program te rmina tes .  This  is called a proof of part ial cor-

rectness . To show that the p rogram t e rmina t e s  correctl~’ for all states
sa t i s fy ing  the input  asser t ions , t e r m e d  total  cor rec tness, a decreasing
positive valued integer function which is bounded from below must be found.

With each i terat ion , it m u s t  be shown that  t h i s  func t i on  decreases . The
iteration must eventually terminate since the tunction is bounded from

below. These func t ions  are  c h a r a c t e r iz e d  by w e l l - f o u n d e d  sets . The use of
these sets for proving termination has been investigated by Floy d [F L0Y67] ,
Manna [MANN 69j , and i\lanna and Pnueli [TtIANN7 4b ].

An obviously m iss ing const r uc t was the unconst rained bra nc h (the go to
statement) .  Al though in i t iall y controversial  [SIc ;P72 , KNUT74 ] ,  the elim-
ination has been accepted l.)y most program designers .  Resea rche r s  con-
tinue to def ine  the semantics of new control  s t r u c t u r e  c o n s t ru c t s  to eliminate
these controversies [C I lN 7 o , Z A I I N 7 4 , A D A M 7 5 , KOW .A77 ] .

Illustrations of the axiomatic approach to proving correctness are found in

the text b y M anna  [ \ I AN N 7 4 a ] . Proper t ies  of i nduc t ion  and its use in varia -
tions of the Floy d  and Hoare t e chn ique s  are  discussed by Reynolds and Yeh
[R h ’ : \N 7 6 ]  and Hasu and \ l i sr a  [I3ASU 7S] . The5e v a r i a t i o ns  include subgoal
induc t ion  [MORR 77~, s t r u c t u r a l  i ndu ct i on  [ HU R S I ~~], i n t e r m i t t e n t  assertions

[M A N N 7 G ] ,  and weak logic of pr ograms  [ i l  ( . 11 77 ] .  Proper t ies  of side
effects have been investigated by Clint [U I . l N  731, h l o a r e  [ l I o A R 7  1], I : rnst

ERNS77] , and Kowaltowski  [No ’vA77].  Sy n c h r o n i z a t i o n  cons t ruc ts  and
the i r  semant ics  are being invest igated by h ansen  [BRIN73] , I loar e

[U0AR74 , FK )AR72c ], and Owicki  and ( r I e s  [( ) W1 C7 6] .

S ign i f ican t  Concept s and A ddi t iona l Research

The a x i o m a t i c  approach as d e s cr i be d  by l loy d and  re f ined  b y Hoare and

later  research ef fo r t s  r e m a i n s  the p r i m a ry  t e c h n i q u e  for  p rov id ing
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cor rec tness  proofs [ELSP77] . The s ign i f ican t  concepts result ing f rom this
research are:

1. The funct ional  specif icat ions of a program are given by static
(execut ion  independent ) representat ions of its state space and
through  asser t ions  charac te r i z ing  the relat ionships which  hold

between i t s  objects.

2. The nota t ion used to describe a program design is res t r ic ted
to those cons t ruc ts  which  are semantical ly def i n ed by the i r

inpu t -ou tpu t  state t r ans fo rma t ions  in the fo rm of axioms and

in fe rence  rules.

Mu c h  of the methodology research involves  sea rches  for notations for rep-

resent ing func t iona l  specif icat ions  [P.~ RN 7 2 a , NOON 751 and for  represent-

ing program designs [C l1 t :76 , LOND7O , GR I E 7 7 , D 1JK76] by constructs

with wel l -def ined semantics.  In cases where the methodology supports the

actual demonstration of a correctness  proof , the under ly ing  assumption is

that  the proof will be car r ied  out a f t e r  the program has been designed.

It is a very comp lex task to formal l y prove the correctness  of an a rb i t rary

program. These proofs have only been presented for relatively small pro-

gram s. Isolated cases have been caxr i ed  out as “hand-simulated” proofs of

large program s [LOND7O J . There is a large amount of’ research on correct-

ness proofs aimed at machine implementat ion for  semi-automatic  verifica-

tion [KING71 , G00D75 , WALD73] .  This research involves systems for

semi-automat ical ly construct ing invariant  assertions derived from the pro -

gram text  [WEGB74 , GE RM75 , KATZ77 , TAMI 76 , DEH S77] .  Extensive

syntax checking of the asser t ion and specification language is used to reduce

the comp lexity of the ve rification task ~ROBl771. Finall y, Dershowitz and

Manna are  investigating the possibility of t ranslat ing invariant assertions to

new asser t ions  in order to per form program modifications adapting program

models to f i t  va r ious progra m designs {DERS76] .
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Any methodology which supports in a pract ical  way the concepts derived

from the correc tness  proof p r inc ip le must support concepts for l imiting

complexity and for  construct i~,re design . It is necessary  to decompos e large

programs into manageable small programs through some modular izat ion

technique . It is also necessary  to use knowledge obtained f rom the proof

technique to guide the design of a correct  p rogram.

LIMITING COMPLEXIT Y P R I N C I P L E

Abst raction as a Basis for Decomposition

Th e highl y comp le x task of des igning a correct prog ram has mot ivated
research on e f f e c t i v e  t echn iques  for  reducing this  comp lex i ty .  The goal of

this  resea~’ch has been to f ind  way s  to decompose the design task  into a

ser ies  of in te l lec tua l l y manageable  steps. The concept which  is cen t ra l  to

decomposition t echn iques  is the e f f e c t i v e  use of abst ract ion to eliminate

u n n e c e s s a ry  detail f rom the design pI’ocess.

I n lP G 8 , Di~ks tr’a  su c c e s s f u l l y  de i i i ons t i ’at ed  the use of abs t r ac t i on  to de-

compose the des ign of an operat ing sys tem into a h i e r a r c h y  of modules

[DIJ i’~~8]. Each level in the hie ai ’chv r e p r e s e n t e d  an abstract  concept

w h i c h  could be used at a h i g h e r  l eve l .  Thus  the highest  level r epresented a

v e r y  power fu l  mach ine  with  h ighly  abs t r ac t  operat ions w h i c h  were real ized

at lower levels.  l~~ cons t r a in ing  the i n t e r f a c e  be tween levels , Dijkstra  was

able to show that the co r rec t  behav io r  of the sy s tem was dependent only on

the correct  behav io r  at each level. Fu r t h e r m o r e , each level of abst ract ion

was concise  enough to be imp lemented  and tested before  the next h igher

level was bu i l t  and t es ted . Di jkstr a  later’  desc r ibed  an e x a m p le w h e r e  the

abs t rac t  levels  w e r e  identi fied in a top—down fash ion  b y des ign ing  a highly

abst ract  p r o g r a m  and ident i f y ing i t s  lower’ level abs t rac t ions  as pa rt of the

des ign  process [u I , J K72] .  The m o d u l ar i z a t i on  was h i e r a r c h i c a l  w i th  each

a b s t r a c t  level  r e p r e s e n t i n g  a rel’ i i i e r n c n t  of an  upper  le~ el. ‘l ’hrs s u c c e s s f u l

use of a b s t r a c t i o n  as p a n t  of the d e s i gn  pr ocess was also ach ie ’~ ed by othe r ’
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researchers  such as N a u c [ N A U R 6 9 ]  and W i r th [ WI R T 7 I ) , each using a
form of top-down design to ident i fy  the abstract concept s at the highest
levels and re f inemen t  of these concepts  at the lower levels .

Three im p o r t a n t  concepts have been taken f rom this research:

• The decomposi t ion of prograias  into modules should be based upon
c a r e f u l ly  selec’ted abstract  concepts represent ing a single design
dec is ion .

• The use of an abstract  object r equ i res  only knowledge of its
semant ics .  l ’hus the spec i f ica t ion  of an abst ract  concept is inde-

pendent of its data represen ta t ion  and a lgor i thm imp lementat ion.

• The re la t ionship  between modules  is h i e r a r c h i c a l ly  ordered  pe r-
m it t ing top-down design t echn iques  to be used to cons truc t i~ ely
ide nt i f y the abs t rac t  concepts  and to cons t r a in  these in ter faces  to
demonstrably correct  program behavior .

Th us, the use of abstraction in the design process has become the modular-

izat ion technique for p r o v i d i n g  the program s t r u c t u r e s . Cons tan t ine

[ST I’~v74]  has given a set of module  a t t r i b u t e s  for  eva lua t ing  the effect ive-
ness of the m o d u l a r i z a t i o n .  These a t t r i b u t e s  a re  g iven  in t e r m s  of module
cohesiveness  and  module coup l ing .  (‘ohes iveness  refer ’s  to the degree of
i n t r a-m o d u l e  u n i t y .  A h igh  d e gr e e  of cohesion withi n a module is accomp-

l ished by equa t ing  a module  to a s ing le  f u n c t i o n  or to a set of related func-
t ions.  Module  coup ling re fe rs  to the (leg r ’ee of connect ions  between modules .
A low level  o~’ coupl ing  is des i rable  and is accomp l ished  by reducing  the
n u m b e r  of ob j e c t s  dire ”tlv r’efereniced in one module by another  module .

Abst rac t  Opera t ions  and Abst ract  l)ata S t ruc tures

‘I’ wo for ’ms of ab s t r ac t i on  are  used in program design . The more t r ad i t i ona l

form of abs t rac t ion  is the abstract  ope rat ion . This  form has a high degree
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of cohesiveness as it of ten represents onl y a single operat ion.  Th is  is

implemented by subrout ines or procedures  in a programming language.

The designer need only know the input-output  specif icat ions to use the

operat ion at high levels of design. The detai led imp lementat ion may be

de fe r r ed  to later design a c t i v i t y .

A recent approach to program decomposi t ion s imi lar  to that  used by

Dijkst ra is th rough  abstract ion of data st ruc t ures . ,A data s t r u c t u r e  is

identif ied by a collection of abs t rac t  ope rat ions which  access or modi f y the

data values and an asser t ion de f in ing  the re la t ionshi ps which  mus t  be main-

tained among the components  of the s t r u c t u r e .  This  asser t ion  is called the

data invar iant  [H OA R 7 2 a ]  and is s imi l a r  to the one used in the semantic

def in i t ion  of the ioop cons t ruc t .  A s imp le examp le of a data inva r i an t  is
the condit ion that  the domain  size of an a r r a y  be pos i t ive . This invar ian t  re-
la t ionship  is b e t w e e n  the high index (hib ) and low index (lob ) of the array,  and
is

h ib  - lob ‘ 1 0.

Thus all ar c a y  opr ’ r a t ions  must  m a i n t a i n  this  inva i’iant re la t ionship .

This  app roach  is made  mor ’e prec’ i sc  b y the m t  i ’oduction of the conc’ept of

data t vpe . T h i s  concep t is a f u n d a m e n t a l  on e in the des ign  methodology

I ;  LI  ,\ l  A D I :  [ HOYI ) 7 8] .

It is in t u i t i ~ e ly  c lear  that  a ny  datum is u s e d  to encode a p i e c e  of r e a l i t y  b y

us ing  the da tum va lues .  It is also n e c e s s a ry  to i d e n t i f y a n a m e  w h i c h  is

u s~ d to re fe r to a set of ’ va lues , all en cod ing  d i f f e r e n t  m a n i f e s t a t i o n s  of the

same piece of i’eal it v . In t h i s  ‘~ 
j e w  all data are  pa i r’ s ( n a m e , va lue )  ha~ ing

some s p e c i f i c  s ign i f i c ance  with  r e s p ec t  to the problem the  pr ’o gr ’ann  is

c’alled to solve .

The range of v a l u e s  of data ( I t t ine s  a state sp ace  w h i c h  can be us ed  fo r’

enc’odirrg d i f f e r e n t , a l though s u n  i l a t ’, P ’~~~ ’~ ~i f  rea l i t \  . For cxa r i ~ple , the

state spac’e tor’med by d e f i n i t  i on  of an i n t e g e r  a r ’r a~ ca n be used (b y  g i v i n g

dis t inc t  names)  to r ’e j ) i ’esen t  a po in te r  table or an n — d i m e n s i o n a l ~ ec t or  or ’

a ny  other  su i t ab le  e n t i t y . It app ea i s  c ’onve n ient  to i d e n t r i  ~ I l ie  c o r i l n io n  set
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01 va lues b~ n a m i n g  it sepa m a t e l v  fr o m  the specific data , as in the case of
the above examp le for’ the  set of values named as “integer a r r a y . ” The set
of possible  va lues  that  a datum max ’ a s sume  is called the type of the da tum,

The set of values , h o w e v er ’ , is not su f f ’i c i en t  to f u l l y  cha r ac t e r i z e  f u l l y  a
da ta ty pe , For example , a date is not d i s t i ngu i shab l e  f rom a ny  integer used
to i n d i c a t e  n i r m b e r  of d o l l a r - , in the sense that  the r ’ange of va lues  is in both
cases  a s u b r a n g e  of ’ in tegers . H o w e v e r , while  the operat ion o~ adding two
number ’s  r ep res en t ing  dollars makes  s e rì s e , the same opera t ion  is sense-
less for ’ two dates , whi le t h e i r  sr rb t r a ct i on  would  be p e i ’f e c t  lv  l eg i t  i mi ~ate
(to c r e a t e  a va lue  of the type “age ”) .

The re fo  i’c t he  comp lete cha racte  r i za t ion  of ’ a data t .vpe is ob ta in ing  by
d e f i n i n g  a r a n g e  of possible values (a s tate space)  togethe r ’  w i t h  the opera-

tions p e r m i t t e d  in that  s ta te  space . ( m r t a i n  objec t s  u f the  real world  are
cons idered  e l e m e n t a r y , o thers  a re  seen as assoc ia t ion  of more  e l e m e n t ar y
ones . Th i s  fac t  reqr r i re s  that  data t ypes can be composed to create  appro-
p m ’ia te s t r u c t ur e s ,

The idea of abs t r act i on  of data s t r u c t n i  I ’d’ s can be f o r m a l i z e d  by d e f i n i n c

abs t rac t  m a c h ir e s . To descr ibe  the s e m a n t i c s  of ’ an  abs t r act  op e r a t i o n ,
app ropr iate r e l a t i onsh i ps b e t we e n  v ar i a b l e s  in the state spare  of the  pro-
gram m u s t  be i l e f ’ i t i e d . In g e n e r a l  it is i~ecessa rv  only  to put in e~ icle n ce
tho se proper t i es  w h i c h  a r m  nec essa ry  to def ’ine the seman t i c s  of the  opera-
tion as seen at that  leve l  of d e f i n i t i o n . Th i s  is a c c o m p lis hed by i d e n t i f y i n g
abs t rac t  data typ e s  in s m n r h  a way  that  the s ta t  o’ d e f i n i t i o n  of the  abs t ract
opera t ion  is not u n d u l y  omp licated . T h i s  second f o r m  of ab s t r ac t i on  is
m u c h  more  gm n i e n ’ a l  and per’m i ts  the  des ign of svs tems of p rograms  opera-
t ing a g a i n s t  a p e r m a n e n t  data base .

Since a program : i f  e ve ry  level  m ay  need the definition of one or more ab-
str’act operations , tIn complete definition of t he i r  semant ics  becomes the
d e f i n i t i o n  of a new s ta te  space (t im ’ col lect ion of data va lues)  that  together
w r t h  the  a b s t i a c f  ope ra t ions  ( the  only l eg i t ima te  ones on the  abs t rac t  data )

t o r m  a new ca t mi ty p e  in an abs t rac t  m a c h i n e . The program using the
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abstract  operat ions  can thus  be p roven  in the  CL \  i ronment  supp lied by t t ~e

abstract  m a c h i n e .

Speci f ica t ion  t echn iques  for  abs t r ac t  data s t r u c t u r e s  have been proposed by

Parna s [P A R N 7 2b I ,  Gut tag  10UTT77 ] , and Zil les  [ZI LL76 i .  \ V E L LM A D E  spec-

i f icat ions  of abstract  data s t r u c t u r e s  inc lude  a spec i f ica t ion  of each opera-

tion and the invar ian t  relat ion on the state space which  must  be mainta ined

b y these  operat i~~ns . simp le examp les of data irivariant s for  abstract data

s t ruc tu re s  are  the succes so r /p redeces so r  re la t ionshi p nodes of a graph , or

the lexical order  of e lements  in an array.  The key to identif y ing abstract

data s t ruc tu re s  is of ten  through the recognit ion of the data inva riant .

Parnas observed that  abs t rac t  data s t r u c t u r e  operations were  e i ther  value

producing or cause a change in the  state of the data s truc tu re .  Thus each

ope rat ion was c l a s s i f i ed  as e i ther ’  a \ - f u n c t i o n  (value) ,  0 - f u n c t i o n  (state

t r a n s f o r m a t i o n) , or ’ OV - f u n c t i o n .  I ’he spec i f i ca t ion  of the module  involves

a descr ipt ion of the e f f e c t s  of each of its func t ions . Modules  whose opera-

t ion s  can be spec i f i ed  in t h i s  f a s h ion  a re  r e f e r r e d  to as l’acnas modules.

SRI  [ET . s l ’77 ]  and \ I I T R I :  [M I L I , 7 6 ]  have made  a f f e c t  ive use of the Parnas

module~ fu r  s p e c i f y i n g  abs t i ’ ac t  m a c h i n e  h i e r a r c h y capabi l i t ies . Each ab-

~t i ’ a ( t  mach ine  is a c o l l e c t i o n  of Farna s modules . This  work  has been

i ’ e s t r i c t e I r l i d ) s t l v  to s p n c u f i c a t u i r m s  of o p er a t i n g  sy s t e m  d e s ig n s .

Sr\  m ’r’a l  n m o d e i ’n p r ’o gr ’ a m min g  l a ng u a g e s  suppo i t  t h e  i m p lemen ta t i on  of

abs t r ac t  t u t u  s t r ’ d m ( t u r ’ n s , [!) ;\ I I IJ~~, I ,I S1~ 74 , W I R T  77 , W I ’  I .1 7 ( , l U l l  1374] .

M o s t  of ’ t h e .-~ in i p l e n m i e n t a t i o n i s  a r e  bas ed  Lrp on the  eLi  ss concept f i r s t  int ro —

dn i c e d  in t I n ’  l anguage  S l \ l I  T A  L ! ) A 1 l I ~~~1, ‘l ’Iie c lass  r ’ e ju c s e n t s  a perm-

anent  data st n ’uc tu r ’ e  accessed  only  t h I ’ o d m g h  i t s  op e r ’ a t i on s  . ,\ var i a t ion  of

t h e  ( ‘lass i s  a m o n i t o r  w h i c h  pe r ’r i u t s  accesc  t o  i t s  data s t r ’ u c t c r i ( ’  t h r o u g h

a c t i u t t i o m i  of i ts  (~}n i ’ a t i o n m 5  Ii ~ c c n i c n m r ’ r ’eni t  p~~~~~s sm s [ I~ l~ l~~73 , h 1() \~~74],

Thus , s \ n c h r ’ o r l i z u l  ion rules  a r e  in i p l i ’  1 r n  the imp l e m e n t a t i o n  to p r o v i d e

t h e  p i’Ope i s \ n r c h i ’o n i z a t  ion of t h i e s ’  pn ’om Ss ’s . ‘l ’hr s  ‘c m r m p t  has b e n  u sed

s n n c m ’ s s f n i l l v  by f l u  rin ,~ ’ ni  [ 1 3 1 t 1 \ 7 1]  or oper at  log  sy s t e m  It H ign .
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(.‘o rr ’ e c t ness  I3ased Gu ide l i nes

It has been emp hasized  at several  places in th i s  report  that correctness

d ’ o n s n i b e r a t i o n s  m u s t  be part  ot’ the design process . Thus a rat ional  design

methodolog y  n m n r s t  i n c l u i b e  f ea tures  which  allow the des igner  to use the

f u n c t i o n a l  i ’ e q u i i ’e n m e n t s  as an aid to d e r i v i n g  a correct  program design .

The t e c h n i q u e s  m l t ’ s c r i b e d  in the p rev ious  section ar’e a imed  at making  the

design process more manageable  b y u s in g  ~l ~t r act  concep ts to reduce the

comp lexi ty  of the  p roblem . h o wev e r , ther e  methods do not suggest the

techniques  fo r  so lv ing  the problem. That is , a design mus t  be discovered

t’ot ’ r ’ ep r ’e sn ’n i t i r i g  a program wh i c h  begins  in a state sa t i s f y ing input  asser-

t ions  and halts  in a s ta te  sa t isf y ing out put a s se r t i ons .  This  representat ion

is the sequence  of ope rat ions wh ich  must  be per’ f ’o rmed  to make the state

t r a n s f o r m a t i o n .

The problem of c o nst r u c t i ve  des i gn is to d i sc o~ m i  a disci pline which will

permi t  the l ( ’s igne r ’  to lo gin  w i t h  a set of r ’equ i rem ent s  for  a p rogram

module  and  t l i en to s v st e r u a t i c a l l y c on s t  rtrct a software design to satisfy the

r ’ e q u i r ’ e m e n i t s .  The founda t i ons  of most c u r r e n t  des ign  d i sc ip l ines are taken

f rom the concept s a n d  t e c h n i q u e s  used t o  d e m o n s t r at e  a pr ’oof -of-correct-

ness and to decompose a 1) r ’ ogr ’a i i i . These  concepts and r e s u l t s  have been

used I i)  (besc  r’ ibe a set of p r o c e d u r e s  and g o o d — p r a c t i c e s  to be used as

part of t h e  de s ign  process . In m ost of t h ese d i s c i p lines , the sof twa m ’ e

d e s i g n e r  m u st  per for ’m a correctness pr’oof after the design is completed.

The des ign  ‘I i so i p l i n c  has r i ot  p r o v i d e d  for  a t ec ’ l~r r q r r e  of va l ida t ing  the

t m  0’ r m m t r i t ’ S s  of each step of the des i gn i  b e t  o r e  p r o c e e d i n g  to the next step.

The n m ’  are  t w o  pa rts of a u t ’ s  m g r m  ( l i s t ’  ip l i r i m ’  i n v o l v i n g  the decomposi t ion of

the  d e s i g n  p rocess  in to  a ser ies  of manageable design steps. The first

pa rt involves co n m ’ e c t . r r e s s  p r e se r v i n g  des i gn steps, whi le  the  second involves

l i s t ’  of the n ’ m ’ q u i r e r n i m ’ r n l s . Gu i d e l i nes  for’  decomposi t ion  ar e  presen ted  as a

sot of ru l e s  which must not be violated in order’ to preserve the capabi l i ty  to
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demonst ra te  a correc tness  proof.  These  rules  are  genera l1~ d e r i v e d  f rom

the rules of infe rence supp lied by Iloar’e an d  F l oy d  f o r  r e f i n i n g  the

semantics of control  cons t ruc t s , and ru les  for  pa r t i t i o n i n g  the data space to

preserve the inva r iance of data r e l a t ionsh i ps [M ILL75] .  Most of the exist-

ing design methodologies use an info r mal  app l ica t ion  of these  ru les  as a

design disci p line.  M odu la r i za t ion  and design guide l ines  are  based upon

cor rec tnes s -p re se rv ing  rules , but \ c ry  l i t t l e  is said about how the program

requ i remen t s  are  used to guide the des ign process . That is , they a re  not

cons t ruc t ive .  These methodologies sugges t  a top-down method such as a

stepwise re f inement , or levels of abs t rac t ion  for  general  design , but do not

supp ly a disci p line for der iv ing  the a lgor i thm of the module at any level .

Among the methodologies us ing  this  type of discip line are Structured Design

[MYER 7 S],  HOS [H AM I76 ] ,  SRI [ELSP77], and M I T R E [ M IL L 7 6 I . Each of

these methodologies def ines  a set of guidelines for  module selection . The

guidelines of S t ruc tured  Design are based upon the cohes iveness  and coup-

ling a t t r ibutes  described by Cons tan t ine .  SRI and M I T R E  use a form of
Parnas module for s p e c i f y i n g  absti’act data s t ruc tui ’r s . The gu ide l ines  for

module selection used in 1105 are d e r i ve d from a set of six axioms con-

cern ed with  the control of the  in terfaces  between modules.  The axioms a re

reported to be necessary and s u f f i c i e n t  f o r  r igorous  demons t ra t ion  of

module in te r faces  consis tency and  thus  act  as the gu ide l ines  for  module

selection . E3oth S t r u c t u r e d  Design and  l IO S use func t iona l abst i ’action r a the r

than data structure abstraction as the basis for module  decomposi t ion .

(;uidelines I l a s e u l  on Func t iona l R e q u i r e m e n t

Two methodo log ie s  w h i c h  have ni i o r ’ e d ’orn s t r u c t r \  ely o r i en ted  des ign  disci -

pl ines  ar e  . Iackson ’s t o c ’ h r n i q i m e  [ J A ( ’K 7 5 ]  a r i d  the  Wa r u n n e r ’  M e thod  [ \VARN I .
Th ey  assunu ’ that  t he  major function of a pr’ogr’am is realized by a loop and

may be u l e s c  n ’ ibed b y  an r r i v a  r i a r m t  r’m’lat n o n n s h i r p  on its ~a n’iables wh i ch  can be

estab hisht ’ul at  t he b e g i n n i n g  a n d  t m r ’ m i n a t i o r l  of the loop. ‘Flie r ’ e q u i r e n m e n t s

of t h e  p rogra  rim ma v he ib ‘ .~~~ l ’i bm I i n f o r m a l l y  in I e r m s  of the  i n v a r i a n t  m e  —

h a t  o u n i s h i p  and th e r ’ ebv  a t as a g u i d e  to  the  d e s ig n  process .
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[he only cit ’s m g n i  d r s c i p l ine wh ich  is c o n s t r u c ti v e  is t I n e  method of predicate
t r a n s f o n ’ r i i m ’  r’s d e f i n e d  b~’ l)i,ikstra [u lJ  K75 J .  Th is  d i m ’ s  i gn i  d i s c i p l ine  is used
in t he  h o neyw e l l  desi gn n r et h o d o log v  \\ t : r , t  . \ I A D I :  [( 3( ) \ ’L )7 ( ; , P lZ/~77] .
In t h i s  app roach  a set of r ’imle s  are  g i v t ’ n i  to the  desi g r n e  r f o r  d e r i v i n g  the
pr ’og cii m tI es  ign f ’ r’ on r  t in ’  f’ u n c t i o n a l  r e q u i r e n i i  m a i ls. 1’ hat is , t h e  des ign
: u ’t i v r t v  } o ’ g i r n s  when  the  des igne r  has g i  ~e n n  the  sp ec il ic ’a t ions  of ’ a program ’s
i n p u t  st a t e s , oirt p i mt  s ta tes , and  data in v a r ’ i a  n i t s , U s ing o n ly  these  specit ’ i —
cat ions • the de s ign e r  app l i es  a s e u l u e n u m ’ of u I m ’ r i v a l  i o n  r u le s  to the s p e c i f i —
m a t  ions  n ’ m ’ s u l t  t r i g  i i i  a sequ en ce of I t s  ign m ’ u n i s l  r ’ m m c t s . ‘l ’hese rules  f o r m  the
s e nt a n t i c ’ s  of ’ t he  u h e s i g n  cor i st  r ’ i m c t s  . ‘l ’lnrs w h m t ’ n  t he  m’u l es  a ru p ropet ’ l  v
appi red t h e  nota t  m o r n  ( i n v o l v i n g  t h u  u l e s i gn d’ o ns tr ’u c t s )  sp e c i f i e s  a cor’r ’ect
des ign .  In t h i s  ~va~ the u l t ’ m ’ r v a t i o n  of a co r r e c t n e s s  pn’oo f and diesign spec i —
f i c ’ a t m o n  p roceed  in p ar a l le l . ‘I h i s  rn o ta t id ) n  15 n i sed  by W E  I . I , . \ I A  HE and
r’ef ’e r ’ r ’e  d to as p — n  m u d a t i m  n m . \t egb  r’e ml has n ’ece  n t l v  s ugges teu l  that  s pec i f i ca  —
t i o n n s  a n d  i m m s t r f i c a t  iofls be c o n s t r uc t e d  in pa ra l l e l  w i t h  the code and  be
inc luded  as pact of t i m e  p rog  t a r n  text  [w I :  1 t77] .

The con cep ts lesc  r i h e u h  by  D r j  ks t  on f u n  cm a r a id ’  u l u s  fo r ’  p r o g r a m  (h er  i vat ion .
‘I ’he se ma n i t u ’ s  of ’ t he pr’ og  n’ a ni c u u r i s t  n ’ u d ’ t s a r ’e the  de r’ i vat  ion m ’ule s
Sema n t i c s  of a cm , n r I s t r u c t  c h au ’ a ct e i ’ iz e  t he  I ar g e .~l poss ib le  set f i np u t  states
for ’  wh r ch the exec ’ ni t  ion u f  I Ir e  corr st l i m i t w i l l  halt y i e l d i n g  a u l e s  i r’ed l output
s t a t e . T h u s , r f  t h e  d i e s i n ’ c d  i n put state is a subset  of t he  u l e  n’ived input
s t a t e , the  c’o nn s t  r t r c t  has been (‘0 n ’ r ec ’ t lv  c i n u s  en . N. (itt ’ that this des i gnn pro—
c e u h u n r ’ e g e n n e n ’ a l I y  s t u n t s  w i t h  the r e s u l t i n g  o u t p u t  s t a t e  and then  proceed is
ba ckwa r ’ds sea n o  h i n g  ‘or co n st r r m c t s  ~‘hi ic h ‘m ’ s  t n t  in  t he  o u tp u t  s f a t  e and
ch rac t er i ze  the  des iced i n i p i r t  s t a t e .

I ) u  [st ra ‘ s ( o n s t r n i i ’ f  i v e  A pproach

S i n m c m ’  D i i k s f  r i m ’s ap p r o a c h  to  progra m design is centra l to a ra t iona l design
m m ’ t  h m u b o l o m g \  , i b m ’  m a  i on ’  c o n i u p o n e n t s  of t h i s  t e c h n i q u r e  a re  now br ief l y s u m —
m a r r i e d .  The program design const  r i n d s proposed by Di j ks t ra  a r e  r e fe r red
to as gua i’ u l e d  c o m m a n d s . These fo r m  a language s u f f i c i e n t  for descr ibing
tin ’ u h m ’ s i g n  m i t  a p rog ram ’s detai led logic . ‘I ’ here are  SjX cons t ruc ts
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m ’ c m r n ’ c r ” p t u m u i i n l g  to m, ’ . m i , i m m : m m u m S  t i n i u - u p t ’ n ’ a t i N , an abo r t  u > p . ’ n ’ i i i i o n i , ,sequ t ’ ’ n o  0

of  op e r :t t  c m.  s , i’ t ’p l~~ m ’ nt ~e n u t  m t .  : ‘ : m t r u n i , a l u m i t u t t o n i , : m n u i  u t c u a t r u n i , I he t~~ u u

gua r ’ u l t ’ ml  c ’ u n u m r u t a n d s  i r e  t o r i  . ‘ I t o n i s m ’ t ’~ u t  s t a t e n n i m ’ n m t ~~. u u n m d  in t h e  ‘ m i t e r ’ —

n a t i on u n t i l  i t m ’ n ’ a t m o n  cm n m s t r u m t~~, p!’ ’ ‘ i ’ d b~ ii g u a i ’ c l m n m g  b o u l m ’ m n i  m ’ i ’ ,~~i i ’ -~-~m u n ,

Tha t  is , the s t at  m n  m ‘cit i t  ‘. a i ’ m . 1 m g  h i m ’  r ’ e \ cit 1(1 11 m i i i ’ , i t  t hm  ‘ I mm o it  ‘ a n

is t i m ’ ’ , I i , m t l i u i ’ f l i c  t o , s m n i c . ’  b o t h  a l t m ’ r ’ n m a t t e n  a n d  i t t  nation allow

m u l t i p le gua c ’ ’ i s t : i t m ’ r m ’ t n u  l i s t -  a u d i  s l l t c t ’  110 r I o t ’  for’  ‘ ‘ \ a l i m u t i n g  t he

g u r u  o k  is i m p l i c i t  i i i  ( b i t ’  l : m m ~~ k m a g m ’ . m um n u m l m ’ t t ’ n ’ n i u i n i s t i c  p m ’  g n ’a n i i  mtt ~m \  I t ’  rep-

i’ ’s t ’n t e I by  i i i ’  l a n i g u a r m ’ .

I t )  I t t  n u t ’  t h t ’  s e n t a i t  i of t i ~ ~ t ui m i i i  c ’ o n i i r i u u i t i m I ~~. Dij k st  ‘a m n i t r ’ o u i m u m  m d  a

p m ’ m ’ u I i u  : m t c  t m a n m s f o n ’ m i m i n i m  t o r i , w i t , w h i c h  ac t s  up on a s \ s t m ’ n n m  of p ‘ i c  : m t * s

a n t i  m n m ’ c b i a n i s r m n s . i t t  1’ be a p n ’t ’ I m c i m t c  c h a n ’ a r t m ’ r i t i n i g  t i n e  u i ! I i u t  s t i l t ’ s  I n c

some pr ’ogn ’an i i  t m ’ — ~t S . i’ is  c a l l t ’ i  I L t .’ ,~~~t ’ o n n d u t i o n i  a u d i  S I m ’ n u n t m ’ ~ art  un i d e t ’ —

l y i n g  m m .’c b i a n i s r i n . pU~. I ’ t  c h m a m ’ : i c t c r ’ i , t ’~ t h e  m i t r a l s t a t , ’ s  of ’ 1 1 m m ’  m i n e c h —

ani sn ’m S s u c h tha t a u I i ~~.’m I n u r u  u , f  S i n  a r m ’  ,‘~t u l m ’  ,-~a t r s I  \ r u g  \\ pF— ’ . P) ~u i I1 m m ’ n ’ t a i n m —

lv lcau i  t o  a p r o p e r ly t m ’ r m i m : u t i n u g  t o t  m \ t l \  I t ’ a \  r i n g  l i m e  r m ’ c i i a n m s n m t  S m n a s t a l i ’

s a t i s fy i n g  t h e  p m s t c m u n d i t i u u n  F. ~vp ( ’~ , I ’ )  is a l l e u l  t h e  i m ’ ,’ m l s u ’ s t  p: ’ m ’ m u u n u u l i l i o f l

of S w h i c h  s at i s f i e s  F . A t t t .’ m’ I t ’ f ’ i n i u n m g  a ~ m ’ t  of p i ’ o i u m ’ r ’ t m m ’ s  ci wp ,  l h~ k ’— t r ’ a

d e f i n e d  the  s e m n m n n i t i u s  of ’ a set ut  m i t  h i m n i s n i m s  ( t i t i ’  g u a n ’ u l d  ‘ o n v n n n m a n m d s ) b y

t h e i r  s t a t e  t n ’ a n i s f m u i ’ i u u a t m o n t a I  p m ’ u p ’ ’ i ’t ~~~ h~ m m ’ ~ n ’ i b r n g  t i n ’ ’  m c u r l  m ’ s p u n m d i n g

p c c i i i  m ’ a t m  ‘ t r a ns  ft  m r t i  iat iona 1 pro pm ’ n t  m m ’ s .

‘ I ’ I i m ’  n i r a t o r ’  i l i f f e r ’ c ’ n i u ’ m ’  h u t t~~ m ’ m ’ n  h i o n i a ’ s a’~ m o n i u ; u t i c  sy s tem  and I ) n ,t k s t m ’ a ’ s

ax ionia t i c  s st m n m  u f o r ’  I t ’  f i n n i n g  s em i n  i t  cs is  t i n ’  ‘nip has r s p i a m l  man us t r I g  t i t i ’

u ’ o n m s l  n ’ i i m ’ t s  o r  b u i l d i n g ii c e l l , ’  t p n ’ m m c m ’a n i l  r a t i o n ’  tha n l m ’ n i i o n s t m ’ a t r r i g  t h a t  a

p n ’ o g n ’ a i r i  has  I u m ’ m ’ n i  b i n i h t  m o n’ i ’ , ’ m ’ t l ~ . ‘l i n t ’  i ’ ( m m u s t  r u m m ’ t i o f l  el a m c ’  n’ i’ m ’  I pr ’ t m g r ’ i m n r n

m u s t  p r o v i de  f’or m t s  t m ’ r n i i n n a t i o n i . l ) n j k ~~t n ’ : m  ha s  c ’ h a r ’ a u ’t m ’ r ’ m , ’ m ’ I  t i m ’ ’  n i t ’ c m ’ s s an’v

and ~uf ’ f ’ im ’ m at  p r ’t ~con mi i t  ions  l i m r ’  mu n i t ’ u b i : m n u  s u n  to I m i n i  i n n a t e  —~ m l  1 s t  ‘~ i n i g  l i i i ’

d m ’ s  i m m ’  I post c ’ o t m u i  it i o n s ~v h i ’  i ’ m ‘ m s  I 1 cm n m ’  r i t a  n a  u t  ‘ i ’  i , ‘ m ‘ o n ly  s t i l l  r c i t ’  n i t  p r o  —

c o n d i t i o n s t ’ u , i ’  a n n e c ’ h a n u i s n u  I i . ’ sa t  m s f ~ t i n p o s i t  m a n n u i r t m u n u  if i t  t m ’ n ’ n h n n m u t m ’ s . i’i~

c o n i n h i n i n m g  I l u : m i a ’ ’ s a n d  l ) i i k s t r ’ : m s i i u t m t n m u n , t i n i ’ ~ can i  to ’  m i i s p l a ’m t ’ d  as:

ii  (~~~~vp (~~, I ’ )  t hen Q ’S l 1 ’  an d  S I r n u n m n a t s ’ s

w h o m ’ (.~ m ’ha ‘ m m m l i ’  n i / c s  1 1 m m ’  m n p u t  s l a t  m’ s  sper i f n c a t  i t  us  of ’ I l i e  pt’ o g i ’ an l
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The program des igner  mus t  construct  a program which  mainta ins  the
re la t ionsh i p Q~~wp(S , I’) . Converse ly , if a program is constructed and
proved to be pa rt ially correct  then the following relationship holds:

if QfS}l’ then wp(S , P)~~Q

That is , ~~ is not a necessary precondi t ion since the program may not
t e r m i n a t e .

‘l ’he s v r r t a \ ar i d  s e m a n t i c s  of the six guarded commands are now briefly

d i scussed .

• Skip is a no operat ion command

The s e m a n t i c s  are:

i p i sk i p ,  1’) = P

Th us the  ‘ skip ’ c’auses no state change to occur and the re fo re  the
‘, v m ’ m m k e s t  p r ’ec ’ondi t ion  is the  same as the postcondi t ion .

• A m om r ’t is an op eration which leaves the sy s tem in an unde te rmined

stat’’ .

The sen i a r it i c s  a n t ’ :

\~ i ) ( m i h i m t n ’ t , 1’)

wh e n’e 1” is the c onstant pt’edic’ate denoting the condition which is

sa t i s f i ed  by  no states. ‘That is , the wea kest precondit ion for an
abon’t  w h i c h  sa t i s f i es  1’ c h a r a c t e r i z e s  no states in the under l y ing
state Spate.

• A s m ’ j l m m ’ n m c e  of operations is denoted by a semicolon, “
;

‘
. The

s em a n t r c s  de sc r ibe  the w ay  in w h i c h  a pr ogram may be con-
s t r ’ u m u t m ’ d  in r e v e r s e  by sta r t i ng  wi th  the desired postcon d ition and
t h e n  c o n s t r u c t i n g  commands in the reverse order in which they
i r e  app l i ed.  This  is g iven by

~ 
;S ) .  F) wp(S 1. wp(S 9 , F)) .



Note that th is reverse ord er of constr uct ion may cont inue un t il
the relationship Q~ .wp(S, F) is sat isf ied.

• Rep lacement operations are  defined with precisely the same pred-

icate as indicated by Hoare ’ s axiom of a s s ignment .  That  is , the

semantics are:

wp (x :  e, P) P1x-~e].

• Al te rna t ion  is a gua rded command whose general  fo rm is given  by :

if H ‘SL U H , ‘SL , I . . . . H ~Sl. f i— 1  1 2 2 n n—

where B 1, H ,,, .. . ,  H a re  boolean express ions  represent ing

guards  and 5L 1, S I , ,,, . . , , SI,  r epresent ing  the corresponding

gua rded  s ta tement  l i s t s . The semantics are  given as:

wp ( i f . . .  f i , P) (H 1 o r B 2 or . . .  o r B~~) and

(B 1~~’wp(SL 1
, P )) and

I3 2~~wp (SL 2, P > )  and

( H ~~~ W p ( SL , F ) )

The f i r s t  t e rm (B 1 or B 2 ~~~ . . . ~~ 13~~) r equi res  that  at least one

guard  be t r u e , o therwise  the a l t e rna t ion  abor ts . The remain ing

t e r m s  requi re  tha t each guarded  s tatement  wh ich  is eligible for

execut ion , lead to the desired state .

• Itera t ion is a guarded  c o m m a n d  whose general  form is simila r to

that  of the a l ternat ion c o n s t r u c t  and is g i v en  by :

do H~
_
~,SL 1I 13 2.,,,SL 2

I ..  . 
~~~~~~~~ 2.!~.

As before , B 1~ l1~ , . . 1
~n a re  the guards  and SI . 1,  S I .9 ,  , .

SI~~ a re  the guarded s ta tement  l ists.  The semant ics  of i tera t ion

are  clef m e d  as:

wp(do . . . od , P) ]k : i i k
( P )
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w h t ’ r ’ e  f l
~ 

( I ’)  = I and not (H
1 

or 132 
or R n

)

and ‘ m ar K >0

i1 1
(H) wp ( i f  . . . fi , 11

k 
or I{

~ 
(F )

‘l’ he i n m t u i i t i~ e def in i t ion  of I i k (l’ ) is that it is the weakest pre—

con d l it ion  which  wil l  t e rmina t e  in the desi red state a f te r  at most k

se lec t ic on s of ’ the guarded l i s t .  ‘I’hus 1 i 0
( F )  indicates that the

n i n m o ’ h a n i s n n  uv i l l  not be a c t i v a t e d  if ’ r io gua rds  ai’e t r ue , but will

s m u t  i s l ’ y t he postcondit ion P . En t h i s  case , the m e c h a n i s m  behaves

as a ski p.

Not e that in the c’ase of ’ the if . . . fi  an d do. . . od const ruct  the semant ic

d e f i n i t i o n  says  n o t h i n g  aboint the or’ u l e o  of se lec t ion  of the guarded command

list to be m ’xec ’ c r t ed  in the  case that  nr on’e  tha n one g u a r d  is t r u e . This

means that  thc ’ c o n s t r u c t s  are  i n t r i n s i c a l l y  non— d ete r ’m in i i s t i c , tha t is , the

output  state is not un i que ly  de f ined  by the input  state but n ’ather a fu l l  set

of allowable ou tpu t  states is dm ‘t m cm m m d  by one s t a te  in inp u t .

The use of n o n - d e t e r m i n i s m  may appear  m i s  a tm se lc ’ss compl ica t ion  at f i r s t
u ) I ) ; e rv a t ion .  I i ow t ’v t ’  r , the pr act ic ’a l  use ( m l  the gt ~r a n ’ c i e d  c o m m a n d s  has

shown that  prog ram design is o f t e n  s i g n i f i c a n t l y  s i m p l i f i e d .  An examp le is

shown in the section on “ I’r ac’t ical  Suggest ions  fo r  Static ’ Design , ” chapter  3.

‘l ’h m ’ c i e f i n  i t i o n i  of the  weakest  p r e c o n d i t i o n  for  mter ’a t io n  t i o t ’s  not appeal’ of

i n i n ’u ’ci  m i t t ’  u s m  ‘ in  p oll u t  i ce . A nno n e  u s e f u l  resul t  is t he  loop i n v a r i a n t

t h e o r e m  w h i c h  is e a s i ly  p n ’ o v e f l  f r o m  the wp(do.  . . od , II )  g m v e n  above

I I ) l , 1K7 6J . T h i s  theorem presents  the i t e r a t i on  rule  in th e fo l lowing  form:

(P  and i  w p (do . . . od , T )) ~~~wp(do.  . . od , P and non 13 H)

w h e r e  i~ i~ ] i : ( i �  i � n )  : Hi. The predicate  wp(do . . . od , T)  def ines  all the

i n p u t  states for ’  w h i c h  the cons t ruct  wil l  t e rmina te  in some f’inal state.

Hy w r i t i n g  the  u ’e t l u i r ec l  postcondition H as a predicate imp li ed b y P and no n
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RB , and by  cons ider ing  const ructs  whose t e rmina t ion  has been proved ,

the i tera t ion rule  can be wri t ten  in t e rms  of predicate  t r an s f o r m e r s :

P~~~’p(do . . . od , P and non BB)~~~”p (do.  . . ccl , R )

The loop inva r i an t  theorem say s  that  in order  to design a loop that termi-

nates in a f ina l  state respecting the requ i red  pos tcondi t ion  H , the post -

condi t ion H mus t  be sp lit into a conj unc t i on  of two predicates:  one is the

negation of the conjunct ion  all B’ s ( r ep resen ted  by non RB ) ;  the other 13 a

precondit ion of the whole loop.

F u r t h e r m o r e , because the p red i ca te  P also represents  a necessary  pre-

condi t ion  f o n ’  execut ion  of a ny  segment  Si , P m ist be v e r i f i e d  at the begin-

ning and end of every  i tera t ion.  (I t  could be ~. molated  at some intermediate

st age d u r i n g  t he ex ec u t ion of a segm ent , however.

P is called the  inva r i an t  r e l a t ion  of the loop. The role of the invar iant

re la t ion  can be stated i n f or m a l l y  as: s t a r t i n g  in a state sa t is fy ing  the

i n v a r i a nt , repeat the se lect ion and e xe c u t i o n  of some s e g m e n t  whose guard

is t r u e  w h i l e  the  p r e d i c a t e  1313 is t o m e , m a k i n g  st e p s  t o w a r d  t h e  denial of

13 13 , each and ev e ry  s tep e n u i i n g  in a s t a t e  ‘m ’sp ec t ing  t h e  i nva r i an t .

To ~a rm plete t h e  covi ’  i’a mj e of the i t c r ’ a t i on  u ’ o n r t r u n c t , some f u n ’t h c r ’  dis-

cuss ion of I t ’  r i m  i nn  t ion is r m ’ q  u i r ed . ‘l ’he r i m  a ’essarv  cond i t i on  fo r  t e rmina t i on

of a l u m o p ,  as , ‘ m ’ j i r ’ t ’ ~~m ’ n i t ~~d by  a do, . .  od u ’ons tn ’uc ’t , is t hat the  input  state

sat  is~’t t s  at l eas t :

od , T

h 1 u ’ , ~ c~ or , it  is in g enm ’m ’a l ‘ I ’ m ’ ’ d i t ’ f i c r , m l t  (pem’haps  i m p os s i b l e)  to determine

the above p m m ’ i i c m i t t ’ . ‘I ’he n ’t ’ k , r’e a m m c m ’  p m ’m n ’ t i c a l  m ’x p n ’ e s s i O n  of t he  c o n d h i —

t j m , n i  I’or t e r n r n i n : i l n o n m  r o u s t  be m i ~~m ’ u l .

l i r i a g i n i m ’  it  is p o s s i b l e  i t t  b e~ m i t t ’  an  i n i t t ’ u m ’ r — t ’ a l u r e d  f u n c t i o n , ( ‘
, as mm f u n c t i o n

of ’ s o n i m m ’  m i t ’ t he  mi n~i ablt ’s u t f ’ t i l t ’  p n’ o g i ’ m m n l i . ,‘\ lso m m s s u m f l i e ( ‘ 0  ~v h t ’ n n  1313 is t n ’ ’ m e

(a nd P is ~e r i f i e d ) ,  t h a t  is , i t ’ 1313 is t n ’ , ’ at loop i n i t i a t i o n  t h e  n u n i b e r  of

i l m ’ i ’ m , t  ( , r t . ~ w i l l  i t , ’  g r e a t e n ’  tha n z m ’r ’ o .  ‘l io n n ’ m ’ u l u i m n ’ e  t h a t ( ‘ “ 1) whe n RB

~
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beco,rnes false at loop te rmina t ion . What must be proven is that  at each
i tera t ion the t ru th  of ’ H i wil l  cause the execution of Si which mus t cau se a

str ic t  reduct ion  of the value of C. Because C is a func t ion  of the  state at

that  i t e ra t ion , the progra m segment Si must  act in such a way t h a t  C’ ‘~~ C is

the value of the func t ion  a f te r  execut ion . This reduct ion of the value of C

can be expressed by a predicate which may be interpreted as the pn’econdi-

t i on of Si r equ i r ed  to insur e t ermina t ion . Let us def ine  this  predicate as:

wuie c’(Si, C)

which  expresses the weakest  precondi t ion  tha t mu st be satisfied in order to

have the i n t e g e r- v a l u e d  funct ion C decreased by at least one by the execu-

tion of Si. The loop inva r i an t  theorem now becomes:

P and  Hi ~~wp (S i , F) and wdec(Si , (‘

Note that the loop i n v a r i a n t  theorem as der ived above d i f f e r s  f r om  Hoare ’s

in variance theorem by the introduction of the concep t of te rminat ion proof

by the use of the pn’ed l icate wclec (Si , C) .

In many  cases the semantics  of the cons t ruc t  along with  a proper specifica-

t ion of the output state p n ’ ovide suf ’f ic ient  i n f o r m a t i o n  for  selecting the

propel’ constructs .  In the case of operat ions involv ing  i terat ion , the con-

s t ruc t ion  of an invar ian t  re la t ionship  f r o m  the output sta te is the key to

selecting the iteration. The choice of an invar ian t  relationship and the

selection of an appropr ia te  var ian t  func t i on  to guai ’antee t e rmina t ion  are

discussed  and i l lus t ra ted in the text  b D ij k s t r a  [DIJK76 ] . Th is  process of

c h a r a c t e r i z i n g  out put states and se lec t ing  program cons t ruc ts  ‘in~ olves

di f ’f’icult des ign dec is ions  and mus t  be learned by the des igne r .  Papers by

Gries { G R I E7 B ]  , P izzarel lo  [P1ZZ77] , and Boy d [i3OY D76 , 13OYD78] pro-

vide addit ional  examp les demons t r a t i ng  th i s  t ec h n i q u e .

‘l’he Wi ’ I , ,L MA I)h ’  methodology combines Di jks t r a ’ s c o n n s t r u c t i \ e  approach to

detailed logic des ign  w i t h  the use of a b s tr a c t  data s t r u c t u r e s  in a top—down

approach to  genera l  design . Together  t h ey  form a comp lete cons t ruc t i ve

d i sc ip l ine  to corn ’ec t  sof twar ’e  u tm e si gn .  \ V E I J , ,\ I A D I :  is a basis for a ra t ional

des ign methodology .
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3. RAT IC )NA L DESIG N ~IETHODO LOGY ( R D M )

DESIGN P R O C E D U R E S

INTRODUC TION OF RDM

A RDM must prov ide , in the fo rm of guidelines , a set of mental procedures

and a work organization which  guide the design process f rom conception of

the system problem to imp lementation of the software design. These pro-

cedures represent  the overall approach of the methodology to software

design . It is the lack of enforceable  procedure .~ which has produced the

cur ren t  chaotic state of software development. If any procedures exist ,

they are generally non -technical  in the sense that they are  not supported by

principles.

The typ ical sy stem design procedures  are  defined as a set of milestones

identif y ing spe c i f i c  periods in the  design process in wh~ch  c e r t a i n  activi-

ties must  be comp le ted.  T yp ical miles tones for~s~~f~~”a r e  deve lopment  have

been iden t i f i ed  in the sof tware  life cy cle  model [r.0G176 , HELF75 ] .

Unfo r tunate ly  t here  has been no pr e s c r i be d  method for  p e r f o r m i n g  the

a c t i v i t i e s  leading to these mi les tones  and it has not been established tha t

the  d e f i n i t i o n s  of these  mi l e s tones  a n ’ e  a p p r o p r i a t e .  T y p i c a l  examples of

this situation a r’e: t e s t i n g  a sol ’tw a n ’ e  i m p lementa t ion  fo r  v e r i f i c a t i o n  be fo re

any sa t i sl ’a c t o r v  d e m o ns tm ’ a t i ng  pr ’oof s  of the  des ign cor rec tness  has been

a c h i e ~ ed ;  an t i , d evc lopnn en t  of m i m ’ t m i  i l m ’ t l  d e s igns  and rmp le rnen ta t ions  befo re

s vst~ n mm n ’e( I ti  i r e r n e n t s  a m m ’  u n d e r s t o u n i  and a g m ’ e e d  upon.

The n’esea rch , wh i c h  began a p p r ox i m a t e l y  te t i  y e a r ’ s  ago , on s o f t w a re

engi n i m ’ m ’ x ’ i n g  p r i nc i p les has led t u u  a set of concepts resul t ing  in se~ o r a l

s o t t w a r m  t i e s  ign methodologies . ‘l’hey van ’y w i d e l y  in the p hases  of s o f t w a r e

de velopment to wh ich  t h ey  app ly an ci the  amount  of detail i n c ’ I m m d e d  nn

r i m  t ’thods and p r o d ’e ( id r n ’e s . In m an y cases , the  t yp ica l  s o f t w a re development

m e t h od o l o gy  is a v e r ’y  geneu ’al  set  of pr’oced urr c s  supported by a set of good—

pra c’t i ce  t e c h n i q u es  and  tools .  ( I f ten  t ht ’so  n o et h ou  b u d m u g  it ’s  a r’e ident n fied by

their’ technique s and tools rather than their’ princip les. ‘l ’hns u s u a l l y  leads
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to only  pa rt ial ly sa t i s fac tory  results of u s i n n g  the  n’methodolog v , al though
bet ter  results than if no methodology has been used.

Only  a f e w  of the cu r r en t  so f tware  methodologies a t tempt  to inc lude  the
comp lete s o f t w a r e  development cycle  f’ rom requ i remen t s  ana ly s i s  to tes t ing
and imp lementat ion of the sof tware . The most popular of these method-
ologies is the  top-down Structured P rogramming  technique  proposed b\
Har lan  ~l i ll s  [ ‘\ I I L I , 7  I , \ l I I ~L73a , \l  ILL73b , M I L L 7 4 I .  This methodology
was syn thes i zed  by ~\ii ll s  [M I L I ~72a] f r o m  the earls’ resea rch work of
Di ,ik s t r a  and othc ’n’s , It was f i r s t  ~lemlio ns t ra ted  by \ l i l l s  and Baker in the
t i t ’~ elopment of the N e w  \‘ork Times i n f o r m a t i o n  sy s t em [13AKE72] . The
popular i ty  of ’ t h i s  methodology has resul ted in the most wel l -documented
proc edun’es  to uia te  [HA l)(’].

A pp l i ca t ions  o f  t h i s  methociolog\ have  y ie l d ed m m x e d  resul ts . A s men t io n ed

ear l ier , the app l icat ions of ten seem to m a k e  use of the tools and t echn iques
ra ther  than  the proc ’edures . The n m ’ w n m e s s  of the me th o d o l ogy  resulted in
p r o c u ’u i u m ’ e s  and too ls  based on co n cepts not t o t a l ly  u n d e r s t o o d  at the t ime of

its developn’m e n m t . \lost methodologies  fol lowing the  top down s t ruc tu red
pr’ogra rn m i n g  appn’oach are  e s sen t i a l ly  adapta t io n s of th is  approach wi th
at tempts  to cor rec t  c’en’tain def ic ie n ic ’  ies  or to add new techniques  and tools.

Fxamp les of these later methodologies have been pn’oposed b y Liskov
[uSK73 , LISl~ 72], ,Jackson [J A C K 7 ~ j ,  \ ly e r s  [ \ lY l ’:R75 ] ,  \V a r n i e r  [W A R N J ,

and T a u s w o r t h  ~ TA 1 577] . These methodologies  gene ra l ly  ar’e or iented

toward proce d tmre s  for  design and imp lementa t ion  of s o f t w a r e  u n d e r  the

a s s u m ption that  r equ i r emen t s  are  well umnderstood.  \ lethodologies w h i c h

inc lude  r e q u i r e m m ’n m t s  analysis  began w i t h  the Logos pro j ect  [C; I ,A5 72

HR ,AD 72 , HOS 1’ 72] and include IS1)OS [TFIC77] ,  Sot’tech [lR \ ’ 177~, a nd tile

~‘)d) ftware Development S’~stem being developed for  13 \l I )A T ( ’ [1 A  V I 7 7 ,

,‘\ L l ” ( ) 7 ( ’
~, H E L U ’7 ) .  I ” in a l l y ,  the c u r r e n t  t r e n d  is to place emp hasis  on more

spec i f ica t ions , s tru rc t u r e , and procedures  which  lead to proof of correc’t-

ness . These methodologies a n’e bein g inves t igated  by Honeywel l  [130vD77],
h a m ilton and /~eldon I I I A \ h [7 6 ] , M I T R E  [Mrr ,L76 J and SRI [l~oI 1R77] .
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From this  s u r v ey  of the ex is t ing  methodologies  and on the basis of the

principles d i s c u s s e d  in t h e  p reced ing  chap te r , it is possible to g ive  an

overall  d e f i n i t i o n  of the  R D M .

To place R D \ l  in the prope r perspec t ive , the design problems are  presented

in the d iagram in f i g u r e  1. In this  diagram , c ’e fcn’ences  to exist in g meth-

odologies and to sections of Chapter  2 of th is  repor t  are presented to
indicate ex i s t ing  t echn iques .  The r e f er ences  in the diagram are  not

intended to represen t  a complete list of r e fe rences .

The diagram in t’igure 1 and t’igure 2 p resen t  fou r  design p r inc ip les which

may  be app lied to the solut ion of the th ree  major  ca tegor ies  of des ign  prob-

lems , name ly  the  des ign  of s equen t i a l  p r o g r a m s , the des ign of data base
sy s t e m s  (m a c h i n e s )  and the design of c on c m i i ’ r en t  p r o g r a m s.

1” or each co lumn of the diagram in f i g u r e  2 , the t ech n i iqu u ’s  used in RDM
a i ’ d.’ l isted .

,S t m ’ u , r c t u m r e  — —  The  i m p o s i t i o n  of s tm’ t m c ’tu u ’ e  by m e a n s  ol ’ the use of onl y a
l imi t ed  set of r i g id ly  d e f i n e d  con st i ’u t ,’ts is t h e  k ey  p n ’ in’ mc i p le of ’ St i ’ u , c t ’ t m i r e d

I’rogr anim ing. HD,\ l wil l  impose s t r u c t u  i’ m ’  by use  of the  nota t ion  deri~ cci

fn’om I ) n ~k s tr a  gu narde d c ’omman ds (see ‘ ‘  E ) i jks t ra ’s C’ oni st r ’ m i m ’ ti v c  A pproac h ’ ’

in chap te r  2 )  an d by  use of ’ the  concept ot ’ h i e r a r c h i c a l  decomposi t i on  both
by  p rocedure  a b s t r a c t i o n  and data abst  r o u t  ion ( s , ’  abstract c u p m ’  n a t i o n s  and

abs t  t a c t  data s tn ’u mc t u r r ’ m ’ s , chapter  2 ) .  H I ) ’\l s c l o c m t : m m e n t a t i o n  s t r u c t u r e  is

based  on t h e se  c u ’n i t ’e p t s  and is p i ’e sente ( i  in the fo l lowing  sed ’t ion of th is
c’hapte r.

Stat i c ’ Spec u f i c a t i o m i s  — — ‘I ’ he c o n c e p t  of s t a t i c  spec i f m c m i t t ons  of w h a t  a pn’o —

gn’am is s u p po s ed  to do is the i n d r s p e n s m i h l e  b a s is  fo r’ al l  pr ’oof of c o r r e c t —
m m ’ s s  ( see ‘‘ ‘l ’he a x i o m a t i c  approac ’ h , ‘ ‘  a n n u l  Abs t  n ’ m i c t  o p e r a t i o n s  and abs t r ac t

data st r u c tu r e s ’ of’ c h m i p t e i ’  2) .  H 1) \ l  misc ’ s  I he I t ’ c h r u i  q i m e s  t i m  ‘Sc r’ ibe d in

g e n e r a l  in the p r e v i o u s  c’hapt cmi ’  a u d i  pn ’o c e m l u r e s  for  t he i r  appl ica t ion  are

presented in ‘‘ Steps of the  l ) t ’ s i ,g n i  l ’ n ’ om ’ m ’ s s , ‘ ‘  \ \ o n ’ k  I’ i ’ c u c m ’ m l r m m ’ e s , ‘ ‘  and

Prac t ica l  Sugges tions  f o r  Static’ I ) m ’ s i g n l ’ ’ sect m n n m ~ of t h i s  c h ap t e r .
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~~o n s t r u c t m v e  Methods -- The principle of cons t ruc t ive  design in t roduced in
‘ ( ‘ on s t r u c t i v e  I)esign P r i n c i ple ’ of chapter  2 is the core of RDM .  In “The

(‘o n s t r u c t r ve  A pproach ” section of th is  chapter  the procedures  foi’ the use
01’ the cons tn ’mnc’ t i v e  approach are presen ted  wi th  examp les . The use of the
c o n s t r u c t i v e  approach together w i t h  the idea of abs t ract  machines  permits
the cor rec t  s tep-by-step  cons t ruc t ion  of comp lex s v s t e n ’ c m s . HI .)\1 p rocedures
for the h i m ’r a r c h i c a l  def ’i n ition of leve ls  of abstract  mach in t ’s  ar e  presented
m n t h i s  c hap te r , sec t ions  ‘ Steps of the Design Process ’’ a mid ‘ ‘ W o r k  I’ x’ o—
cedures .

Note that in f i g u r e  2 the t mse of c ’ons t ruc t ive  design f ’or concur ren t  program-
r i l i n g  is i n d i c a t e d  as needing add i t iona l  research .

Proof ’ of (‘ ‘ ‘n ’ t ’  e c tn i e s s  —— ‘I ’ he i-ole of proof u u f  con ’n ’ e c ’tn t ’s s  p r i n c i ples is two —
‘old . It is t h u  bas is  for  t he  cons t r  ( ‘ t i vu ’  dc ’s ign and  it  max ’  be requi red  to
i ’igorous l~ v e r i f y  t h e  co r rec t nes s of p r u i g r a m s  and i  data m ’epr ’esentat ion
designed in accon’d to c o n s t r u c t i v e  n i ( ’ t h o i ’~ , In R D \ 1  t h u . ’ use of a — p o s t er i o r i
pn’ ooi  5 ms cons id u ’  r ’eu i  ( w h o n o ’  ~u ’ r ’ t h e  n ’el ia~~t l i t v  requi  r ’ e n m m t ’ n t s  a re  such to
j u s t  t f y  t h e  add i t iona l c’ost . ) as a r e s u l t  of i n t e rna l  i ’ m - v i e w s  (see chapter  3 on
‘ \‘c o r k  Pn’ o c ’edm rn’e s , ’’ i’i u i i i b t ’ r ’  1;) .

I . ) l ’ SIG N I)( ) ( ‘ I ’  M I : N I ’  ATI( iN

The m’es ul t  of the  c i m ’ s ign  process m u s t  b” m a n t f , ’ s t c . ’ t i  i n  an ap p r o p r i a t e

documenta t ion . ‘I ’his doc u r n n i t ’ n t a t i o n  w i l l  so ry e  the pun ’p oses of s p e c i fy i n g
the i m p l e n c e n t a t i on i , of check ing  the c o r r m ’ c t n m e s s  of t i t ’ s i g n  and of t r ack i n g
and p l a n n i n g  t h e  p r o j m ’u ’t . ‘I’he n’e is the poss ib i l i ty  of us ing  an in i s t r u c t u r e d
documentation and  u n d i i s r i p l i n e ( i  ( a d — h o c  d e f i n e d )  no ta t ion  to pn ’ esen t  the
n ’( ’s u n i t  p r ’ o c ’u ’s  5 . 1 loweve r, this rourld ha r’ u l  l v  be ‘oni 5 ide red as an  a t ’ m ’ t ’ i ~t ab le
methodology.  The re fo re  a documen ta t i on  s t r u c t u r e  augmented  b y appropri-
i t t  notat ion is n e c e ssa ry  to f u r n i s h  the  r ecep tac les  for  the output of the de-
sign ac t i ’,’i t v ,

_ _ _ _ _ _ _ _ _  
-~~ ‘.~~~~~ —~--



The docur ’n i enta t ion  s t r u c t u r e  c ’a n i  be c ons idered  fr om t w o  p o i n t s  of’ ie\v :

the point of v i ew of the w r i t e r  and that  of the r e a d e r ’ . I” oi’ the f i n ’ s t  point

of view the st t ’c m c t c m n ’e should be c o nc e i v e d  in s i.i( ’h a w ay  that  t h e  v i ’  i t  ing

process is hel ped b y  supp ly ing imp lic i t  gu ide l ines . l”or the point  of y m e w

of the reader the key t’ac tor  is r e a d a b i l i t y  to t ’  check ing  the c o r r e c t n e s s

process or for  d e r i v i n g  the n m c ( ’ o s s a  i’ y  i n f o r m a t i o n  for  the m n m p lemer ita t ion

and project p l a n n i n g  and t u ’ a c k i n i g ,

These two  points  of ~~~~ have  dj f f e c ’ c ’n i t  i ’e q m i i r e m e n t s .  The or d u .’n’ nii oi ’e

na tu ra l  to the  w r ’ i t m .’ m ’ is n i u t n e c e s s a r i ly  the  most  na tu ra l  f o r ’  the  r e a d e r .

The i m p o r t a n ce of the check ing  process and , more in i ipo r t an t lv , the recog-

ni t ion  of the n~ et1 fo r  changes in the sof tw ai ’e  products , sugges t  that the

point of v i e w  of the  reader  has to be emp hasized . The proposed document-

at ion scheme is base d on the decomposi t ion in abstract  machines  which  is

sugges ted  by t he l i m i t i n g  complex i ty  p r i n c i p l e .

The documenta t ion  is o rgan ized  by abst r ’act  machines , in the s e n m s e  that all

the in fo rma t ion  re la t ive  to an absi n’ac t  n ’i ’i a c h i n e  is grouped toge the r .

including the programs designed to r u n  on the machine.  The h i er a r ch i ca l

s t ruc tu re  is shown in the d o c u m e n t a t i o n  s t r u c t u r e  both for  the machines  and

the programs in each machine  (see f i g u r e  3) .

In the f i g u r e , each m a c h i n e  shown has b e e n r  m ad e  up by th ree  pa rts: the

ciat a type s , data and programs . F u r t h e r m o r e , ar ’n ’ows  i nd ica t ing  that data

types of , say , m a c h i n e  1 are  rea l ized  by  m a c h i n e  2 , 3, 4 au - c shown to

i n d i c a t e  the h i e r a r c h y  of ab s t r a c t  m a c h m n e s .

For  each r ’n’m a c h i n i t ’  it is possible (and of ten  de s i r ab l e)  to use p r o c e d u r a l

a l r s t r a c t i o n i  to i t ’ S  ign  a p r o g r a m .  i on’ examp le, two of I hc ’ t h r e e  p r o g r a ms

of m a c h in e  3 use a n o t h c m ’  pr’ ogn’an i  as subroutin ’m m ’ s .

~1’he h ie r an’ h\ ’ t . ’xte nuls dc .iw ci t o  n iach ines  ~ ‘he n e  d ata typ e s  are  not d e f m n e c l

by  the des m g r io  r b u nt  a r e  c o n s t i m ’  n m  ‘ ‘ I  p m’ in)  it \ u’ t’ i t h e  i ’ b em ’a r i s e  the  ob ,lec ’1 ha i’d—

Vv t n ’ e  (or language)  supp lies those diata t ’~ pes or bec ’ au m s e  t h e  m u ’  ‘ep r e s e n it a t r o n

on the  object ha n’ dwa n ’ m ’ is st and a n’di i .ec l  i n n  some fo rm.  Th i s  is ~ h u u w r i  in t h e
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pic ture  by the lowest level  machines  (5 and 4 )  d i sp laying only  data and not
types .

In add i t ion  to a s h a r p ly  defined documenta t ion  s t r u c t u r e , notation is needed
to express  the  design decision wi thou t  ambigu i ty .  Three  notat ions are
necessary to represent  the program design . These notations correspond to
major design ac t iv i t i e s  of the met hodology . T h ey  are:

• a sp e c i f i c a t i o n  language fo i’ represent ing  assen ’ tions , predica tes ,
and condi t ions  u - m s ed to s ta t ica l l y cha rac t e r i z e  set s  of program
states , invar ian t  re la t ionships , and r equ i r emen t s ;

• a program des ign  language for  represent ing  detailed proced ral
logic and data s t r u c t u r e s  of the program;  and

• a dr ,cumentat ion f o r m a t  to suppor t  o rgan iza t ion  and m a n a g e m e n t
of the design process as well as providing the  essent ia l communi-
Ca; ion of the design to t h o s e  external  to design processes.

No specification language has et been proposed for  usage with the method-
ology. There  is a great deal of research required b e f o r e  any such commit-
ment should be made . Candidate languages  are under  invest i gation: ~SFE-
CIAL [R0UB77) , ~ RI’~’tI [D4], \X E ,S [H V\11 76] ,  and algeb raic specifications
[GCTT77] .  Inc luded in the speci f ica t ion language are :

• por t ions  of f i r s t  -o rder ’  p r e d i c a t e  ca l c u l u s  a u g m e n t e d  by notat ions
for’ bs t  n a t  pm - ed t a t  m ’ s  and  t h e i r -  charac ’t c ’  r ’ i za t ion  in more  pr im i—
t m v u .’ t e n ’ n n r s ,

• notat ions for -  p r - i n n  i t i v e  data t ypes an d  the i r ’  p roper t i e s  a u g m e n t e d
b \  mechan i sms  fo r’ t l e s c n ’ i h i n g  abs t rac t  t ypes in t e r m s  of the
p r i m i t i v e s , and

• pe r fo rmance  in fo rma t ion  inc lud ing  space and tim e c’onip l e x r t \
m e a s u r e s .

42
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In the absence  of speci f ic ’ notat ions procc ’ssable by m a c h i n e  and usable by

s o l t \ \ :) r u t i c ’ s i g n e r ’ s , i t appea n’s s at  i s f a c t o r ’v , for’  t he  present , to use a mix —

t i n  ‘ u ’ of m a t h e m a t i c a l  and nat un - a l  I a n i g i i ; i g m ’  t ’e p n ’ e s u ’n i t a t i o n  of t h ese  specil ’ i—

cat ions .  ‘l’he t ies  ign i e  n ’ , l ike  ihc ’ n i n a t h e n i i a t  ic ’ ia n i , n n i a \  u rse s inch  notations

w it ho irt c or i i p r’o m il  is ing on exac tness ,

The W F 1,1 ,\ lAl) F~ p rogram design ’ la n i gu age  is b a s t ’ t i  c mpo nl  the  g u a r d e d —

command set in t roduce d  b~ Di j ks tr a  [I ) l . 1K 7 5  1)L 1K7 6 1. ‘I ’hus , the predicate

t r ’ans fo rma t  ‘ t m  p r op e r ti e s  of t hes e  .‘ons t ruc t s  a n e  basic to the cons tr uc t iv c ’

approach of sof twan’ c ’  t ies  ign .

DUCI \ I I ’ N ’ I ’ A l ’ I ( ) N  ! ) i : S c i {I I ” I ’ R ) \

‘I’ iie o ver a l l  d o c r r n n ’ ’n n t a t i o n i  s tr ’ uc ’ tt r r e  is p u ’ e s e n i t e t i  in f ig u r ’ e  4 . The f i r s t

pa r t  u n d e r ’  t h e  t i t l e  H t~QI I R I : \ I  I;NTS IN ’!’ EI {PI { V ’I ’A TI iN  is the Fng lish text

(ic ’sc ’ n ’ ib i n g  the pr’ob lem to bc’ so lved . I sua l lv  the on’  r g ina to r  of the problem

supp lies the requi  n ’ e n i e n i t s  in  some f o r m . The content  of t h i s  chapter  is the

t l e s i g n n e r ’ s  n’ep la  \ c) f t h e s e  n ’equ i n ’ e n i t e n n t s  . The s ty l i ’  of the t e x t  a n d  the

l a n g u a g e  m u s t  i ) m ’  su t a b l e  f o r ’  ( ‘ l ean -  u n d e r s t a n c i i n g  by the problem or- ig inato r .

The r ’ u ’ n c c ; .i i n i t . ~ par’t of the t l o u - ’ u m n n i e r ’ mta t ion  bound  by the t w o  key words

S Y S T I ;M  nr a ; ‘~~ ‘n d  i ’ N  1) ( s et ’  f i g u r e  1) is the technica l  design spec ifica-

I ions.  ‘ ! ‘ h m ’  t c ’xt  f o l l o w i n g  the  t i t l e  SYST i’ \i name is the table of contents

of t he whole  i u ’ c t n m e n t .  The s t r u c tu  n-c of I h i s  table of c’ oni t c ’n ’r ts  is:

~ r na c’ h in e  n a m e l > [l ex t ~

~ n n n a c  h in c ’  n a m e  n>~ t m

‘I ’ he t e x t  foll  ~ ing each m a c h i n e  mn am c ’  in the  table of con ten t  is an optional

p la in  l anguage  iesc  r ip t i on  of the  con’  r e sponding  mach ine .

The  n ’m ’ s t  of the  m i o c ’ u r n e n t a t m o n i  m s ma le i i i  l )v a set of documents  descr ibing

the va r ious  n h a ( ’ h i n ’s . Fach - o f  is bot r n ~1 by  t he  k ey  words

\! A ( ’ I i i  N i ’  n i a r h i r i m ’  name>  a n n u l  I ’ N  1)~~n i ach ine  name> .
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R EQU I R E M E N T S  I N T E R P R E T A T I O N ~ name~
• . . . 4 4

• . . . . • . •

• S • • . .

SYSTEM ~ name~

o 0 . . S S • •

MACH I N E  ~ machine name 1~
. . • I I • •

E N D  ~~mac hine name 1~~
o • . . • .

• • S I • I •

• I • • S I I

MACH INE..czmachine name n~

END.~ machine  name n -=~

END ~name~~
F i g u n  r m ’ 4 . Ove ra II Doe urn e nt at  i on St r tnc t  nr c
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The s t r u c t u r e  of the documentat ion for  a generic  machine  is pu -esented in

t’ igure  5. l” ou - each machine  two majot -  chapters  are iden t i f i ed :  M ISSIO N

DESCRIPT Io N conta ining the descr ipt ion of the machine f rom the point of

view of the outside world , and DESIGN DOCUMENTATION containing all the

necessary inforr ’nation to implement and to v e r i f y  the correctness  of the
design of the machine .

The M ISS IO N DESCRIPT ION is fu r ther  d iv ided  into th ree  parts . The
FI, N ( T I O N A L  SP E C I F I C A T I O )N S  is a descr i ption of the func t iona l i t i es  the
machine  is supposed to supp ly. This desc r ip t ion  is given in Eng lish and
must  not supp ly i n f o r m a t i o n  about how the  func t ionali t i es  are real ized in the

actual  design . The U SAG I ’ I N I ’ O R \ I A ’ I ’k ) N  pa rt contains all the necessary
informat ion  for’ the actual  use of the machine .  At the top level it may  be a
dra f t  of the system user ’s n ianua l .  The A ( ’( ’E P T AN C E  C RI T F R I A  pa rt is
the descri ption of procedur -es  for’  the acceptance of the product  by the
customer’s , if any .  T yp ical l y a ny  pe r’t ’ormance  l imi ta t ion  or’ r equ i r emen t s
will be desc r ibed  in th is  part .

In the whole MISSION DE SCRIPT IO N cha pter onl y I” ( ’N ( ’T R )N A L  DESC R IP-
TIO N is requ i red! .  No te  tha t  th is  chapter  of ten  is w r i t t e n  a f t e r  some design
work has been done and some of the Design Documenta t ion  is wr i t t en .

In the D I : , SIG N I X ) C I ’ \ I E N ’I ’A T I ( ) N  chapter  all the t echn ica l  i n fo rma t ion

re l a t ive  to the design of the mach ine  are included . This  chapter is wri t ten
m a i n ly  by us in g  f o r m a l  notat ion a l t h o u g h  [nig l i s h  text can be added for

c l a r i f i c a t i o n . The pr o p o s m . ’d notation is presented in A ppendix A and its

syn tax is u l t ’ s c r n l ) e ( i  in A ppendix IL

Ifl t he  dr ’s ign do cumermta t ion  the -s t ’ u ’ f  i u u i  DE1 ”IN ES conta ins  a l ist  of the names

of the abstn’au’t (iata typ e s  r e f i n e d  inn  t h i s  m a c h i n e . For examp le , with ref-
e r ’ e n i u ’ t .’ to f i g u r  n m ’  3, the  l i s t  in m a c h i n t ’  2 wi l l  conta in  one (or more)  type

names w h i c h  are clef ’ in e u t  in m a c h i n e  1. The section OVERVI EW is a pla in
I ’;ng l i sh  u le sc  n’ ip t ion  (op t i o n a l )  of the u i ~~s ign .
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MACHINE <machine name>

MISSION DESCRIPTIO . N

FUNCTIONAL SPECIFICATION

USAGE INFOR MATION

ACCEPTANCE CRIT ERIA

DESIGN DOCUMENTATION

DEF NES

PREDICATES

TYPES

PERMANENT DATA

DATA INVARIANT

I N I T I A L I Z A T I O N

PR O G R A MS

( SUB) PROGRAM

END ~proqr,im name P

(SUB) PROGRAM

END <proqr,1”~ n,ltn r~~

END <~i,ic hine n.um >

l”i g u ro  ‘i . 1\ lachin e I ) o c ’mn rn ’n t , i t i o n  St r u c t u r t ’
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The sect ion  P R E D I C A T E , w h o a  i t e x m s t s , contains  the  d e f i n i t i o n  of any

p n ’ e t i i c ’ate w h i c h  is con~ er i i en t  to d e f i n e  t r i c e  and then  use nn the specif ica-

t ions or i n v a  r ’ i a n t s .  i” o r e x a m p le , a pn ’ ed i c at c  SORT i ’ .D for’ an a r r a y  can be

t l e f i n e d  her - c in cieta i i  and  s u b s e q u en t l y  used  o n ly  b ,v w r - i t i n g  the ye n -b

So) R T I :D  (and the appr ’op r ’ iatc ’  p a r a m e t e r ’ s ) .  The d e f i n i t i o n  is done b y us ing

[ng l i sh  a n d / o r ’  p r ed i ca t e  ca lcu lus .

‘1’ hr .’ s ec t ion  T Y P ,:s c o n c t ;u  ins  the  def ’ i n u t  ion of a l l  the  t\ ’pe needed in t h i s

mac ’hine  to i n s n n  m m ’  the corn’ec ’tn u c’ss of t h m ’  p r og r a m s .  The sc ’  types  a n e  sup—

p o sr ’u l  to  be def ined  in lower’ level  m ach i n e s  or - a r’e p r ’i m  r t m v e  t y p e s . The

( l e f i n i t ion of types  is done t m s i n g  the  n o t a t i o n  shown in A ppendix  A .

The se c t i o n  P i : R \ I  AN !:NT DATA d e f i n e s  the  i : u t a  t ha t  m ay  be used in th is

mach i  ne by all the p rog rams . 1’ he i t f n n i t  ion of n l a t a  is done a c c o r d m n g  to

the  notation (as s h o w n  in A ppendix A ) :

~ob j ect  i d >  : < t y p t ’  m x  p i ’ m ’s s  n on> ( < t u - ’ \ t ’ )

w h e r e  < type  exp re s s ion >  is e i the r ’  a p r ’in i  i t m ~ e t \  pe or a t \  n a m e  inc luded

in the T Y P E S  sect ion of t h i s  n n a c ’ h n m i m .

l ’he section DATA I N \  A R I A N ’ l ’  cont a i n s  the s p e c i f i c a t i o n s  of t h e  o n ly  per-

rn i ss ib l e  inpu t  and ou tpu t  st a t c ’ s for’  a l l  the  pn ’ u u g r am s  of the  m a c h i n e ,

I- ’ u n - t h e n ’  r e s t  r ’i c t ions  can b m ’  u k ’ f m i i c ’ t l  as i n p u t / o u t p u t  s p e c i f i c a t i o ns  of

s p e c i f i c  p n’o gm ’afl i -s

The s e c t i o n  I N ! !  I ,\ LI/ ,A ’!’ !( ) N ( ‘onta ins  t h e  t i e s  ign of a progn’am which is u s o t i

t o set r ip  i a t ; i  C, a l u r e s  in s u c h  a w a y  t h a t  t l i t ’  data m n ~’a n ’ i a n n t  r es t r  ct ions a r e

r e sp ec t e d .

The s e c t  m on  P RUG H A MS rs  t h u  l i s t  of t h e  m a  in  m ’ s  of the  on l y  pn ’ogr’a ms de—

s igned for’ t h i s  m a c h i n e . A sh t  ‘1 Fung I m s h  t e x t  can be ui ~~r ’ u i  to supp I~’ in f o r ’ —

m a t  ion abou t  the pr ’og m a  mu s

‘I ’he s e u t i o n ~ s) bo und  by t h e  k e y  wor ’ u i s  ( sI l n1 ’w ) ( ;RA ’\l  and V N I )

prog ra m ia mm ’>  ;m n - u ’  t h e  d o c u n i t ’ n n t ; i t m c m n of I h t ’  d e s i g n  of ¶ l i t ’  p r ogn’amS
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l i s t e d  t i n d e r  P R O G R A M S .  The prefix SUI3 is used whe n t h t ’  de s i g n  doc’u-

m e n t a t  ion re fer ’s  to a program w h i c h  is H ut  d j n ’ c ’c t l v  usable in t he  m a c h u n t ’

but it is call ed b y se i ne  c) t her ’  p r o g r a m  in the machine .  Fun -  ex a m p le . a it h

i’e fc ’n ’ence to n g u r ’ e  3, the program P33 
in machine 3 is a sub pr -ogr -ani  be-

cause it is used or’tl y by the pr ogr ’arn s P 31 and P 32 .

The d o c u m e n t a t i o n  of p r o g r a m s  has a ~t n ’ u c t u ; ’ u ’ as s h o w n ;  in f i g u r - e  6. T h e

wh ~ le do c u m e n t  is e r i c  1u - t sc nl  l i e )  a cu - ri the  t i t l e  i d en t i f i e d  by t he  k ey  w ox -d

( SU B ) P R O G R A M  and the  key w o r d  } N D < p r - o g r’am nam e ’> , The  t i t l e  speci-

lies , if it is neede d , the  l i s t  of pa r a m et e r ’ s  that  mus t  be passed for  the

execut ion  of the p r o e ’r a m. Also , if t h e  p r u g~~am i”t u r n s  a value , the n a n e ’

of the r e t u r n  p a r am e t e r  wi l l  be w r ; t t e n  a f t e r ’  the  key word  RET U R N S ,

The section ()VERVI}f\\ is a n Fng l i sh  d e s c r i pt ion of the prog r ’am d e s i g n .

The sec t ion  \ A R I A H I , FS c o m i t a  i r i s  t h u  d e c l a r a t i o n  of all  data w h i c h  a r t ’  nu t

pe rmanen t  data of the mach ine . T hc ’sm .’ ~; :u ta  i i ;  ~;st Ia ’  of a type  declar’ ec ! in

the TYPES section or c u ~ a p r im i t i ve  ‘cp m ’ , ‘The data  d e c l ar e d  h e m - c  a r ’ e

conside: ’ m . ’d l a s i n i t i a 1 u ~u -’ d and a n n i h i l a t e d  by the  pr’ogn’am ( u n l t ’~”s i t  i s  a snnb-

pr -og r’a m ) at m ’ v e  r ’y e x m .’c at  tor i . In t h e  t a  se of sub pi’o gr a m s  , v a n ’ i ab  i t ’ s of t h e

p ’ogn’ am max ’ be cons i d e n ’ u -’ i g loba l arid t h e r m - f u m e  a i ’ m ’  ~; t t t  m n n i t r a l n i ’ed or

‘ la ted at e v e r y  ex e cr t i on  of the sub p n ’ o c i ’ am .  T he  l t ’ c l a m ’ a t i o n  ol ~‘a r - i —

ab i ’ ‘~ ~ t i u t u t ’  a c c o r d i n g  to  t h e  n o t a t i o n  p r ’e sr ’ n i t e d  in n  A pp e n i i m x  A .

‘l ’he sc’ct i t  H S~, I~ P R O G R A \ I S  is t i n t ’  I n s t  un  t h e ’  suh pt’ c i g n - a n ’n n t : n n i ’ - u sed  P c

t h i s  p r o g r a m  i t ’ t h e y  e x i s t .

The s m ’ u ’ t n o m n s  I N P I  ‘I ’ S I ’ E ( ’ I I ’ I ( ’ A I ! O N S  ar id  ( i t  I t ’ L l ’ S1 ’F ( ’ I I l( ’A l I O N S

conta in  th u  m ’ m ’ s t n ’ n u ’ t i t , m i s  on the  s t a t e  space w h i c h  n m ’ f  nni e t h e  ‘ t n i t i o n i  of t h e

p rog ram.  T hu .- c u m r n i p ! m ’ I t ’  s 1 u m ’ t ’ i l i t : m t n o n s  n t ’ t h u ’  n m n p u i t  and  o u t p u t S t i t i ’ s  is t h e

t o n  i m n e t u m i  of i b m ’  s p . ’ c i t m c : m l i i n i s  a n itten ni  this s m ’ t t l o m i  and t i e  data mnva t’i am ;

of t h m  m a c h i n t ’ . T he  ~ p m ’  i f ;  a l i n i s  a r t ’  ~v r t t t t ’ n n  in  w l n ; u t m ’ ~~m ’ r  : m s s t ’ r t m o m i

la n n g ; n a i ~m ’  t h e  i m ’ s i g r m m ’ r ’ m’ h e t ~~m ’ s  ( u s u a l l y  u r ’ i i u ’ a t e  t m i c n i l t i s  a n n u l  I ;~j l i s h t ,

1) 1
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The section PERFORMANCH SPFCIFICATIONS contains any specific per-

formance r ’eqcni ren ients  as app l icab le  to th is  spec i f i c  p r o g r a m .

The section LOOP IN VARIANTS appl ies only  to p rog rams  conta in ing  loops.

In this section the invariant(s) used to der ive  the loop design a re  shown .

The section TEXT contains the specification of the a lgor i t hm in p-nota t ion

(see A ppendix A ) .  Comments , inc lud ing  r igorous  proofs when r e q u e s t ed ,

can be included in this section.

The section NOTES is the repository for  des igners  r e m a r k s  as rationale for

cer ta in  design dec i s ion , possible a l t e r n a t i v e  solut ions , etc.

A ppendix A of th i s  report  conta ins  a br ie f  de sc r i ption of the s i g n i f ic a n t

notat ion used.  Addi t iona l  i n f o r m a t i o n  about the  notat ion is in [D[JK76] .

Steps of the Design Pr ’orL ’s,s

There are e igh t  i den t i f i ab l e  steps in the des ign  p rocedures  of the R1) Ttl .

These  steps and the f low of a c t i v i t y  d u r i n g the t i e s  ign p r o c e s s  a r e  d isp layed

in f i g u r e  7 . The m a j o n ’  set of acti vities is for  iden t i f y ing a n d  des ig n ing a

s i n g l e  m a c h i n e  u t f  t h e  so : t w a  re des n g n i . These a c t i v i t i e s  a re  r e p e a t e d  in a

t o p — d o w n  f a s h i o n  prodcr c  ing a b st  r’act m a c h i n e  designs  wit h (lecreas  ing

deg ; ’ ’es w i t h  ( i e c r ’ t a s  i n c  degr’ t ’es of abstc’act ior  at each  le~ c i ,  ~~ hen  a l l

m a c h i n e  da ta  t 
~~~~ 

ca p a b i l i t i e s  a r t ’  e i t h e r -  supp lied b y an opel-at r u g  s y s t m ’ n u n

or - an’e e a s i ly  imp lemented  ~v i t h m n  t b ’  pr -ogr an1~mi1 i ng l anguage , the  tb ’ s  rgn

pi’od ’€ ’ s  s h a l ts ,

The f u u l l o w i n g l i s t  i d e n t i f i e s  the  goals and  the nn i a jo r  a c t i v i t i e s  of each of

these It ’s  ign s teps  (s m ’  f i gu  ‘c 7) :

R m .’q u i r em ’ n i t - ; a t ’r p r e t a t i o f l  — — ‘1’ P m .’ goal of t h i s  s tep is t o  i d e n t i f y  a n d

u m n t m ’ r p r e t  a ~ m ’ t  of r - e q u i r ’ e n i n u n t s  w h i c h h ay e  br i m ;  s upp l i ed  by  the u ’ n ; s l u u n n t ’ r ’
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r eques t ing  the sof twar’e  design . These  r e q u i r e m en t s  mus t  be t r ans la ted  to

the func t iona l  spec i f i ca t ions  of the s o f t w a r e  sys tem.  Dur ing  th is  process

some p r e l i m i n a r y  de f in i t ion  of data types is done.

The a t tempt  to def ine  these f u n c t i o n a l spec i f ica t ions  may produce  informa-

tion necessary  for  some mean ing fu l  exchange of ideas \ v l t h  the cus tomer  in

order to produce the needed agreement  on the problem r ’ e qn n i r e m e n t s .

R e q u i r e m e n t s  anal ysis - -  The goal of th is  step is to anal yze the set of func-

tiona l spe c if icat ions  and to a r r i v e  at one or m o r e  machino  ident i f i ca t ions .

The m a c h i n e  r e q u i r e m e n t s  a re  de r ived  f rom the data t ype spec i f ica t ion ’~ of .

machines  alr’eadv des igned (except  for  the top le ,  el mach ines) .  The j nte r -

p re ta t ion  of m a c h i n e  r e q u i r e m e n t s  is present  in t ex t  f o r m  as an e’:~ierna l

miss io n desc ’r i pt ion.

Stat ic ’  design and v e r i f i c a t i o n  - -  The i d e n t i f i c a t i o n  of a ma c’hine s data state

space , i t s  d ata i n v a r i a n t , t he  state s p a t e  of each of i t s  p r o g r a m s , the i r ’

inpu t/ ou tpu t  ~pe c it ’ications , and the i r ’  p e r f o r m a n c e  s p e c i f i c a t i o n s  ar-e done

i n t h i s  step. T h i s  is a ma jo r ’  a c t i v i t y  ot ’ the  I ’ s i g n  p roces s  and r e s u l t s  in

the  - aa t i c  s p e c i f i c a t i o n s  of the  m a c h i n e . M a n n  of the  mat h isies capab i l i t y

r ’eq u i r c ’m r ’n n t s  a r e  i l e n t i f r m ’ u l  du 1-ing t h i s  t i e s  ign step. T I n ’  h i e  r ’a rc’ h~’ of
m achines  is ~ e n ’ i f ; l b y  s h o w i r u g  c o n i s i s t e n n c v  i t e t a c e n  inv a i - ian t  and  i n p u t ,.

ou tpu t spec i f i c a t i i u n s  of the  m ’nad ’hine  ~v i th  the  c a p a b i l i t y  m ’ t ’ q u i  i ’ m ’m m ’ n t s  of the

uppe r- l eve l  m a c h i n e .

F xt e r n a l  i c y  i e w  — — ‘I ’ he m i s s i o n  desc ri pt ions  of all  mad’h ines  as pr ’epared in

step 2 and pu ss i b l y  r e f i n e d  in st ep  3 a ‘c crsed as a has ns c i ’  c u s t o m e r

r e v i ew. ‘rhe goa l of t h i s  r e v i e w  is to  a r r i v e  at a m u t u a l  ag n ’ eem en t  of ’ all

i r n f  m ‘ rpr -e ta t ions  of s t u f t w a  n m ’  r e q u i  m e n u ;  ‘nts . T h u s , c u ’ s ; ;  I t s  of t h e  e x t  e rna l
r e v i e w  a n t ’  e i t h e r ’  to n ’ m ’ ’ t ’ m s m ’  r ’ m ’ t u u i n ’ m ’ n i e m u t s  an d  t o  ba c’ l., t n ’ a r k  to  t he  a p p r o p r ’ i —

ate SI m ’ t , o r  to f r - u - i c  1 h i ’  c a p a b i l i t y  s p t ’ c i f i r m m t r o n s  f n ’ o n r m  w h i c h  t h e  m i s s i o n

d ose r’i p t ions  ha v i ’  I i m ,’t: ’ n n  d e r i v e d .  N o t t ’  t h a t  m x t e r n a l  r ’ e v i e w s  a r e  riot r u ’ ’e s —

sa rv for -  I ’ve  i v  mac  h in e  d m ’ s  i gn . T h u  ‘v u s u a l l y  oc’ccr r u n i v  :it p r - el  im irma  n - v

d e s i g n  s t a g ’s ( h i t ’  h i ghe r ’  lu \ ’ t ’ l s  in the  h i  ‘n ’a r c h ~ ).
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Detailed (P r o c e d u r a l )  design and ver i f ica t ion  -- The construct ive approach

c o m b i n i n g  l,) ij k s tr a ’s d isc ip l i n e for  program design v~’j t h stepwise ref ine-

m e r i t  ( w h e n  it is neede d ) is used to constr -uct  a detailed program design .

N o t e  that  the design d isc i pline is guided  by the v er ’i f i c a t i o n  technique.

Thus v e r i f i c a t i o n  becomes pa r-t of the detailed de s i g n  process . Syntax

checks  and type  c o n i s i s t c ’n n t ’y chec’ks are part  of this design step and auto-

mated tools should  be used at t h i s  end . If f o rmal  ve r i f i ca t ion  is requi red ,

it r o u s t  be suppo n-ted by  au tomated  tools l ike weakest -precondi t ion ger-

e r a to r s  and theor -er’n p roven -s . An in tegra l  par -t of t his design step is the

id e n t i f i c a t i o n  of operations on data type s . Note that this step may affect  the

static mac- hine design . In fact , the whole design process requires some

it e r a t i o n  b e t w e e n  steps 2 and 5. This  point  wil l  be clar ~ified in the next

sec t ions. F ’ina l l v , s ta t i c  p e r f o r m a n c e  assessment , when requi i ’ et l , is a

major ’  a c t i v i t y  of th is  design step.

I ) o c u n i n e n t a t i o n  -- A l t h o u g h  documenta t ion  is part  of t heprev ious  two steps of

the  des ign  pn’oc’ ess , the goal of th i s  step is to in tegra te  al l  par ts  of the

des ign d o c u m m ’n t a t i o n  into a s ingle  document  and to up date tin ’ miss ion
I m .’s c r ip t ion , if  neces sa r ’v . The mission description must conform to both

the des ign  and t h e  capabi l i t ies  f r o m  w h i c h  it is den ’ived . Docum ii en ta t ion

involves  the a d d i t i o n  of ’ d e s i g n e r  notes , comments , and  des ign  ove rv iews .

‘l ’ u .’ c h n n i c a l  n ’ e v i c w  - -  The design d o c u mt .’nt and the miss ion  descr ’ip t ion be-

come t h e  p r i m a  n - v ~‘e h i c l e  f or ’  t eu ’h n i c a l  n ’e~ iew . The resul t s  of th is  r ’e\ ’iew

ar-c to e i t h e r  f r - e m i t ’  the  n’n i a c h i m n m ’  d e s i g n  or to cause the  pr ’ocess to back t r ack

to e ar l i e r ’  steps in o rder ’  to r’epeat the t l m ’ s i g n  so as to correct  an’s e r ror .

l) ’ s n g n  imp l e m e n t a t i o n  - -  ‘l ’he r m . ’su l t  of the d e s r g n  pr ’ocess is a document

w h i c h  r epr ’t ’s ’ n i l s  a s o f t w a re  p r o d u c t  u l e s i g n .  The  u l e s i g n  process for a n y

part of ’ t h e  sot ’t w a r ’e  is comp leted when  the module ’s r e q u ir e d  capabi l i t ies

a n e  eas i l v  i f l l  p im men ted  and  al l  r n m n l u l u ’  documen t s  h ave been f n ’o i , e n  b the

rev iew process .
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Not e tha t these design procedures do not preclude the possibili ty of para l le l

design act iv i ty .  The machine design ac t iv i t i e s  may proceed in pa rallel

under the proper supervision of the design process .

WO R K PROCEDU R ES

The ident i f ica t ion of the above eight steps of the design process of an

abst ract machine supp lies a f r a m e w o r k  for the organiza t ion  of the work.

To complete the description of the methodology, however , it is necessary

to identif y genera li zed  work procedures  in such a way that a fo rm of ’ mental

discip line wil l  result .

U n f o r t u n a t e l y because of the highl y c rea t ive  aspects of the des ign  t a sk ,

work p rocedures  can be only guide l ines  r a the r  than precise  p r ’ e s c r r p t i o n n s .

These guide l ines  a re  based both on exper ience and  on the p r i n c i p les of

cons t ruc t ive  design.

The procedural  steps iden t i f i ed  in the pr ’evious  section are now def ined  in

t e rms  of work  output  expected fr ’om each a c t i v i t y .  Th i s  ou tp u r t  is u s u a l ly

some por t ion of the documenta t ion  comp leted.  Th i s  p e r m i t s  a fac tua l

manager-ial  cont ro l  of the pr ’og r u .’ss of the des ign a c t i v i t y .

R e q u i r e m e n t s  I n t e r p r e t a t i o n

The pu r ’pose of t h i s  s tep  is  to crnden’ s t ; ind  the  p a rt i c u l a r  des ign  p rob lem.

The  r e q u i r e m e n t s  are us u na l l y g i v e n  1w the  customer  in some i m p r ec i s e

f o r m  and an ag r eement  on th e i r  in t e rpr e ta t ion mu r st he reached be tween  the

cus tomer  and the d e s i g n e r . Since the custome r is not n e c e s s a r i l y an ex-

per t  w i t h  not  i t  i nn  used in methodology t h i s  a g r e e m e n t  mu r s t  be reached on

t b  b a s i s  of c o m m o n  l anguage .  W h e n  the  a g r e e me n t  about  t h e  i n t er p r e t a t i o n

of r e qu i  m u ’  mn ’ u i t  s is r eached , the  docu merit REQI, I R E M EN T S  r \ T l ” R P R l ” U  \ —

TIO N is  p repared  r i n d  the t e x t  u i i s c n m s s e d  in a k i c k — o f f  r e v i e w .
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R e q u i r e m e n t s  Analy s is

On the b a s is  of the r e q u i r e m e n ts  i n t e rpr ’ et a t i o n  w h i c h  has  been  agreed  upon ,

the  ove r-all Iunc t iona l i t i e s  of one or more abs t rac t  mach ines  must be estab-
l i s h e d .  D u r i n g  th i s  process a ny  r ’e q tn i r e m e n t  of perma nent data storate (if
a ny  has been i d e n t i f i e d )  as well as the i den t i f i ca t i on  of func t ions  this  ma-
ch ine  is n - e q u i r e d  to accomp l isl~, w i l l  be considered , and a f i r s t  cut of the
machine s tat e  space d e f i n i t i o n  and of the spec i f ica t ions  of the progra m com-

p le ted .  l” or  mach ines  of i n t e rmed ia t e  l eve l s , the  r e q u i r e me nt s are  the
typ e  n ’e qu t r em e n t s  of o ther  mach ines .

\ t ’ ~n t : i t i . ’e m i s s ion de scri pt ion  of the  machine  is the formal  documentat ion
o i r tp i r t  of t h i s  s tep .

l” or m a ch i n e s  at i n t e r m e d i a t e  levels , at lea st an i n f o r m a l  ve r i f i ca t i on  of the

r ’or r ’ ’ tu i e s s  of the  n ’epresen ta t ion  of the  t ipper  level  data types  h~ the ma—
c h j m ’ m m ’  s hou ld  i c  p e r f o r m e d .  A more fo n- mal ve r i f i c a t i o n  can be made ac-
cordi ng to t I’ ue n n e t h o u l s  descr ibed  in [I1O .’\R 72a ]  and in [\ V l L l ” 76] .  The out—

p i n t  of t h i s  fo r ’ma l  ve r i f i ca t ion , w h e n  it e x i s t s , wil l  be recorded in the sec-

t ion  N a t e s .

~ t ; i t i ’  l ) e s i c n

The n n f o r m a l  i d l e n t i f i c a t i o n  of st o r a g e  and ‘u i m n t ’ t i o n a l i t ~- i s  now f o r m a l i z e d .
l i i  t i s  pha -u t h m ’  m ;i t ’h ine  pe t ’ u i i a m i e n t  da ta , data inv a  r i a n t , the  s p e c i f i c a t i o n s
Of t ’ ; m ’  p i n g  m’ :n m an d  th e  necessa  r ’v data n ’eprr  senta t ions  of the  uppe r  level
d at a  m m m ’  f n r ’n i a l i i e d  by u s i n g  t h e  l~ ft\1 no ta t ion  (see Appendic es  ‘~~ and H ) .

~ lso , some m i - u t  c i t  data typ e s  m ay  be i d e n t i f i e d .  Th i s  wi l l  p roduce  the
I ’ s ’  r i p t i o n n  of the  1 i t ; i  U~ p i ’  r i p ’  r a t i ons  n ’e qu i r e r n en t s  w h i c h  a re  those for

o th er ’  l o , r m ’  r 1 ’ . ‘1 m a c h i n e s . ‘l’he i i i  ssi  on d e sc r ip t i on  wi l l  be up dated and
i l l  t 1 i ’  d . ’t  e i n n  m e d  i n f o r m a t i o n  wi  11 he r ’ec on ’ded in t h e  approp t -nate  sections

of i t ’  sig i n  t l o c i r  m en ta t ion

In the  n m ’ x t  s ’ t ’f non , so me p n’a u ’t i ca l  s mn g g c s t i o n s  for  d e v i s i n g  and cu h e ck ing
t h e  s t . i f i c  sp e c i f i c a t i o n s  ‘i m m ’  d e s c r i b e d .  These  su g g e s t i o n -u s hou ld  be kept
i n m i n d  r i n d  u sed b e f o r e  t b ’  t x f m ’ r n a l  r n ’ t ,’i e w .
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At t h i s  stage it is use  f u i l  to check w i t h  the  cir s tomer  tha t  the  des i gn is pro-

ceedi ng in the r ight  d i r e c t i o n .  The means  for’ p e r f o r m i n g  t h i s  check  is  the

docu mentation and , more spec i f ica l l y ,  the miss ion  desc r ip t ion  for  non-

technical l y or iented persons and the  r e s u l t s  of s ta t i s  des i gn for  technical

peop le.

An approval  fro m the  cus tomer  must  be obta ined  at t h i s  po in t  or a b a c k t r a c k

to an appropr ia te  posit ion is r e q u i r e d .  The d o c u m e n t a t io n  of f i nd ing s of the

review is the  output  of t h i s  s tep .

Procedu ral Design

The machine  state space and the  speci f ica t ions  of the  var iou s p rog rams  a r e

now known ,  It is t h u s  poss ible  to des i gn and prove all the  p rog rams by us-

ing the  con s t r u c t i v e  approach .  (The c o n s t r u c t i v e  approach  is descr ibed  in

detail in the  nex t  section of t h i s  r e p o r t . )

The desi gn of the  va rious p rog rams t a n  he done s im u lt an e o u s l y by d i f f e r e n t

d e s i g n e r s .  H o w e v e r , a coordinat ion of the des igns  by a sing le responsible

pe rson is i nd i spensab l e .  l)u r ing  the  design of th e  pn -og ra m , a d d i t i o n a l  ab-

stract  data types  a n d / o r  o p e r a t i o n s  on ab st n ’ac t  data t pes  a r - c  u sua l ly  need-

ed.  The d o c u m e n t a t i o n  of the m a c h i n t ’  wil l  be u p d a t e d  ~ m t ~ the  new ly  de-

f ined  opera t ions .  At the  end of t h i s  st ep the  d o c u m e n t a t i o n  of t h e  m a c h i n e

and of all the  p rog rams  for  the  m a c h i n e  is comp lete .

In te rna l  Re view

.‘\ f ter  comp letion of t he  p r o c e d u ra l  des ign , t he  des i gn process  m u s t  he ver ’i-

f i ed  by compe ten t  per son s . The most f or m a l  ot’ t h i s  v e r ’ i I i ~’ri t io ’ i  i s  t h e  u s ’

of an .‘m — p o s t e r i o r i  proof p rocess  to v e n ’ i t ’v t h e  prog n’a n’m . N o t ’ t n t  a l l  t m ’

ne c -c ssa r ’ v ing  r ed i en t s for  the  proof p r ’ o u ’ess a r e  a ~‘uii l r ib le  if  t h e  de s r g m n e

had used the  a p p r o p r i a t e  l eve l  of f o r m ” t l i s m .  I~’r m r n ’ e’il p u ’ru n~s w i l l  he re—

c n r t l u ’ t l  undle r the N otes  sect ion for -  each p i -ogra rn of i l l  m a c h  n i n e s .

( ) t  h e r  t e ch n i q u e s  max’  hi ’ u se d  in mos t  u ’aSes ~ i t h  m ’ f f e c t  r c’ m ’ r m m ‘ . n . One o~ the

most e f f e c t i v e  is p o s s i b l y  the pres ’ m ; t a t  ion of t h e  n l m ’ u i g n  l u v  i b m ’  des igner ’s

-i f’)
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t o  in smal l  g r o u p  of co l l eagues .  The r ’ m ’ ~ ’n e w  m ay  point  out  f a u l t s  in the  de-
si g n ari d i n  tha t  case the en ’n’ or s m u s t  be ‘ri r ’ m ’ et ’ t e d  and  a n o t h e r  n ’eview
p:m ssed .

I 1{,’\CTIC:\ I , SI ( (  i ; s ’i ’  It ) N S  t ” OR S 1’ ,\ ’l ’ IU l f l I SI ( ;N

It is u - u t ’ ; ; !  t o  i & ’ W  5 m t  i t  m o u n t  ions u.s t h n n ’u ’  types of n m  ‘lat ions a m o n g  the s tate
sp a c e  \ a I ’ i a } u l m ’ s  [( ; i , 1n 17r . ‘l ’ he I m r s t  t y p e  m n n c ’ l r m Ies all  the  pos s ib l e  assec-
t i o n i s  t t n i  t a r n  i i ’  m n i i a g m n i c ’ d  abocrt  i n p u t  s t : m t u ’ ’-u . T h e s t . ’ c a n  be s ta ted  m d c —

pen ‘ u t  I v  f n ’ oni ccii put .  i h e sec r i nd t y p e  m m  I u t i u ’  t h m ’  a s s m ’ n ’t ion i s  about
o u i i m u ;t  t ha t  t a n  I s t u n t e d  mn n t i m ’ p m ’ n i l r ’ n n t l v  fr o m  i np u t .  The t h i r d  type  inc ludes
all t h m ’  m s s m ’ r t i m m n u s  t h a t  c- an n l i i ’  ( ‘ c , n s i m l m ’ n ’ m ’ d i  as r m ’ l m i t r o n s  b m ’ t w m .’en in put and
m m  m i t  m u t t

‘1’ he f o l l o~r r in g  -u uggest  lor i s  a ‘ u ’ hel p f u l  in Ii ’  \ is i rig -u !) m ’ c it ’ i c m i t  ions f ’r ’om
n ’ u ’ q u u i r m ’ n i n  ‘ n i t  s

• ( ‘h eck t h a t  a l l  m m s s r m n n i u t  ; r , ~~ , of t e n tac ’r t  in  t h e  e xp r e s s i o n  o f

n ’ m ‘ ; i ; m u ’ m ‘ r i o ’  i t s , a i’ m ’  on i i m i i ’  m ‘x p 1 mc i t .

• St r ’ u ; t u ; n ’ m ’ t h e  spec i f r c a t i o n n s  b y  u s i n g  m m b s t r ’ m m t  m p n ’ e m l m ~ m u t t ’ s  in such a
w m u \  t i n t  the  k m n - i u m a l  s p u ’ c i f n  t t m c m n s  m i n d  s im i l a r ’  to t h u  mn f o r ’ ma l

s t m i t m ’ n i n u .’ ni ts of r ’ m ’ u 1 u i r ’ u ’ n n u m ’ n i t s . T h r s  p r ’o c m ’ s s  rna~’ n m - q u i n t ’  Si ’ ’ , m ’ ral
-it  1 1)5 f r o m  a ye n ’y \ m u g u ; c  lv  m ’ x p r u ’ -u s ec t  t o n c r ’ l u t  t m mu r igoro cms f o rma l
s p m ’ u ’ n t  i ca t ions  e \ p n ’ u ’ s s i m t n i .

• T m ’ s t  t h e  . - P ’  i f i c a t i o ns . ‘l ’h i s  j u es r iot mean  t o  p u t  s o n n u e  n u n n e r ’ i c a l
mm l u m -  in t h i ’  v a r i a b le s  and c h e ck  the  t r u t h  va lues  of the  p r ed i ca t e s .

I s i t  i i  f m ’ u ~ t~~ a n ’e a )  t n ’ v  to f i n d  a n n  a b s u r d  p r -o grann  t h a t  s a t i s f ie s  the

spu’c il c m i i  t u n i s . S i m c u ’u ’ss  of t h i s  t e s t .  i n i u i i c a t e s  i n c o m p le t ene ss .
b) H r’ m ’nk f i ;  s p e c i f i c a t i o n s  in ca ses  and  t m ~~~f h u m  a g a i n - u t  t h e  i n —
fn rm : r  I r e q u m  r m ’ r n e n t ’-u . c)  1” o r m n n l r i t m ’  sp m ’c n f i c a t i o n s  in mu d i f f e r e n t  form
tO s F u ~~~ cm rn -u n s f en c v  of t i n t ’  p r e v i o u s  two  f o r - m u m  ‘ i” ind an  i n d ep e n d e n t
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v e r i f i e r  w i t h  appropr ia te  competence , and have t he  f o r -m a l  speci-

f icat ions t rans la ted  back in info r’mal s tatements .

THF: C ON ST RU C T I \ ’l :  A P P R O A U I I

The cons t ruc t i ve  approach is the core of U J J \ l ,  The idea is due to

Di jks t ra  [DIJ K 76 ~ and  is used to der ive  c o r r e c t  p rograms . ,~\ lthough  not

shown in the examples  of th i s  section , it is escc ’nt ia l , wheneve r n e c ess a ry ,

to define new operat ions on abs trac t  data type s  or even new data type s in

order  to contain the s ize  of the program and the d i f f i c u l t y  of the proof

within  ma nageable proport ions .  This  produces  new levels of abstract

machines whcse func t ions  will  be rea l ized  by programs constx ’ucted by

using the same p rocess .

The theory has been alread y ou t l ined  in the  “ C o n s t r u c t i ve  Design Pr inc ip le ”

section of chapter  2. The semant ic s  of the  al g o r i t h m  c o n s t ru c t s  together

wit h the loop inva r i an t  theorem allow t h e  con s tr -uc t ion  of u ’ o r n ’e t t programs

from the stat ic  speci f ica t ions.  The f o l l o w i n g  th ree  s imple  examp les a i m ’

presented to i l lust ra te  the  approach . The f i r s t  shows how to use the

selection constn’uct  whi le  the second and t h i r d  i l l u s t r a t e  the  ioop i n v a r i a n t

theorem .

Firs t  Examp le: Select ion of the larges t  of two nu mben - s - -  Let us suppose

we are n ’equired  to w r i t e  a pn - o gr ’ann w h i c h  w i l l  g ive  to a v a r i a b l e  Z the

gr-eatest  va lc me of two number ’ s  N and V [U l , 1 K 7 m ’~]. ‘l ’ i m m ’  O u t p u t  S t u i m ’ ~~ 5 1 m ( ’ t ’i  —

f i ca t ion  is: H ( / > N )  and (/,~~Y )  and (Z  N or Z Y )

Nv us ing  the a s s i g n m e n t  7: N the p u ) s t t ’ ( m r u t i i t i on  /~> \ is o b t a mn e d  if the

weakes t  p recondi t ion  is (see 2. 4)

wp( /~: X , /~ ’n’) X�Y

Analogously  for  the  ass ignn ien t  N:  Y :

wp( /~: V , /, N )  ‘~>N
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Nv n’e member -ing the def in i t ion  of the wp ( i f . . . f i , H )  in cha pter 2 , “Construc-
ti~’e Design P r i n c i p le ” and m a k i n g  R i  N > Y  and R2 \‘>N the  fo l lowing pro-
gn ’ann  can be w n’ i t t u n i :

if \ > \ —~ Z: N U N < \ -i Z: Y f i

which  f ur ’ n i s h r ’s  cc >r ’rec ’t  results w h en :

w p ( i t ’ \ > \  -
~~~ /, : N U N>~~—~ Z:~~~’ f i , in

( ,‘x ,\  or \< ‘n ’)  an d ( N > ’~ > ( w p t , /,: N , Z > \ )  N > i ) )
a n m d ’ ( \ > N  > ( ‘v p ( /c V , Z >\ )  ‘r > N ) )  ‘r n ’ u n m ~’

Th er - e f or e  the pn ’ogra n n  is co r rec t  ion’  an r ~’ i n put u-- l a t e  in th u ’  state space
of a m a c h i n e w h i ’  i’ m ’  N , \‘ 

• /. a r m ’  m t  ‘ g u ’  r s . N m m i i ’  t h a t  the  non — d e t e  r m i n n  st it

c’onn s t t ’c rc t  in the c a  so N v ill a s s ign i  4, c’o r u n e t l v )  m ’  itho r ,“ or V to 7.

Se -ond i’ x an n p lc : A n  m n i t m - c m ’ r di  ~ i s m m m u i m i’og n ’am — — In t h i s  u ’ x : u  n u i p l o the  use of

t h e  loop inva r iant  t i m ’ u , n ’ r ’ n n i  rs s i m o w n n . S up p u s m ’  Vt a r e  ‘ e u l u i red to w n ’ u t u ’  a

progn-a n in c a l c u l a t  ir ig  the  qcrot i c - n i t  (~~ of t w o  int eu ,m e i’s N t t h e  d i v i d e n d )  and \ ‘

( the  d i v i s or ’ ) .  I ci i r s  a l - u i  m ass i i n u ; m ’  t h a t  t he  i n p u t  s ta t e s  spec i f r c a t i o r n  as:

\ ~ 0 a n d  ‘m , 0.

‘l ’he I u ’ t i ’ i ’ n u m i : m i  ( I n n  ( I f  a s a t m s t a t ’t o r y  o u t p u t  H i a t t ’ s  s p m ’ c i f u c m m t i o n s  is r io t  a

i o t a  l lv t n ’i v i a l  t m m  sk .  I i i  r i vu ’  en - , by  ‘ u - m m  s on i n g  about  t h i ’  pr ’oblenn as fo l lows ,

a p r - e e l - u t ’  d m - t ’ i n n i t i o n  can be u ’ u ’ m n t h ed .

‘l ’he ‘ m i s t  a s s e n t  m i m i t h a t  comes to m i n i ( t m  spec- i fy a c 1i~ i s i o n  i u u ’ t ~ cern
i n u t i ’ g e r - s)  is :

N (Q~- V ) ’  H

( w h e r e  H is the n - en n a inden ’  el ’ the t l i \  n - u rn ) w h i c h  is s i n n ; p l v  a u - i - s t a t e m ent of
the d i v i s i o n  process in t en -ms  of n i i i i l t r p l m c n t  n o n ; , \\ b i l e  t h u  above statement
is oh~ i o i m s l v  a r’ eq ln i c u ’n i n e n t  fon the  o n i t t n m m n u e  of the  pn ’og i-am . it should by no
m e a n s  n - e J ) r ’ m ’ se nt the  n ’m ’ mn  m i t ’  r ’ 5 i n t u i t i v e  f i ’ m ’ l  f o r ’  d i v i s i o n . 1” or e x a m p le , if
Q is ass n g n i m ’ d  ‘ero , U ~\ wou ld  sat is f~ t h e  above pn ’ed icate  but , except for
t h e  case whe n -c \‘ > N , cioc- s not r e p ’ ’ u ’ s u - n n t  the notion of d i v i s i o n .  A f u r t h e r
res t  r u t  ion could  1) 1’ :

H ”  V

~~c
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w h i c h  s tates that  the  r’ m ’ ma ind e r -  a f t e r ’  d i v i s i o n  is e x p e ct e d  to he less than

the  d iv i so r  ( i f  t he  d iv i so r  is g r e a t u ’r  t han  0 , w h i c h  is g u a n - a n t e e d  by  the

i n p u t  a s se r t ion  ‘n ’ ’~ 0) .  Ru t  not e v e n  the  c o n lu n u ’ t i o r ’i of t he  two p red i  t ’at e s

above is s t i l l  a s c n f fj cj e n t l v  p r e c i s e  d e f i n i t i o n  of the  ocr t come  01’ d i v i s i o n ,

because  by p u t t i n g  X = l 0 , Y = 3 , Q= 4 , and R = - 2 , for  examp le , the~ sI~m ’ ‘i f ica-

t ions become:
10 = 4 3 + ( - 2 )

s a t i s t v i m i g  1)0th s t a t emen t s and vet  still v io la t ing  t he  k n o w n  r u l e s  of d i ’,’i sion .

The r e m a i n d e r  a f t e r  the d iv i s ion  i- s  expec t ed  to E u , ’ g m ’ e a t m ’ r ’  t h a n  or equ al to

i e rO  . Nv a d d in g  t h i s  f i na l  r e s t r i c t i o n  the  f o l l o w i n g  o u tp u t  st a t , ’s d e f i n i t i o n

w h i c h  de f ines  the  des i red  e t ’Ii”t of the  d i v i s i o n  p r o g r a m is o b t a i n e d :

(\= Q Y -~R) and (0~~R< \’)

In s p e c t i on  of the  inpu t  and o u t p u t  s tat e s  s p e c i f i c a t i o ns  shows tha t  whi le  the

po st con d it i on  is a r a t h e r  str ’ong c o n st r a i n t  on the possi bl e ou t p u t  va lues ,

t h e  p r e c o n d i t i o n  is considerably weaker. In f a c t , only a sing le set of

v a l u e s  at a t i m e  wi l l  sa t i s f y  the  p o s t co n d i t i o n , whi le  any pair  of pos i t ive

n o n - n u ll i n t e g e r s  (an i n f i n i ty  of v a l u e s )  wi l l  s a t i s fy  t he  p recond i t ion .

The f ina l  p rogra m wil l  be one , on - more  probably , severa l  cons t ruc t s  con-
ca tena ted  in to  a seq cnen ce  w h i c h  w i l l  p r o d u c e  an o ” u i e r e d  ser ’ies of s tat e s

i m ’ t ’ i n i t i o m m s , the  f i r s t  one equa l  to (or ’ c o n t a i n i n g ) t he  inpu t  s tates de f in i t i on ,
the l as t  ccii ’  equal  to (or  c o n t a i n e d  i n )  t he  out put  s ta t ’s d e f i n i t i o n . In o rder

to bui ld  the  s equ en c e  of c o n s t m ’ u n ’ts  ( t h a t  is , to so lve  t i n ’ de si gn p r o b l e m) , it
is poss ible  to s tar t  f r o m  the  i n p u t  s t a t u s and pos t t n l a t e  s O n ’nle i n t m ’r m e d i a t e
state w h i c h  can be o } u t m ’m i - i e d  fr o m  the  i n p t n t , t h e n  i r s e  t h i s  n e w  i n t e r -m e d i a t e

state as i n p u t and bu i ld  : m n o t h m ’ r  st a t  m ’ ...,’ind so on , u n t i l  a st , i t m ’  equa l  to (or

c o n t a i n e d  i n )  the  o u t p m r t  s tat e  is o l ) t : n i f l e ( i . \n  a l t e r n a t i v e  method is to  w o r k

hackwa rds , s t m t n ’t r n g  f ro m the  o u t p u t , d e f i n i n g  an inp ir t xvIi i ‘h in t i n  mm be—
come s a new out p tm t  , . . not  il a s ta te  equal  to (or’ c o n t a i n i n g ) t h e  g i v u - m i  i n p u t

st ate is d e f i n e d . -\ f i r - u t  c o n s i d e r a t i o n  is  ind ica ted  by the  use of the  w o r d s
‘‘ conta ineu l ’ ’ and “ contai ning ” f or  f o r ’ w u u r d  p r o c e s s  and  fon’  t h e  b a c k war d

process , r e s p e c t i v e ly  - In more p rec i se  t e n -m s  t h i s  m e a n s  that  in t i u m ’  for-

ward process it i s  need ed to  d et e r m i n e , it  e v e r y  m e r n t u l  s t ep ,  a co n - u t i ’ u u ’t
w h i c h  Vt i l l  e v u ’n t ; a l l v  b - r i n g  u s  to  t he  u ! e t e r ’ m r ’ n m n t i o ’ n  flu a c f l f l d i t  ion e q i r a l  to on ’
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stronger than the given postcondit ion , while in the backward process it is
required to reach a condition equal to or weaker tha n the given pre-

condit ion .

A strong condi t ion , by its nature , contains more information than a weak

one. Consequentl y it seems easier to imagine a weaker condition out of

a stronger one (it  can be viewed as a removal of informat ion) ,  than to

create a str’ o nigc ’u ’  ‘or idi t ion out of a weaker one (which requires the creation

of new in format ion) .  Now attempt the apparently easier backward approach.

By examining  the output state def in i t ion , it is possible to assume that an

intermediate  state defined by:

( N z Q m Y m - R) and (R > 0 )

has a l ready  been reached , in some way,  f rom a state satisf ying the pre-

condit ion.  The reasoning leading to the choice of the above intermediate

state is highl y subject ive . In fact , it is made because of some imprecise

knowledge about the a lgori thm. it is known that if V is subtracted from N ,

ari d a count ot how many t imes it can be done without  c r e a t i n g  a negative

r e m a i n d e r  is mainta ined , the count will  beconne equal to the quotient .
It seems reasonable then to remove f rom the postcondit ion the  l imi ta t ion
H < Y , and t ry  to solve the  problem of moving  f rom a state def ined  as above

to the state which  does respect the postcondit ion . But it m u s t  be pointed
out that this is not an automatic choice: it represents a highl~’ c rea t ive

part of the design process , Ar ~othe r state defini t ion could have been chosen

as the in termedia te  state , for examp le , the one def ined by:

(N Q \‘+R ) and (R< \‘)

and then a t t empted to make H> 0 in orde r to obtain the solution. However ,
any at tempt to build a program according to this choice would probabl y

d em o n s t r a te  the c’ hoice as a poor one . Going back to condition

(N Q~
:- V H) and R > O )  as the choice for an intermediate  state, it is

i m m e d i m i t u - l y seen that the condi t ion allows R < ’u ’ (as well as R - ’ V ) .  If R < V ,

it seems n ’easonable to at tempt to reach the output  state by subtr’act ing V

f rom H . In so doiuig, if V and H are positive , a step toward the post-

con di t ion will 1) 1’ made  but it wil l violate the t r u th  of the f i r s t  term of the
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i n t e r m ediate condit ion , namely  X f Q ~ \‘-m- R . In order  to re -es tabl ish  the

t ru th  of N Q* Y+R a f te r  R has been decreased by 1, it is suf f ic ient to

increase Q (again supposed a pos itive n u m b e r )  b y one . We have therefoi ’e

determined that the following p rogram segment:

R : R — Y ;  Q : Q + l

when initiated in a state s a t is fy i n g  N Q~ Y n R  and R>0 will t e rmina t e  in a

state satisf y ing the same predicate and will  make a step toward the desired

output state . But the desired output state is reached when R< Y , therefore

it is intuit ively clear that the following loop is the appropria te  solution:

do R > Y _ * R : r R ~~Y; Q: - Q - l  ad

provided that R , Q, and V are posi t ive  numbers .

It is now v e ry  s imple to de termine  the next segm ent which will  accept any

input state that sat isf ies  the requi red  precondit ion .

Remember  that all of the above reasoning thus far  r equ ir ed  that H , Q, and

V are positive numbers.  T his is perfect ly acceptable , since the post-

condition does not specif y a n y t h i n g  about  the  sign of ei ther Q or R , whi le

the precondi t ion  does require  V to be pos i t ive .  Thus at loop in i t iat ion

there  is the requ i rement  for states satisf y ing :

(N~ Q ’ :Y .  H) and ( R > 0 )  and (Q<0) and ( Y > 0 )

By choosing Q 0 , the t e rm N Q” Y~~H imposes H - N . Thus the  fol lowing

program segment will  cr -eate a s t a t e  sa t i s f y ing the above condi t ion  when

act ivated in a state satisf y ing \ > 0  and V > 0 .

Q: 0; R: - N ;

Since N ’ O  and Y > 0  is imp lied b y  N > 0  and V > 0 , the  des ign task could be

considered successful ly comp leted. However’ , t e rmina t ion  has not yet

been shown . At th is  end the func t i on  C (see “ C o n n s t n ’ n i c t i v m ’  Design Prin-

ci ple , ” chapter 2) must  be found and it must be shown tha t it is properly

handled by the program under  the d e f i n e d  condi t ions .  A good choice for C

appears to be C H . In fact , H is a func t i on  of the state var iable  w h i c h  has

the value N> 0 at the input and at e ve ry  c ,v c l u  is r educed  by the pos i t ive
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n n o n - n u l l  va lue  ‘n ’ , i. e. ,  in which  case the loop terminates  if Y > 0 . Thus ,
if a precondit  on N > 0  ari d \‘> O as determined by the p i-eceding reasoning is
accepted , we do not sat isl ’ v the t e r m i n a t i o n  cr i ter ia  (C would be null at loop
ini t ia t ion for  N - 0 and would not be reduced at e v e r y  cy c l e  for  V - 0) . There-
fore , the conclus ion that the weakes t  precondition N >0  and \‘> 0 is requi red
can be reached !, w h i c h  imp lies the r equ i r ed  input states specif icat ions , and
that the fo l lowing  progra m is tota lly correct:

r (‘~~~ 0; H ; N ;

do H > Y  —~~R:~~R -Y ; Q:~~Q~ 1 od

In l igh t  of the invar ianc e theorem i n t r o d u c e d  in the preceding chapter , we
n ’e c o g n i”~e i m m e d m a t e l v  tha t  the in n t e r m e u i i a t e  states def in i t ion is the loop
invar iant . ‘I’he process thus  can be re i r t e rpn -e ted  as follows . Suppose
that , based on some in fo rma l  def in i t ion  of the a lgor i thm the need for  an iter-
at ion is de te rmined .  Then the postcondi t ion must  be broken down into two

parts: The inva r i an t , P. and the negation of the loop guard , non B. The
core of the loop is then designed as Lhe one that ma in ta ins  the  i n v a r i a n c e  of
P and that  s t r i c t l y  n ’educes  the t en ’mina t ion  func t ion  C (b y  a rea soning
s imi la r to the one used above) .

I” rom the above , a genera l ized  scheme for the design of loops can be out-
l ined . Firs t , break  down the r -equi red  postcondi t ion and def ine  an inva r i an t ,

Design the  loop core as a pr-ograr’n segment  ma in ta ining  the invariant  and

s t r i c t ly  reduc ing  the appropriate  t e r m i n a t i o n  func t ion . Comp lete the loop
with the guard and check the values of the t e r m i n a t i o n  func t ion  at loop in”it i-

ation and at t e rmina t i on  (when the guard  becomes false) .  Determine an
appropr ia te  program segment  es tab l i sh ing  the i n v a r i a n t  f rom a state

‘closer ” to  the r equ i r ed  input (pos s ib ly  equa l to the p recondi t ion ) .  The

aho ’, i :  process is not a f ixed ru le . It appears to be a good pract ice , but it

is not n i e u ’e s s a r i l v  the only way to design loops . However , if the  program-

mer  is able  to put his or her des ign in the above form , regardless of how

he or she cons t ruc ted  the program , a proof of t ota l correc tness  is obtained .
In a c t u a l  p m ’ : m u t i m ’ i ’ , the process will  proceed l a rge ly  by repeated tn - i a !  and
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error , based at each t r y  on an at tempt to def ine an invariant  relation and a

te rmina t ion  func t ion  in t e rms  of some suitable abstract  data types .

It must  be r e-emphas ized  that  t h i s  approach avoids cons ide r a t i on  of pro-

gram execu t ion . The program is a lways  regarded as a mechanism which
may ex is t  in d i f f e r en t  s ta tes  and those s ta tes  are def ined  b y relat ions among
the variables , never  b y the ac tua l  va lues .  This  way of looking at p rograms

permits  e f f e c t i v e  app lication of the above design process. A f inal  observa —

tion concern ing  the examp le above relates to the use of the invar iance

theorem.

The invariance theorem permits d e f i n i t i o n  of a dynamical ly  chang ing

phenomenon , as the loop, in te rms of a s tat ic  relat ionship.  The loop

invariant relation is the only c r i te r ion  needed to show the correctness  of

the ioop. This allows the cons t ruc t ion  of loops without  u ’eference  to

dynamic program behavior.  Together  wi th  the t e rmina t i on  func t i on , which

also does not requi re  considera t ion ot ’ p rogram execution , the inv ai- ian t  is

the tool which pe rmits the handling of i ter a t ion cons t ruc ts  in such a way that

the overall ef fec t  of a loop is solely def ined  b y the input  and output  states.

Thi rd  Examp le: a non -de t e rmin i s t i c  prog ram - -  With this  examp le a pro-

g r a m  whose design calls for’ the  n o n - d e t e r m i n ist i c  c o n s t n ’ uc t s , even though
the requ i rements  an’e s t r i c t l y  d e t e r m i n i s t i c , wil l  be p r ’ e s e u u t e d . Suppose a
program design is r equ i r ed  that , given a non-empt y a r r a y  of objects , A , of
a cer ’ ‘ i n  type , s ay  in t eger s, will  r -ea rr ang e  the e lements  of the a rr a y in
such  a way that the a r r ay  will  be pa r t i t i oned  in two dist inct  por t ions ; the

lowest one con ta in i u ng  values less or equal a given value , \ , and the highest
one c o n t a i nin g  v a l m u u - s  g rea te r  or equal  V. Because of the w a y  the require-
m e r i t s  ha~ e i ’ m  i n ;  i ’xp ru ’s sed , t h e y  are  ac tua l ly  not u i u - t i ’ r n i i  i n i s t i c ; ani ~’ of the
e h ’m e n n t  s equ a l  to \“ , it ’ they exi s t , can  be p laced in e i ther  one of t h e  two
por t ions  of t he  p a r t i t i o n e d  a r r a y .  To r e spec t  the c la im that  the program ’ s
r e q u i r e n u c ’n n t s  :n ‘ i ’  St n’ ct l v  l i ’ tc r m i n i s t  mc , the addi t ional  r ’es tr ic t ion that all

the elen ’m . ’ n ; t - - u  m m t  A a n i ’  d n s l i n n c t  and not equal to V must be imposed. l’he

progra m for  the  l a t t e r  case will I r e  f i r s t  developed and the solution for’ t h u
other case w i l t  be s h o w n .
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Ai ’cordlng to the procedure of R l J \ l , f i rs t  the requirements  must  be made

more  precise .  From the requirements it is not d i f f i cu l t  to obtain the fol-

lowing output states def ini t ion:

“ç/ i ;A. l o b < i < I -l : A ( i ) < V  on’  I i  A . l o b~

and

i,Vi:k< kA . h i b : A ( i )>  V or K = A .  hib }

and ’

( I I >  K)

and

Vi:A. lob.z i< A . hib :not  ~ j : A . lob< j <A .  h ib:

[( i t  j and :\(i) A~i ) ’ ) or A (j ) = V ]

The f i r s t  t e rm of the conjunction de f ines  the lower ’ portion of the par t i t ioned

a r r a v  as the one between A. lob and 11-1 inc l inded . The case of an empt y

portion is n ’ e p n ’e s u ’n t e d  by H = A .  lob. The second ter m defines the higher

portion of the par t i t ioned a r n ’ a v  as the one between K+l  and A. hib. The

case of an empt y portion is descr ibed  by  K A , hib. The th i rd  te rm tells us

that the two port ions a re  adjacent  (n  ‘t i ce  that if one of the two portions is

empty this  t e rm repr -esents  the fact  that the other po rtion ’ s index becomes

less than A . lob or grea ter  tha n A . hib ) .  The fourth one expresses the fact

( w h i c h  is supposed to be v e r i f i e d  in inpu t )  tha t all the e lements  of A are

u j u s t i n u c t  and not equal to V.  This  last te rm is needed to avoid to make the

th i t ’ d t e rm a con t rad ic t ion  of the f i n - s t  and the second . ( I f  there  is one

element equa l to V it mus t  be placed somewhe re in the array,  the re fore  the

f ina l  a r r a n g e m e n t  in the a r r a y  must  contain a zone whet- c A ( i ) = \ ’  are p laced .
( ‘ o n s e q u ; m ’ n ; t l v , K cannot  be less than 11, ) In input , the fact that all the

elements  a n - i ’  d i s t i n c t  and not equal to V n iuu - ~t be requi red .  That is:

A. dom> 1 and

\7”i: A.  lob< i<A. hib _
~~~‘ : \ ( i ) f

A. lob< i , j ” t A .  hib =”~- ( i f ,1 ‘~~A ( i ) f A ( j ) )
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It is clear by inspection of the states def ini t ions t here  is a need for an

iterative procedure.  This requires the defini t ion of an invariant .  To con-

s t ruc t  the invar iant  f rom the output states defini t ion , imagine a state where-

by the pa rt it ioning of A has been par t ia l ly  accomplished. That is , there  is

a po rtion of A , between the indices H and K where values greater  or smaller

than V are  still  mixed.  This fact  is expressed b y:

~Vi :A. l o b < i < H : A ( i ) ’t V or H~ A . lob}

and

(Vi :K< i~A. h i b : A ( i ) > V  or K~ A. hib}

and

Vi: A.lob< i<A .h i b ’~~ A ( i ) f \ ’

and

‘V’i, j: A. lob< i, j< A .  hib~~~ ( i �j ~~~A ( i ) f A (j ) )

The invariant is ident ical  to the output states def ini t ion with the exception

of the term H> K. Assuming  this te rm denied , namel y K~~ll , if the element

A (H )  is less tha n V , then the statement :

H : H ~ 1

preserves the invar iant .  Analogously,  if A (K )> \ , K:~~K l  preserves  the

invar iant .  In the case A ( H ) > \ ’  the sequence  of s ta tements:

A : s w a p ( l l , K) ; K:  K - i

preserves the  inva r i an t .  In fact , the swap operation ~‘~‘ill make A ( K ) >  \

and A ( F 1 ) > V  or A ( I i ) <  V . Thus the port ion bound by K can be increased by

one (K: ~K— 1) .  S imilar - lv , if A ( K ) <  ‘v’ :

A : swap (H , K) ; H :  1 1 + 1

preserves the invar ian t . At t h i s  point the fo l lowing program can be wr i t t en :

do K>!! cand A (i l ) ’~V H : I 1 + 1

K�H (‘~ifl(l ,‘\ ( I l )> V — . K n K  — 1

66

_ _ _ _ _ _ _ _ _ _  
~ ‘ -~~~~~~~~~~



K> !! cand A ( 1 f )>V— ’ ’\ : swap (f l , K ) ;K: zrK — l
K�H cand ‘\ (K )< V—’ ’\ : swap (H , K) ;I l : 11+i

od

which wi l l  t r a n s f o r m  any s t a t e  n a t i s f v i n i g  the  i n i v : u r i a n t  in one satisf y ing the
required ou tpu t  s t : u t u ’ , if it t e r m i n a t e s ,

‘l’ e rrn ina t ion  proof is r a the r  s imp le . A s s u m e  for  t e rminat i on  funct ion
C K H ~i-1. This f u n c t i o n  is pos i t ive  (C�l) if IK > T 1 , and it is s t r i c t l y reduced
by one by  any  of the gua rded commands . It cannot  ever become negative if
the Loop is i n i t i a t e d  wi th  K>H .

To comple te  the program Ii and K mus t  h i,’ i n i t i a l i ze d  in such a way tha t  the
inva r i an t  is &‘s t ab l i shu ’d . The f ina l  p rog ram is then :

II , K : ’ ~ . lob , A , h ib;

do K>I T cand A ( l ! )K ~~V-.I11I i- l

• K �II cand \ ( K ) > \ ’ -.K : K — l

lK~~ll  c a,tacl A ( l1)> \”\ :  sw a p ( T 1 , K ) ;K: = K — l

K �I l ç~~~ i :\ (K ) < \ -’+ ;\, : sw:q (H , K ) ; E l :  — I l  ~- 1_

o d

If the a s s u m p t i o n  that  al l  the e lements  a r m ’  -\ are di ’-ut inct  and not equal  to V

is removed , the  f o l l o w i n g  p r o gr am  is obta ined:

I I , K: = :\ . lob , :\ , bib;

K>l I  r and  .‘\ ( I l ) ~. \ — . l I: l1+ 1

‘- ‘> I l r a n d  \ ( K ) ’ - V - . K := K — i

Ic>!! c a n n u l  • ‘ \ ( l I ) ~ \ _ . A : s i v ; t p l l , K ) ; K : K l

K> !! r an d  ‘\ ( K ) ~~V-. .’\ : s~v a p ( l l , K ) ;f l :~~H~ -i
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Not i ce  that A . dom 0 is p ermi t ted .

P E R F O R M A N C E  R E Q U I R E M E N T S

The s tar t ing point of program design ac t iv i ty  is the gathering of the appro-

priate set of funct ional  and per formance  requ iremen t s . The func t ional

requirements  are  statements  descr ib ing what the pi’ogram is supposed to do.

The y a re  t ransposed into more exact specifications and ul t imate ly  into

algorithm s and data s t r uc t u r e  descriptions by using the t echn iques  described

in the previous reports.

It is possible to imagine the pe r fo rmance  requ i rements  as a set of l imit ing

conditions under  whic h the requi red  func t iona l i ty  is tc be real ized by the

design . These l imi t ing  condit ions m a y  be given in the form of cost limit-

ations or more appropr ia te l y in the f o r m  of computa t iona l  resources

lim itations ( c l e a r ly , if g iven in the lat ter fo rm , the t r a n s f o r m a t i o n  in t e rms

of cost is a sti -aight - f o r w a r d  one) .

Every computa t ional  resource  can be c h a r a c t e ri i ed  by its capa c it y in t e r m s

of storage and ! by  i ts  speed of ~u u ’ r f o r m i n g  the g iven  t a s k .  \\ e can c l a s s i fy

the p e r f o r m a n c e  r e q u i r e me n t s  as s t o r a g e  space and e x e c u t i o n  t i m e  requir e-

ments .

Space r - e q u m n  n a -n m ’n t s  a r e  u s u a l l y  g ;\  en as a s i m p le n d r m b e r  r e p r e s e n t i n g  the

upper -  l i m i t  of the  s p e c i f i c  s torage  n ’e sou  n e c , In the ca su • ’ of ex e c u t i o n  t i m e

lim ita t ions , t he use of an upper  I i n n i t  ma r i o t  bu •’ v e r y  s ig n i l i ( ’an t .

‘(‘his is  d i i i ’  t , u  t lie i ’x t r - em e  v a r i a b i l i t y  of p rogram t i m e  p e r f o r m a n ces w i t h

the m m n p l m t  d i a ta  c o n f i g t n r ’ a t i o n i . T h i s  f ac t  m a k i ’s  nt i m p o s s i b l e  to e x p r e s s
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p e r f or m a n c e  r equ i remen t s  b y some absolute  n u m b e r ;  it ra ther  imposes the

express ion  of t he  requirements  as func t ions  of input data conf igurat ions .

However , the  descr i ptive power of a single n u m b e r -  is too at tract ive to be

discat -ded . C on n s e qr m e n t ly ,  so cal led best case , worst case and average

per formances  a r e  of ten considered and i ’equi rements  could be expressed in

those tei’ms .

If p e r f o rm a n c e  requ i rements  ar-c expressed  in t e rms  of best and worst case

the a n a ly s i s  should produce not on l y  the value of the p e r f o r m a nc e  measure

r elat ive to the best and worst  case but also the description of the input data

c o n f i g u r a t i o n  re la t ive to the best or wor ’s t  case . While of ten  t i m e s  the

i d e n t i f i c a t i o n  of the best or worst  cases are obvious , there  are  ases requir

ing cons iderable  work  for ’ t he i r  de t e rmina t i on .

The ave rage  case is e v e n  more  d i f f i c u l t  to de f i ne . Som e probab i l i t y  dis t r i -

but ion  of the input  data conf ig in i ’ations mus t  be assumed.  This is not a

s imp le a s s u m pt ion  to make and cons iderable  uncer ta in ty  exists about the

value  of an average calculat ion , pe r haps labor’ ious l y p e r f o r m e d , on such

unce r t a in  a s sumpt ions .

Table 2 presents  a recapi tu la tion  of the var ious  fo rms  of per formance

r e q u i r ernem ;t s  as de f ined  above.

Ano the r  g e n e r a l  considerat ion about s ta t ic  p e r fo rmance  is t hat the

u ’ y a l r n a t i o n r  of p m ’r f o r r n a n c e s  is an “a f te r  the fact ” operat ion . That  is , given

a program u i e s i g n  it is possible to evaluate the actual  t inne  p e r f o r m a n c e

f i g u r e  and the  s to rage  occupat ion .
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Table 2 . Per fo r mance R e q u i r e m e n t s

Space Requ i r ed  upper  l i m i t  Ac tua l  m a x i m u m  occupation

‘~ctu al p e r f o r m a n c e  f i gu re

/ 

est case r e q u i r e  ment< 

c o n f i g u r a t i o n

/ /
Actual p e r f o r m a n c e  f i g u r e

Time Worse case r equ i remen t s

~~~Data con f igu ra t ion

Average  case r e q u i r e m e n t s

Ac tua l  p e r f o r m a n c e  f i g u r e

Probab i l i ty  d i s t r i b u tion’
of data conf i g u r a t i o n  ~~~~Standard  d e v i a t i o n

This is in cont ras t  ~v i t h  the way  correctness  considerat ions  ar e  used in the
Rational Design Methodology , w h e r e  t h ey  are assumed as basis for the
development of the program . It is possible to state that , in gener - a l , the
program is developed f i rs t  f rom i ts  f u ; r ; c t i c n m a l  spec i f ica t ions  under  t h e

c r i te r ion  of cor rec tness  wi thout  cons ide ra t ion  of l im i t a t i ons  imposed by
the  per formance  r e q u i n ’e n i u e n i t s . Then the pe r fo rmance  requ i : ’ennents  are
ver - i f ied  and if it is necessary , the p r o g r a m  wi l l  be modi f ied .  The design
documentat ion wi l l  represent  the  f i n a l  p roduct  of the design process .
The re fo re , the program design w h i c h  s a t i s f i e s  the perfo i’n ’m a n c e  r equ in ’en i en t s
together w i t h  the descr ip t ion  of thu  a n a ly s i s  needed j u s t  i f v  the u i e s i g n .

It is often use fu l  to main ta in  the des i g n i  of t h e  pr ’ogram w i t h  no l im i t a t io m ns
due to p e r f o r n n a n c e  for  possible d i f f e n ’ u ’nt  i m p lementa t ion  or - because the
dennons t r ’ation of con’n -ec tness  of the f ina l product is eas ie r -  by show ing the
changes  wi th  r -espect to the o r ig ina l design .
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~ p au ’e R e q u i r - e m e m n t s  ~ nna l ~’sis

Stor -age space r e q u i r e m e n t s  a r e  u s u a l ly  ex p n -e s s e d  i n  t e r m s  of appropr ia te
un i t s  of s torage in the  object  mach ine . For th i s  reason it max ’ happen  that
d u r i n g  the  top-down develop ment , space r e q u i r e m e n t s  wil l  be expressed as
l i m i t a t i o n s  on abstract  data ty p e s . For ex a m p le , suppose that  a f i l e  I” has
been d e f i n e d :

XX: abst ract

F: X X a r r ay

and that  the  l im i t a t i on  for  F to he smalle r than 100 machine  words  is re-
q u i r e d .  Then , the r e q u i r e m e n t s  wou ld he expressed as:

S I Z E ( F ) <  100 machine  words

SI ’-~E ( X X ) < ( l 0 0/ S IZ E ( F ))

ST Z E ( l ” )  = F .  dom ~ S I Z E ( X X )

where  the f u n c t i o n  S I / F( W )  is de f i ned  as the  one that  supp l ies  t h e  nu mber
of words  n e ce ssary  to store \ V .  If a lower leve l  d e v e l o p m e n t  w i l l  p r oduce

the fo l lowin g  data declarat ion:

vV : a b s t r a c t

XX ( \ : i n t e g e r :  B: i n t e g e n ’ ; (“ v v )

the  space r e q u i r e m en t  wi l l  he g i v en  by the relat ion:

~l / , I ’~( U ~+ S I Z F ( R )  + S IZ E (C)  < ( l 0 0 f S [Z F ’ ( I ’ ! )

\ s s u m i n g  now t h a t  the  decis ion to r e p r e s e n t  in tegers  by hal f  m a c h i n e  word

has been done , the r- c ’q in i re m ent  fo r  all o c c u r r e n c e s  of type  vv  becomes’

~T Z E( C ) < ( l 0 0 I S I ~~~f ’ ( F )  - I )

The  above s t a t e m e n t  can be ~‘r ’ r i f i e d  wh e n  the r e p r e s e n t a t i o n  of the  d a t u r m

C is dec ided .  Note the m ann e r  in which  r e q u i r e m e n t s  v e r i f i c a t i o n  are

respected depends  on the value of SIZE ( I ” ) wh ich  now ran  he caicula t ed in

t e r m s  of mach ine  words .  For e x a m p l e , if  the  r ep resen ta t ion  of C makes
SIy~F ;( C)  = 3 o \ uj r r e s s e d  in t e r m s  of F .  dom ins tead  of t he  f u n i u - t i on  SIZE:

( I - ’ . d o m / 4 <  100) ( I ” . dom ’( 2 f ’)
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The above exannp le indicates that the  an a ly s i s  of ’ space n’e qui i ’eni i ent s  is

not completed ( in  the general  case)  u n n t i l  the  ac tua l  m a c h i n e  repi ’esenta t ion

of data is decided . However’ , the u se  of ’ a p p r o p r i a t e  f u n c t i o n s , as i l l u s t r a t ed

by the use of SIZE in the above examp le , should per m it the top -down

development of the progrann and the subsequent  v e r i f i c a t i o n  of space

requi rements .

It may happen that  the p i ’ oeess  of v e r i f i c a t i o n  s h o w s  the r ’equi rements  ar ’e

not sa t i s f ied  by the design . In the px’evious ex am p le , suppose that  the
[im itation on a d a t u m  of the  typ e f i l e , 1” , ( 100 m ach ine  wo r d s ) i ’-~ given as core

mem ory [imitat ion while the ac tua l  s ize of F,as given by the problem , is giv-

en in t e rms  of F. dom and it is much h ighe r . If the des igner  had assumed the

whole F’ was contained in core m e m o ry , now the des ign must  be changed .

It appear’s , howm- \ en’ , convenient  to pr -oceed to  t h e  top-down design being

concerned only (or - mainl y) wi th  co r r ec tne s s  by a s s u m i n g  u n l i m i t e d  space

resources .  The onl y concern wi th  space r e q u i r e n i e r u t s  should  be l imited
to de f in i t i on  of relat ions of the type s h o w n u  in the  above  e x a m p le .

Ext -c  n i t  ion T inn u ’ Pc r formnanc  e

The s t n n , l y  of the l it e r ’a tu re  on the subject  of pr’ ogr -am execu t ion  t i m e

eva l u a t i o n , indicates  th ree  ma jo r  c ; u t u ’ g n r i i ’ s  cover ing  the  a r e a s  of i n t e r e s t :

• Comp utational c o m p l e x i t y

• A n a l v s  is of a lgor  i t h n n s

• Formal  u - e n ’ i f m c a t i o n  of prog ra m p m ’  r ’ f o n ’ n n a  m i i ’ s ,

The r e s e a r c h  in computa t i n n u l com p l m ’ x n +v  ad d r ’ e s ’-zm ’s the  problem of f i n d n n g

th e  ‘‘ b est  puss i l r l i ’ ’ ’  a l g o n ’i t h m  tha t  solves a p an ’t i cu n l a r problem.  U su a l l y

the r u ’  a n n ’  se~ i ’ i ’ : i I  poss ib le  r - c a s o m n a b l e  a l g o r i t h n n r s  r n ’  a prob lem . Each one
has a certain significant cost  f u m n e t  ion , such  as t h e  n u m t r u ’  r of computa t ional

ste ps as a t u n n e l  ion of the p r o b l e m  sm l u ’ , tha t  c a n  be associa ted t o  i t .
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‘l’ he t h e o r y  of computat ional  complex i t y  a t tempts  to a n s wer  ques t ions  of
th is  kind:  What  ar-c good algon’i thm s for the problem ? Can one establish
a low bound for  one of the cost funct ions ? Is the problem perhaps int ractable
in the sense tha t no al gor i thm can solve it in a practically feasible time?

There is no doubt about the importance of the theo ry  of computat ional  corn-
p l e x i t v , pa r -t i cu la r l y in l ight  of several  recent  achievements .  From the
poi nt of ’ v iew of ev a l u a t i o n  of p rogr am pe r fo rmances , however , t he t h e o r y

appears  of ’ l i t t l e  use . That  does not mean the des igner ’  should not be aware
of the r e su l t s  of t he  t hu ’or ’ ,v; these resu l t s  can be vital for  the choice of an
et ’t’ i u ’ i t ’ n n t a l g o r i t h m .  \~ hat is in tended  is that  the problem of eva lua t ing
ex ecut ion t i m e  on a spec i f i c  program design is not wi th in  the scope of the
t h e o r y . A n n  r ’ \ e u ’ l l e n n t  reeent over -v iew of the sub ject of computa t iona l  coon-
pl e x n t v  is [ R A H I 7 7 , w h i c h  also conta ins  an ex tens ive  l ist  of r -e fe rences .

Cate g o r y  b ) repu ’ u ’ s t n n ts , probabl y, the most use fu l  appr-oach for the pur-pose
of s ta t ic  pe m’ t ’or -m an ce  e~ a lua t ion . The pr ’ irn c i pal pr -oponent of this  approach
is 13. F. Knu th , who has pn ’esented mans’ examples  in his books [KNI” I ’I l i .

The basic c o n r r ’ept u sed  in t he  t i m e  a n a ly s i s  of a l g o r i t h m  is the ‘so called
f r e q u e n c y  a n a ly s i s .  This  cons i s t s  of the d e t e n -m i n a t i o n  of how m a ny  t imes
each pa n-t of the a lgo r i thm is executed  as a func t ion  of s ig n i f i c a n t  proper t ies
of the  c o n f i g u n ’ a t i o n  of i n p u t  data . It is usua l ly  not d i f f i c u l t  to l e t m ’ n ’ r : u  me the
best or’ wors t  c a s u ’ , but the de terminat  ion of the average (a s sunned  a prob-
a b i l i t y  d i s t r i b u t i o n  of the  inputs ) is m u ch  more  complicated ,

In many  p r a c t i c a l  cases , howe ver ’ , instead of a s s u m i n g  a p robab i l i t y  distri-
bu t  ion of the i npu t s , the calcula t ion of f r equenc ie s  can be done for  several
choices of s i g n u i f i c : n n i t  input  data con f igu r a t ion . in this w a y , a plot of
f r e q u e n c i e s  as fu nc t ions  of one (or  m o r e)  pa ramete r s  c h a r a c t e r i z i n g  the
inpu t  data r ’ o n i l  i gu r a t i o n , can be bu i l t  g i v i n g  a good unde r s t and ing  of the  t i m e
pe r t o rman( ’i ’  behav ior ’  of the program .

We suggest the r i s e  of the f r e q u e n cy  a n a ly s i s  t echnique  for ’ t ime  per formance
evalua t ion  in th u I {l) tl ,
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Category c) is a recu -n r t  t e chn ique  r e c e n t l y  suggested by B. \\ eg bn - e i t
(WEGB77] . The basic idea is to w r i t e  a s s e r t i o n s  about  p r ’ o b a b i l u t \  d i s t r ’ i —
bution of data configurat ions ar i r , by u sing  techn i q u e -  of t h u ’ r i ’ e n ra  p r o v i n g ,
to prove t hat other probabi l i ty  a s s e r t io n s  n ’ e l a t i \  u- to i n t e r m e d i a t e  s tages
of the com putat ion hold. Because of t h e  ver\ ’  l i n u i t u ’ r l  e x n u i ’ r i m ’ n u u  m’ of u s e  of
this  approach at th i s  t im e , it does r a i l  appea r- s u i t a b l e  for inc lus ion  in a
design met hodology. h owever , the idleas p r e sen t e d  a n ’ c at t r a c t i ’~e ar id  should
be the basis fo r’ f u r t h e r  resear -ch .

Examp les of Frequency  A n a l y s i s

As stated above , f r e q u e n c y  a n a ly s i s  appears to be the most use fu l  techni que
for  time p e r fo r m a n c e  e v a l u a t i o n .  W e  will  pr e s e n t  now the techni que by
showing two examples.

F i r s t  Examp le -- The fol lowin g program finds  the m a x i m u m  element in an
• a r ray  of integers , A , and sto n es it in M . It wil l also s tore  in J the  index

of A cor responding  to A ( i ) — \ I .

:~ A . l o w , A . l o b ;  Si

I :  J; S2

do I ‘~ A. hib

if A U ) > \ l — ~ \l :- AU ) ;  J : I

I AU ) < \ l  ---a ski p 
— — 

S3

fi

I :  I -’- !

od
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Statements  SI and S2 are executed 1 t ime for  e ver y  p r o g r a m  execution .
S.~a tem ent  S’,3 ( the loop) requ i res  two d i f f e r en t  n u m b e r s  f o r ’  the character-
iza t ion  of its f requency.  One is r e l a t i ve  to t ine guard ,  ano the r  to the body .
If the ioop bod y is executed n t imes the guard  wil l  be executed  m u -  I t imes .
Inside the loop the i f . .  . f i  s t a tement  as a whole will  be obviousl y executed
n t imes and that app lies to bot h guards  A ( I )  \l and A U )  M (according to
the semantics of the i f .  . . f i  both gua rds  mus t  be evaluated even though the
evaluat ion can occur ’  in pa r -a l le l ) .

For the two g u a r d e d  command  l ists  we def ’irme a number  a < l  wh ich  represents
the percentage of n for  w h i c h  the f i n - s t  l ist  ( \ l :~~A ( I ) ) ;  J : = I )  is selected . Then ,
the n umber  of t imes the f i r s t  l i s t  will be executed is a’:- ii and the second list
will be executed  ( I - a ) -  n t imes .  The r ’esults ar -c presented in the following
table:

Table 3 . F i r s t  Examp le F r e q u e n cy  Ana ly s i s

Pr ’og n - am TQ~ t F r e gu e n~y

M , ~T : = - \ .  low , •\ .  lob ; 1

I : ,J; 1

d o T  � -\ .h ib - ~ n-f l 

n , (a’~n )

• ‘ \( [)  ~ M sk ip  n , ( ( l _ a ) : - n )  

o d
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The number  of n is clearly equal to A. dom . The determination of the best

and worst case requires the knowledge of the cost o the two guarded
command lists in the if . .. f i .  It appears more tha n reasonable to assume

that the cost of skip is less than the cost of the two ass ignments . Then , the
best case is for a = O  and the worst  for a = l .  The best case corresçnnds to the
case of the array sorted in descending on’der (J A. lob) and the wo rst case

corresponds to the a r ray  sorted in ascending  order , ( J = A .  hib) .

In order to give a l imit  about the d i f f i cu1 t ~’ of in termedia te  cases determina-
tion , let us conside r’ the case when the maximum is at an I - A .  lob~ (A.  d o m/ 2 ) .
There is no doubt that for  half of the a r r ay  a f t e r  the m a x i m u m  has been
found onl y the second guarded command list  wil l  be executed . However ,
tha t does not allow the conclusion that a - . 5. In fact , a can be a n y  value

depending on the a r r a n g e m e n t  of e lements  in the f i r s t  half of the  a r r ay .
It would be possible a best sub-case  wh e r e  the e lements  in A a r-c a r ranged
in decreasing order  up to and i n c l u d i n g  the one in J -  1 and a ~“ rst sub-case
where the elements  were  in r e v e r - se d  order . The onl y w ay  to reach any
conclusions is to assume e i ther  specific data c o n f i g u r a t i o n s  of in te res t  or a
probabi l i ty  d i s t r ibu t ion . Tht ’  l :ut ~er case i ’~ t ’ x t t ’ n~~i v m - [ v  t r e a t e d  by

D. E . Knuth  in [K N U T I I ]  \‘ol . 1.

Second Ex a m p le - -  The fo l lowing  pr ’ o g n ’ a m  p a r t i t i o n s  a g iven  az- ray A iii  two

port ions:  one con ta in ing  all the e l en n i -n t s  n i t  g n ’ t - : r i m ’ n  t han  a g iven  value V
and the other’ conta in ing al l  the e l u - n i n e n u u - ~ u i  l m ’ s s  t h a r r  V .

11 , K : A. lolj , A . h ib ;

do 1 1 <  K— ’

do A ( H ) <  V -~~I l : I I  1 od;

do A ( K ) ~- V-~~N :  K - l o d ;

if hJ ~~~K — ~~A :  s w a p ( J l , K ) ;  H :  1l ~~l ;  K :

I I f <

oc]
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‘l’he t’ r equency  ana lys is  of t h i s  example  is more c~i f f i c u l t  than  the previous

one . In f ac t , the e x a n m ’u p le is pru ’sented  to show the handl ing of nested loops :

Table 4 . ~ e c o n n d  1- x: i mp le F r e q u u e n i c v  •~na lvs is

P rogra m T ex t  F r e q u e nc y

II , K : \ . l ob , \ . h i b ; 1

do lI ~~- K - ’ n-f l

,‘t ( l l )  x -I’ n

114 1 

od;

~ • \ ( K )  > \‘~~~ 

Ix : K — i  

od:

i f  I I  ~ K-~ -\ : swap ( I l , N ) :

11 : l i i i :

N N — i

l i t  ~ k -~ s k ip

fi

od

Th e  a n a l y s i s  sh o w s  that  the n u m b m - n ’  of compa i’ is onns  of A ( i l )  or A ( K )  w i th  \

• is m ‘qual t o  A . du nn . 1’ hat is:

N ‘ ‘n 2 m n A .  ut on i

The on ly  add 1 ion ia l  i n t en ’e s t i n g  f i i z i u n ’ e  to i e t e r r n n i n e  is a , the  n u m b e r  of

“ 5w ’iI )  
~~~~ 

r a t i ons. The in sult  is k n o w n  f r o m  the l i te ra t u r e  [ \~ IRT H] an ’. i it

n s
n A. do m / b

‘I he r e a s o n i n g  f o r  the  I i t o  u r n :  i n a t io rn  of rn is as f o l l o w s , I m t  x be the  value of

a gene  n c  u l u , m u n n r t  in A , a n d  let i n s  a s s u i n i u m ’  that  m u r u �  \ . doni ) e lements  in \ 

- --- ~~~~~ - - -~~~~~~- --~~~~~~ --~~~~- - • • - -
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are less than x . Then the probabi l i ty  that the e lement  with  the value x wi l l
be exchanged is

A. dom - m -
~~ 1/ A .  dam

The expected value of n is obtained by summat ion  of all the possible choices
of m and d iv id ing  by A . dam:

A. dom
1 A . d o r n - m

( A . d o m - m - = l )~~A . d o m  A . dom
m = l

A .d o m  1
= ______ - ________ 

— 
A .  don’m I 6

• 6 6 A . dom

This example indicates , also , how to proceed for  f r equency  anal ysis of a
• p rogram developed in var ious  levels of abstract ion . A s s u m i n g  that the

swap operation is not a pr im itive one , the de terminat ion  of the  n n u n n i b e r  n
is to be used to deter m ine the f r equency  of the more  e l e m e n t a ry  opera t ions ’
in the program rea l iz ing  swap. For example , ii ’ swap  is n ’ea l i , ’ u d  by the
fol lowing text :

T A ( H ) ;  A U L )  : A ( K ) ;  A ( K )  : =  T

The f r e q u e n c y  analys is  shall show that  all the t h r e e  ass ignn’u ’ n l t s  a re

executed n t imes .

SE M \ I A R V  ( ) I ”  T i l l ;  D l : S I ( ;N E I {S  A( ”l ’IV 11Th

The suggested design pn’ r r e e u l u r e  for -  s o f t w a r e  sy st e m s  as r’ u : f l e c t e d  inn the

des igner ’ s a c t i v i t y  is d e s c r i b e d  b r i e f l y  below.

T r ’ann s l a t e  t he  : m - q u i i ’ m - u n u ’ n t s  i n u t o  a s t a t i c  s p m ’ r i f i c a t i o n . In d o i n g

so the data t vp u :s  n n u n s t  be pa r t i a f l v  d e f i n e d  (as a name  and a su ’t  of

va I r u e s ) .
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l ) c s i g n i  one or minor - c  p r og i -am s  to r ’eflect the s t a t i c ’  de s ign  ft ’ o u u  I .
In so doing,  the nec e s s az -v  ope r ations on t \  pes a r e  discovered and
the t yp e  de f in i t io n s m ay  be comp leted .

3 . Fo r m a  l l v  d o c u m n u e n u t  the  ~vor ’ k done th u ms  far , c h u c k  for  c u n u s i s t e n c v ,

and cori -ect  as necessar -y . F o rma l  proofs of a lgori thm s nn av  be
p e r t o r ’mt - l if i t  is r e q u i r e d.

4 . Expand  all typ e s  whic h a t o  not p r i m i t i v e  and repeat 1 , d , and  3

us ing  the t \p e  operations s p e c i f i c at i o n s  as r e q u i r e n u en t s .

5 . The p i-ocess is complete \ v h e n u  the  desir’ed level  of imp l e n n e n t a b i l i t v
has been a c h i e v e d .

6. V er ’ i f ~ the p e r f o r n n n an c e  z - e q u i r e n n e n t s  b y  an a1v :~i nn g  the d e s i g n ,

7fl
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4 . TO()I .S

G E N E R A l ,  DISC USSI ON

Goals and Purpose of Support Tool s

The a c t i v i t i e s  of s n f iw : :  n . sy s t e m  des i gn  re s ult in a col lec t ion  of sp e c i f i c a —

t i i m n s  an d  i n f o r r n a t i  on ab o u t  a svs tern w h i c h  p r o v i d e  a d e s c r i p t i o n :  to he used

in a va r i e t v  f wa,vs . The sy s t e m  cus tomer  and sy s t em  an :u lv s n  s t ud i e s  t h i s

desc r ip t ion  to det r r n i n e  if the  d e s i g n  will s a t i s fy  i t s  i n t en d e d  r e q u i r e m e n t s .

The sys t em d e s i rn er  uses  th e  de sc r ip t i on  to v er i f y  the  c o r r e c t n e s s  of t I e

des ign  and to an : u l v z ’  the  p e r f o r m a n c e  of the r s : u l t u n u  ~v s t ’m . :\ll lev ’ls

of m a nu c e r re n t  use th  d e s i g n  d e s c r i pt ion t u  en f o r c e  p r n c - !ure s, n o t r a ck

d e v e l o p m e n t , t o m an a c e ’  r e sources , and to d ev m ’lop st a ’  u n s  r p on ’ t s .  T-’i nal lv

t h e  -~v s n i  n~ imp lern i n t or  u s e s  t h e  d e s i g n  desc rip t ion  as a b luepr in t for

‘ r i M  ~ t r ’ u n c t i n d  a conc n m - t o  -~v s l  ou t  of u x i st i n g  m a t e  r ’ials s u c h  as  h a r d w a r m - ,

o p m ’r a t i n c  sy s t e m s , u t i l i t i e s , and p r o g r a m m i n g  l an c u a c ’ s . Thus ‘he p roduc t

of dm -’s i g rn  a c t i v i t v  is a c’c 1 1 e c - t i  on of i n f ’n ’ m a t i o n  uI s c r i b i n g  a du ’  s i g n  to a wide

v a r i e ty  i f  people ,

The f o r m  f t h ,  do ~ j e  n p r’cu du r c t is u s u a l l y  a set of dcc u n n u  e t i t S  w h i c h  is  t t :  i lored

to f i t  m~~~ç n eeds  of t i n ’  a c u n v i t i e s  P, r f o rm d by  f l r e  v a r iou s  de~’ u 1 m n ’ per-

s o n n m l ,  B e c a r n s m ’  of t h e  o d i o u s  rid t i i ~- ’ c o n s um i n g  f u n c t i o n — u  n e c e s s a r y  to

p r o d u c e  t i e  ( i , ’si~~n l r i c i n ~. ’ nt s , t h e y  a r m ’ o f t .  n in  comp l e te , o u t — o f — d a t ’,

w r i n g,  or s imp ly not p r o d n n c i  d . T h i s  rm - ’ s n n l t s  in t h e  r n m v m ’ l i p m ’nt of sy s t em s

• -~‘.‘h ich do n i t  p e n n  ar m  th i n  i n t c n d m ’ u I  f u n r i c t i o n r s , or w h i c h  do ~ o1 m e t  p e r f o r m -

ance c o n st r a i n t s , a n d  wi ~ch u s u a l ly  c o n u t in r n a n~’ d e s ign  a n d  ini p1eme” n ’at ion

e r rn  ra .

Tools to sn npp cm r t  t ine  so f t n - :  re du ’s en ’  r are  m t  nd ed  to i n c r m - , ~e p r o d r n c t r v i t v

i ’v r e m o v i n g  r e p e t i t i ” r ’ , e r r o r - p r o n e  c lp r i c : u l  t a s k s . ‘l oo ls w h i c h  can  he

compute r h as i -d  (e .g . , t ’x t  c ’d i t rs , c a t a l o g n n i n g  s v - t e n u - - )  a n ’ ’ less l i k i l v

to  r o n  l i r e  t he  de s igne r ’ s viii  im bue t i m e . The tool s p rov ide  u - o n v - n i e n t  j u t

f a c e s  t~ o n — l i n e ’  de s ign c l o r u n i n t - n i t s  by  s t i p p Iv i n~ :iut uni u tlc an a ly s i s  u f  + I u e
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des ign , ‘ d i t i n u L  c apab i l i t ie s , r e t r i e va l  c a p a h i l i t i m ’  - , a n a l  a u t n n n , t u e  repor t

g e m ’  ~~ t ion , i ’u r t in e r m or e  , c e r t a i n  ole n eal ac t  l v i  t i~~s such  as t xt e n t r y ,

document  r - e t n ’ i e v a l , and ui it i ru g m ay  be pe r fo rmed  1 i i i  t h e  r ’ n z e d  pe rsons

ot h e r  t h a n  the ’  d e s i g n e rs . For t h i s  r e a s o n  c o n n p u t o r — h e a s c d  o d u l ~~ a re ’  a

~‘:i I u n b l m • p ar t  ot Ii & ‘  m et h i  (( 1 ( 1 1 1  g~’ pa cka ge .

N o t a t i o n a l  to ‘Is end  o n’ ~ n i za  t iona l  t e  ‘ ‘~‘hn i  n i n e s  a re also v u e l  uable fot  many

f u n c t i o n s  and I m ’n u d  5 t r in c t u m n e  • to  ft ‘ ni  un si r t n c t  er red  ac t  ivi t i ’ s . F or e x a m p le ,

a tool sy s tcn’i m ay  cont  n i l  :u’cess to t h e ’  des i g n d o c u m e n t s  by u n a u t h o r i z e d

peopl e ’ , t i r t i s  i i t i p r o v i n i i ~ t h e  i n t ’ g n i l v  of t ine’  d e s ign  d o c u m e n t  i t  on . ~ u c i u

gu i d a n c e  r - e d m n c e s  t h e  • po sSil) i l i t\ ’  of m i s h a p ,  though it doe s not c l i i i :  i n n a t e  it .

I ~se fu1 tool s :i re ‘ t i r o s e ’  wh i ch  a r ’ e ’  ile ’xj b le ’  h r n t  I irn i t ’d in  scope . • \ well

d e f i n e d t u i  ii win ich su n p p o n ’ t  s a s p e c i f i c  t rh n h-tue wil l  he succe s s fu l  if it is

in n p l c m ’nt u ’ d  p roper ly  and  a c c e p t - i l  l i v  a w i d e  : i u e l i e n c e

rFh(, p u r p o s e  of a tool sy s t em which s i m p p o n ’ t s  a de s ign  me thodo lo gy  is to sup-

ply a c o m h i n r t ’ r  based r i e ’ s i gn  i n f o r m a t i o n  sy s t e m  tha t  enhances  t in e  p roduc t ion

and use of th e ’ design p roduc t . Tha t  is , i’ll n f o r r n n a t i o n  r e la t ing  to a design

is r ep rese n t e d  as a d a t a  ba se  n i a n i a g e ’n n e ’n t  sv s t e ’  inn whose ope ra t ions  are used

by t i n e ( l ev e l op f lne ’  nt  pen ’s c a n n e l  in  t i r e  di’ n v :  t i  on of t i n e ’  des ign , a n d  in t he  pro-

duc t ion  of a sy s t e m . Tin e ope r a t i o n s  of t he  t ool sy s t em shoul d support  the

p roce dures  of t i n e  d e s i g n  methodolog y by p e r f o r m i n g  tine t’o l lowing f u n c t i o n s :

• provide  r u — l i n e  access to H i m ’  de sign i n f o r mat i o n :

• provide i n t e r a c t i v e  and c o n n v m ’n ie ’n t  m e c l n : in i s n n s  for t i n e ’  c r e a t i o n ,

m o d i f i c a t i o n , a n d  r e t r i eva l  of t h u ,  ( I e s ign  i n f o r m a t i o n ;

• p r o v i d e  n n e ch an i sn s t o n ’  d e s c r i b i ng  and  f e -. c : u t i ’ n i  n - e l a t i o n s h n i ps

lie t wee n i n fo rnna t  ion ‘i i  e ct  s:

• prov id e  n m t e n i a t i c ’  : in a lv s i s  of t h e ’  des ign  to  a i d  in desi gn v e ’r i f i ca—

t ion  e n d  ~ t ; t i r  p ’ r f o r i n n a n c i ’  ~l 5 5 m ’ 5 5 i i ) m ’T1 t

R l
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• • provide operat ions and suppor t  for  au toma t i c  documen ta t ion
retrieval ;

• provide au tomat ic  s t a tus  repor t ing  and resource  m a n a g e m e n t ;

• enforce  design p rocedures ;

• enhance managemen t  of ti~ d e s i gn  process;

• gua ran te e  the i n t e g r i ty  ‘ m d  s ec -u rh v  of tin e des ign  i n f o r m a t i o n ;  and ,

• provide c o m m u n i c a t i o n s  f , i c i l i t i e s  for  use b~’ th e  development  per-

s’ and .

D e s i gn  N o t a t i o n s

The re q u i r e m e n t s  of the m e t h odology s uppor t  to ru i s depend upon  the  choice of

nota t ion  u sed  to represen t  the des ign  produc t .  The n c t a t i o n  chosen for the

RD\ T w a s  d i scuss e ’d  in the l : u s t  c h a p t ’ r  r i d  is p r e s e n t e d  in d e t : u i l  in appen-
dix \ . It is based upon the no t a t i on  of the \ V E L T , \ T , \ DF  m e t h o d o l o gy . This
n o t a t i o n  c o n t a i n s  c o m p o n e n t s  for  de s ign  d o e u n i e n t a t i i nn , spe ’ci f i c : i u n o n s , a n n u l

a p rog r am d e s i g n  l anguage . No  a t t e m p t  was  made  to inc lude  a fo rma l  asser-
t ion l an gu a g e  to supp ly spec i f i ca t ions  in t ine R E ) \ I . h ow-eve r ’ , a fon -ma l  sy n t a x

has been u l e ’ f i n e d  for  all other  n o t a t i o n a l  c o n i p o n n m ’ n n t ~~. The 1~ \ i  sp e c i f i c a t i o n

of t h i s  sy n t : i x  is given in appendix  C .

Other choices of no t a t i on  wh ich  have been used to rep r’ e ’ s i ’ n t  tin e s o f t war e

sy s tem de s i g n  c o m p o n e n t s  are  c h a r t s , i m p i c ’n n e n t : t i o n  I : e n n e u n : : g c s , p roc edura l
and n o n - p r o c e d u r a l  design spec i f i ca t ion  l a n g u a g e  - , :e n d  r e q u i r e m e n t s  spe ci-

f i ca t ion  l anguages .  In t h e  r e m a i n d e r  of t h i s  - u i n i c ~~e e t i o n  each  of t h e s e  alter-
native s are  evaluated for  us( ’ in t h e  RI Y\ I ,
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( ‘harts - - ( ‘har ts  are widely believe d to aid the user in c o n s t r u c t i n g  a pro-
gram with min imum omissions. The flow char t  has  been used in the tradi-
tional app roach to software de velopment . Its obvious s t rength is tha t  it
conveys the intui t ive meaning of the detailed logic of a progra m , w i t h o u t
requir ing the reader to become f a m i l i a r  with  a programming l a n g u a g e . I t s
greatest  weakness is the lack of discipline it allows the user . Tine n u m b e r
of ways in which  flow charts  are misused are as varied as th e number  of
programs which have been describe d us ing  the techni que . For example ,
the contents of a box on a flow char ,t may conta in  progra mm i n g  l a n gu a g e
s ta tements, or it may  contain such abs t rac t  sketches of func t i on  as to he
urn readable.

A second more re cent form of char t  used as a so f tware  development  tool is
the HIPO char t  [1BM73] .  The ‘ Visual Table of ‘‘ o n ten t s” por t ion  is usefu l
for manage r s  to examine  overall system c o n s t r u c t i o n . The “ ( eve rview [)ia-

gram ” an d  “ Detail  D i ag r a m ” can  he used  for  f u r t h er e xplosion of system
components.  A drawback to the use of T I IP ( ) cha r t s  in p a r t i c u l a r , and all
charts  in general , is the vagueness  of the s emant i c  de f i n i t i on  of the  con ten t .

A n  addit ional  c inar t ing  techni que has been proposed by r ep resen t ing  deta i led
prog ram design th rough Schneide r m a n  (‘harts  [N \ t - s 7 3 1 . Howeve r , these
char t s  also suffe r from m any  of the same d i f f i c ul t i e s  as all o ther  cinar ts .

Imp lementa t ion  Lang uages -- It is possible to use imp l em e n t a t i o n  l anguages
to help com m u n i c a t e  ideas b e tween des igners  and spec i f ic  n -s . ~\ I u n c } n  of tine
des ign work of the M u lt i c s  system has been done inn P L / I  ~~~l~~; ; \ 7 2] , a
cumbersome yet powerfu l  l anguage . The use of PA~~( ’ , \ T ,  and i t s  d e r i v a t i v es

as a desi gn l anguage  has recent ly  become ver\ ’ popular ’  [ 1( 1 1 1 3 7 - I , , I E \ t - 7 5 ,
N \ R A 7 7 J .  PASC,\! provides  m a ny  of the c o n s t ra i n t s  and a t t r i b u t e s of
s t ruc tu red  p rogramming  w h i c h  a s s i s t  the des ignen ’  in e l i m i n a t i n g  e r ror -s
w h i l e  p roducing  well f o rm e d  prog rams.  M O D E l  A has b c ’ g r n n  to he used for
design act v i t i i ’ s involving r e a l - t i m e  and c o n c u r r e n cy  ~\ V l R T 7 7 J .  More
r ecent l y, the concep t s  of a p m g r a r n m i r n g  l anguage  a n d  des ign  m e t h o d o l o gy
have been combined c a u s i n g  t i n e  development of se-ye m e l  n nr ’w l a n g u a g e s  such
as ( ‘ l I T  I I SN 7 -1  , ;\ l ph : ir d  [ \\ ‘ vl . i ” 7 u ; ], and  Eucl id  [ T A  M l ’7 7 ] .
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The major drawback of using any programming language to design programs

is that  the implementation is often tested before the design is complete .

This violate s the principles of representat ion independence and execution

independence. It is extremely diff icul t to design in a programming lang uage

without  considering implementation constrain ’s.

Design Specif icat ion Languages - - Design specification languages or program

design languages (FDL) are collection s of s ta tements  with usual l y informal

syn tax  rules used to describe the operation of a computer  program . Certain

of the languages  are non-procedural . The SRI Special language,  based on

Parna s modules , describes sy s tems  in te rm s of their  effects  and s t ruc ture

:R0 -B77] . It doe s not imply sequence or flow of control. These type s of

languages  may be valuable tools in that  they force the user to th ink in non-

procedural , mach ine  independent  term s, However , they of ten  are d i f f i cu l t

to use if one visual izes a system design in term s of its flo w .

P and V nota t ion  f rom the \ \ ‘FLI~M A D E  methodo logy  combine a procedural

no ta t ion  for spec i fy ing  p r o gr am  designs  and a set of c o n s t r u c t s  to def ine

data r e p r e s e n t a t i o n s . The use of th i s  no ta t ion n  is embedde d in a s t r u c t u r e

which cha rac ter i ze s  sy s t e m  designs in t e r m s  of modules con ta in ing  pro-

g rams  and a b s t r a c t  data s t r u c t u r e s [l ION F 7 7 h u , H O N E 7 7 a~~.

R e q u i r e m e n t s  sp e c i f i c a t i on  I~a n g ’i a g e s  - -  I anguages  in w h i c h  to spec i fy

r equ i r emen t s  p r e s e n t  a new and very p romis ing  area of research .  These

tools could help d e s i g n e rs  talk to specif iers  in rigorous , formal  t e rm s.

It is believed that  the m aj o r i ty  of system design d i f f i c u l t i e s  arise from im-

properl y specified or misunders tood  r equ i r emen t s .

The t -h\DT system incorpora tes  a r e q u i r e m e n t s  spec i f ica t ion  t echn i que using

func t iona l  a r c h i t e c t u r e s  [l~oS~ 77~ . The architecture of a system is speci-

fied graphical ly  and ana ly zed  by a t echnical  team . A n o t h e r  r equ i r emen t s

techni que , RSI , was developed for  B M I ) A T C  and use s l anguage  p r i m i t i v e s

to decompose r equ i re rn eints  f u n c t i o n a l l y ~I) .A V I 7 7 ~~. ISDO.’’~ use ’s  a Problem

Statement  Language  to describe a sv st e n n s f u n c t i on a l  r e q u i r e m e n ts  and a
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Problem s tat ement  Anal yzer  to modif y, add to , anal yze , and gene rate

reports based on the funct ional  requi rements  of the system tTE I C77] .

Design Personnel

The r e q u i r e m e n t s of tine methodology support  tool s mus t  include a descrip-
tion of the f u n c t i o n a l i t y  provided l iv the operations of the design informat ion
sy s t em . Thus , the various types of personnel  which use the system mus t  be
iden t i f i ed  by the type of opera t ions  which they perform on the system .

• Five type s of i n d i v i d u a l s  have been iden t i f i ed  as having major  responsibil i ty
in an ~’ design p ro j ec t .  However , these  perso~ nel types may be fur ther  sub-
d i v i d e d  or combined to f i t  tin e o rgan iza t iona l  needs of an\’  developme nt
project . These ca tegor ies  h a v e  been chosen since they adapt natural l y to
mos t  design p ro jec t s  and they f i t  the  h i e ra rch ia l  organiza t ion  of the design
and the des ign  procedures .  The fol lowing is a br ief  descr ip t ion  of the per-
sonnel type s, the i r  r e q u i r e m e n t s , and thei r  ac t iv i t ies .  (See Figure  8.

Customers -- These ind iv idua l s  are  external  to the design process and ini-
t i a t e  a new des ign  pro jec t  by g e n e r a t i n g  a s e t  of r equ i rements .  In addition ,
the customers  are involve d in all ex terna l  reviews; they  approve or disap-
prove of miss ion descr ip t ions , they  mod i fy  r equ i r emen t s , and they accept
or reject  the f inal  design.  The ‘u stomers  mus t  he able to t rack  tin e design
process by r e ’ceiving s t a t u s  reports and are generall y given the access r ights
to re :ed the miss ion descr ipt ions .

Admin i s t r a t ive  I \ lanagemen t  - - They are responsible for ~~i tia t ing  new design
pr o iec t s , a l locat ing resources  to the des igrn  project , p lanning  and t racki ing
the s ta t u s  of the p roject , p l ann ing  and conduct ing  ex te rna l  reviews, negotiat-
ing revis ions  of cus tomer  r e q u i r e m e n t s , and submi t t ing  th e ’  f ina l  design for
imp l e m e n t a t i o n .

Technica l  M a n a g e m e n t  - - These ind iv idua l s  are responsible for all hier-

a r ch v  m a n a g e m e n t , module  speci f ica t ions  th rou gh  a r e q u i r e m e n t s  ana ly s i s ,
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requirements  interpretat ion and static design a c t i v i ty .  That  is , the tech-

nical management  pe rforms system analysis  act ivi t ies .  In addition , they
are responsible for all prelimina r~’ designs , and therefore  they will per-

form both s tat ic  and procedural designs on the upper level modules. They
assign programs and subsystem design responsibil i t ies to program design-
ers , they t rack and do status reporting on all desi gn act ivi t ies .  Technical
management  conducts both internal  and external reviews, author ize s changes ,
and f reezes  components of the design .

Program Designers  - -  The ac t iv i t ies  of the program designe r are similar to

those of technical  m a r n a g e m en t  except for management  responsibilit y and
cus tomer  in te r faces . The program designer is chiefl y responsible for  using
the cons t ruc t ive  approach for des igning  prog rams , the informal  ver i f icat ion
of the design , and pe r fo rming  s ta t ic  assessment  of the program ’ s perform-

ance .

Clerical -- The major  ac t iv i t y  of clerical personnel is data ent ry  and
• retrieval . All au tho r i za t ions  to ac”ess data are given to the clerical pe r-

sonnel by the appropriate  des ign  personnel .  The operations which are per-
formed at this level are mainl y t e x t  processing on various data type s.

s t ruc tu re  of the Support Tools

The tool sy st em  will usual ly  he ’  a subsy stem of a general purpose operating

sy s t em . It will he a data base m a n a g e m e n t  system and data anal ys is  system

for m a n a g i n g  and anal yz ing  des ign i n f o r m a t i o n . Thus it can be specified as

an abst ract  data s t r u c t u r e  r e p r e s e n t i n g  the design in fo rma t ion  and whose

operations specif y the r e q u i r e m e n t s  for  managing  and anal yzing tha t  infor-

ma tion .

The proposed tool sy s t e m  s t r u c t u r e  is s imi la r  to t ha t  of any general purpose

ope rat ing system in w-h i ch there is a hur ,  t a~1 in terface  at the hig hest level
and a resource m a n a g e m e n t  and h a r d war e  in te r face  system at the lowest
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level. We can identif y at least  three abstract  levels of modules  for Lhe tool
system . This logical s t ruc tu re  is shown in Figure 9.

At level 1, there is a command and control system whose purpose is to pro-
vide the human interface and to enforce the access control mechanisms.  A

command language , similar to that  of any interact ive system , is’ supplied to
the user for invoking pe rmit ted  tool operations . The syntax for this language
has not yet been specif ied , howeve r of more importance is the discovery of

the operations and the specif icat ions of the i r  r equ i r emen t s .

The command inte rpreters  at level 2 a re” c a t e g o r i z e d  by three  general
classes of operations to be supplied by the tool system. The genera l  design
tools are used for the creat ion , represen ta t ion , and retr ieval  of the design
informat ion.  The management  support tools suppl y the aids  for control l ing
i n f o r m a t i o n , ac t iv i t ies , and resources  used in tine des ign process . Finall y,
tine desi gn analysis sy s t em aids the des igner  and system a n a l y s t s  in verif ica-
tion and per formance  assessment  func t ions .  Each of these  categorie s will
be discussed in the following three sect ions of this  report .

The operating system in te r face  supplies the data s t ruc tu re s and operations

• necessary to implement  the tool syste m in a given env i ronmen t .  Note tha t
no specification of these faci l i t ies  should be given until  the i r  requi rements
have been established by des igning the s t r u c t u r e s and p rogram s  of the upper
levels which use these facil i t ies.  Howeve r , as usual , a good desi gner  can

often ant icipate  the faci l i t ies  to be used for  implementa t ion  and will struc-
ture the requi rements  in a wa such that  they are sat isf ied by the specifica-

tions of the existing tools.

A ny  operating system which supplies facil i t ies for convenient sof tware
development will provide a na tu ra l  i n t e r f a c e  to the tool sy s t em.  Such a svs-
t er n  is the \I ULTICS sy s t em designed to support software development .
Many of the tool system requ i r emen t s  are s a t i s f i e d  by MUT ,TICS fa c i l i t ies

for protect ion , data i n t e g r i ty , communica t ions , i n f o r m a t i o n  s t r u c t u r e s .
informat ion  l inking,  text edi tors , run-of f  systems, e tc . Note  tha t  the oni
tools which specif ical ly depend upon tine me thodology are those r e l a t i n g  to
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the syntax of the design language, the analysis of the design , and some

management  information tools.

GENERA L DESIGN TOOLS

The purpose of general design tools is to fac i l i t a te  the creat ion , repre-

sentat ion , and retrieval of the design informat ion in the desi gn data base.

These tools are gene rall y used by the tcchnical  staff responsible for the

creation, verification , and analys is of a syst em design .

The operat ions of the general design tools should support  the act ivi t ie s of

each step of the design procedure s by suppl y ing the following facil i t ies:

• on-line creation of de sign  specifications at the static des ign step,

procedural design step, the r equ i rements  analy s is  step, and re-

qui rements  inte rpretat ion step of the design procedures ,

• retrie val of desi gn informat ion at the appropriate design and

requi rements  anal ysis steps of the desi gn procedure .

• fac i l i ta te  creation and retrieval of documents  at  the external  and

internal design review steps of the design procedure .

• provide faci l i t ies  for ba ck t rack ing ,  up da t ing ,  and correct ing errors

made at earlie r des ign  steps ,

• facilitate communications between those responsible for design
ac t iv i ty ,  and

• provide the data protect ion fa c i l i t i e s  necessary  to provide i n t e g r i ty

and securi ty  of the de ~ign.
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Data Types of the General Design Tool s - - The data of the general design
tools is a c ollection of information objects whose types are defined by a basic

set of abstract  data s t ruc tu res . To discover these data types we consider the

hierarchica l  design and its documentat ion as prescr ibed b y the program

design language . Fur thermore, we consider the information required to

create new information at each step of the design procedure s. Th us , using

the type expressions of the program design language to describe data struc-

tures we ar r ive  at a basic ab s t r a c t  data type for representing the da ta of

the general design tools .

The design data base define s a collection of desi gn projects. Each project is

described by an ident if ie r , a cus tomer .  a set of requirements , a project

s ta tus  report , and a design . The customer is described by an ident if ier  and

a set of c u s t o m e r  generated requi rements .

design data base: project array

pro iect :  (id:project  name ,

custonn e r: ous t  req ,

r e q u i r e m e n t s :  req set ,

s t a tu s : p r o j e c t _ sta t cns ,

des ign:  sys tem)

cust req :  ( id :cus t  name , requ i rements  :te xt )

The sy st e ’m d e s i g n  is speci f ied  as a h i e r a rch  of machine  des igns . The

machine  design is described by a machine  i d e n t i f i e r , a def in i t ion  clause

~v inic h  is used to map data typ e s  onto a s\ ’stenn h i e r a r c hy , a mission descrip-

t ion , a mach ine  d esu ~n . a collection of program designs , and a mach ine

st a t u s  report.

sy stem: machine ar ray

mach ine : ( id :r r nachin e nann e ,

de f in i t i on :  (type  name)  a r ray

m i s s i o n :  miss ion  dese,



design: mach ine_design,
program: (prog des ign)  array
status : machine_status )

A mission description is given by the thre e documents  called the functional
description, the usage information , and the acceptance cr i ter ia .

mission desc: (functional:  text .
usage : text ,

acceptance:  t e x t )

The machine desi gn specif ies  the env i ronmen t , the state space . ard a list
of programs which operate on the machine ’ s state space. The design is
annotated with an ove rv i ew and a note s document . The machine  environ-
ment describes a set of r e q u i r e m e n t s  which mus t  be sat i s f i ed  by lower
level machines .  Requ i r emen t s  ar e  given as a collection of requi rement
specifications on abs t rac t  data types. The machine ’ s state space is speci-
fied by a collection of object declarat ions and a data inva r i an t.

machine_ design:  (overview: text ,

e n v i r o nm e n t :  req set ,

d a t a :  data desc ,

prog l i s t :  (prog name)  a r r ay ,

notes: t ex t )

req_ set :  (type desc) a r ray

type desc: (id: type nanne .  r e q u i r e m e n t :  v - n o t a t i o n )
data_desc: ((id: object_name , type : typ e de sc)  a r r ay ,

m v :  a s s e r t i o n - n o t a t i o n)

The program des ign  is descr ibed by tin e program i d e n i i f i c a t i o n , local van-
ables defining i t s  local state space , t ’ n e pI’oc~ram ’ s s t a t i c  spe c i f i ca t ion , tine
program ’ s procedural  design , and a program s ta tus  report.  Fur t inerm ore
it is documente d by an o v e r v i e w  and set of n o t e ’s .

--



r ~~~~~ prog design : (id: prog name,

overview: text ,

var iable s: data desc ,

prog _list: (prog name) array ,

specif: (input:  assertion-notation ,

output: assert ion-notation ,

performance:  asse rtion-notation),

procedure : p -notation,

notes: text ,

status : program_ status)

Finally, we shall leave the data types for names , status reports , and the

four basic information units  — text, p-notatio n, v-notation, and assertion-

notation as abstract data type designators .

project name , cust name, module name, prog name: abstract

project  s t a t u s , module s t a t u s ,  program status: abstract

text: ab stract
p-nota t ion:  abstract

v-nota t ion:  abst ract

asser t ion-nota t ion:  abstract

ci s ing  this abs t r ac t  data s t ructure  to represent  the data type of the design

data base the following observations can be made concerning the basic data

types and their operations.

The two data s t ruc tur ing  operations for data types, cartesian products ( ,  ).

and array,  represent  relationships which exist between the various objects of

the data s t ruc tu res .  There is an imp lied set of operations for cartesiar

products and a r r ays  which permi t  selection of objects and manipulations of

the s t ruc tures. Thus these s t ruc tures  and the i r  operations may l~ - imple-

mented by a set of directories and di rectory ope rations for locating, ret~’iev-

ing, and c rea t ion  of objects or t h e y  may be im plemented by a relational data

base system . Since all basic information objects are named the mechanism

used for locating objects or def in ing  relationships between objects may refer
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to these objects by name. In particular if a directory mechaism is chosen ,
the object is identified by its path name.

Each major design unit has a status report associated with it. The informa-
tion in this report is intended for management usage. The status data struc-
ture contains the Identification of the personnel responsible for the design of
the unit. Furthermore, the access rights of the information units may be
shared either with the user in the personnel identification as a capability list
or in the name of the design unit as an access control list. In either case ,
a protection system can be constructed which provide s the security of the
m d  ividual information objects.

Clerica1. Operations and Interactive Processors - - The information objects
whose data types are text are generally used for documentation. The crea-
tion , editing, formatting, and retrieval of these documents can be per-
formed by any text editor with the usual set of operations. The Program
Support Library (PSL) contains many of these operations [RADC] . The
WELLMA DE methodology utilizes a documentation organization and extrac-
tion tool called “doca” which is the designer ’ s interface to the project
library [HONE77b].

Most computer systems intended for use as software development facilities
include file systems of sufficient generality for organizing software projects.
The MULTICS file system includes a large number of organizational features
and tool s as do several DEC systems CORGA72 , DEC69 , DEC76] .

For all clerical tool s, the important facts are that they are well human-
eng ineered , comprehensive, suited to the particular environment and totally
integrated into the methodology.

The three data types, p-notation , v- notation , and assertion-notation repre-
sent the formalized notation used to define analyzable specifications of a sys-
tern design. Assertion s are used in v-notation to define the requirements of
a data type and in p-notation to characterize intermediate states , precondi-
tions . postcondit lons , invariarits , and termination conditions as well as for
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data invariants and program specifications. Thus the processors for p-
notation and v- notation will require the operations of an assertion-notation
processor. At this time in the development of the RDM no definition has
been given for an assertion language. Therefore the tools which treat the
assertion notation as text and their processing is performed by a text editor.

Processors for p-notation and v- notation include preprocessors for short-
ha nd input and local syntax checking, text-editors for making changes and
corrections, and pos tprocessors fbr formatting and printing. Other pro-
cessors for these notations are used in the design analysis and described
in “ Design A nalysis Tools , ” Chapter 4, of this report.

General Support Operations

Addi tional design data base operations and facilitie s which would be useful
to support tools for the general design activitie s include tracking facilities ,
version control, info rmation retrieval , and docu mentation aids. A track-
ing mechanism would record all mod if i ca t ions , all verifi cations, and all
back tracking by da te to ensure that the most recentl y created and verified
inf ormation objects are used in analysis or documentation. A ver sion con-
trol mechanism is a facility which will archive earl y versions of information
objec ts whenever modifications are made or backtracking occurs. Thus the
designer is able to recall earl y versions of the desi gn during design analysis
or du ring redesign activities. Informa tion retr ieval aids should permit the
automatic display of the design at any level. That is , a request to display a
project should produce the display of all known modules in hierar chial order ,
whereas a request to display a modu le should display only Information rele-
vant to the modul e or a request to display a program should display only in-
fo rmation relevant to the program. Documentation aids include facilities for
document production , distribution lists , and various run-off formats.
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DESIGN MANAGEMENT TOOLS

The purpose of the design management tools is to facilitate the management
of all activities of the design procedures. The management responsibilities
Include both technical and administrative activities. The identification of the
status da ta types of the design data base specification is intended to include
all information to facilitate the management of the desi gn process . A typical
status data structure would contain information objects describing the design
state , Identification of design, responsibility, access control information,
tracking data , version data , resources allocated data , and resources used
data.

unit_ status: (state: unit_ state ,
desi gner: person_name,
access: access_ control,
tracking: modificat ion _list ,
ver sion : version control ,
resc alloc : resource_lis t ,
resc_ used: resource_lis t)

Four areas of management have been identified as areas which ma’~ ne sup-
ported by me thodology tools. They are referred to as resource manage-
ment. methodology management , info rmation control , and data gathering.

Resource Management

The resources managed by the resource management tools include person-
nel , expenditures, and time. The operations provided by the tool s will
allow management to assign dollars , time , and design responsibility to
given units of design . Tracking of these resources may be accomplished
by automatic or semi-automatic updating of the design state and the
resources used data structure. The design state identifies design , docu-
mentation , and ve rification state s of the unit of design .

96



Methodology Management

The responsibility of methodology management is to insure that the proce-
dures of the methodology are adhered to during the design process. Thus
the management tools must provide operations for recording milestones, for
controlling access rights to information, for ensuring that backtracking oc-
curs when redesign is require d by invalidating the appropriate design units ,
and by providing communication facilities for use by the design staff.

Tools to aid the management of software projects are not sufficient in
themselves to insure successful projects. Technique s for applying the tools
and procedures to guide development are also important pieces of the pro-
cess. A total system management approach has been proposed by Turn , et.
al., which is based on the mission requirements formulation [TtJ RN76] .
This method falls into the category of techniques and procedures. The
WELLMADE methodology encompasses many of the same ideas of mission
description and frequent reviews. Additionally, WELLMADE has provisions
for many tools to support the procedures. Currently, some interfaces to
automatic charting mechanisms are provided to enabl e managers to graphi-
cally examine progress.

The most widely discussed techni que for the management of a software pro-
ject is the chief programmer team concept [MILL72b] . This technique
consists of a work organization supported by production program libraries.
Since it contains many of the concepts of a methodology, it has come to be
called one. It is more properly a management structure , however.

Information Control

Information control refers to the management of access rights and manage-
ment of design versions . That is , operations must  be available to the appro-
priate management for granting access rights to information objects and for
removing access rights. This control can be used effectively to ensure that

milestones of the methodology are met and to maintain the security of design.
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The integrity of the design information is maintained when prope r version
control is used and when Information is placed in .archival storage at regular
Intervals.

Management of the design process requires available information about
design activity and controlled access to all design information. Thus an
additional requireme nt of the general design support tools is that there be a
mechanism for controlling access to all components of the design data base
and that this control be exercised by the appropriate personnel .

The ring structure used for protection in MULTICS Drovides a model for an
appropriate access control me chanism of the design data base. In Figure 10,
we display a possible hierarchy of data structures for a design project and a
corresponding hierarchy of access rights and access control to be exercised
by the five categories of personnel. At the highest level of control is the
administrative management with access rights to any level of data structures.
Furthermore, administrative management may change the access rights of
any lower level personnel to any lower level data structure. Technical
management has access rights to module directory information and struc-
tures at lower levels with appropriate capabilities to change access rights.
Similarly, designers and clerical personnel have access rights and access
control to the data applicable to their activities. Finally, the customer has
access only to customer requirements and the mission descriptions and
no ability to change access rights .

Access to ins tances of the various data types depends upon the nature of data
of that type. However, in general the access rights of a data type will in-
clude operations to create , to destroy, to read , to update , or to execute an
operation on an instance of the data type. Access control will involve the
permission of a personnel type to perform an operation on a given data type.
Thus the management of a design process can be aided by controlling this
access. For example, a module which has been designed , verified, docu-
mented , and reviewed may be given only read access. The custome r
requirements may be fr ozen to avoid changes in requirements without nego-
tiations and prope r backtracking in th& design process.
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Finally, note that processing the data base operations for type and object
declarations involves syntax checking for correctness and consistency of v-
notation expressions. Similarly, the operations on the data base repre-
sentfn g program design text will involve syntax checking for correctness and
consistency of p-notation. Access to these operations are made available
to all levels of management and designers.

Data gathering is used primarily for tracking the design process, status re-
porting, and planning purposes. Information which can be gathered includes
resource usage , design states, and information concerning backtracking and
missed milestones.

DESIGN ANALYSIS TOOLS

Introduction and Overview

The purpose of design analysis is to permit the designer , management, sys-
tem analyst or customer to use existing design descriptions at any stage of
design as a basis for analysis. The two types of analysis invest igated are
design verification and static performance assessment. By design verifica-
tion we mean that the present level of design is shown to be correct with
respect to its functional requirements. By static performance assessment
we mean that time and space complexity measurements can be derived and
compared with required performance constraints. The methodology support
tools should aid design analysis by supply ing automatic analysis or by pro-
viding information about the design suitable for manual analysis.

Syntax Checke r - - Design verification tools and techniques range from very
informal checking of syntax to ful l scale theorem provers with designer
interaction. At one end of the spectrum , the syntax checkers provide a
means to free the designer from concerns about correct placement of punc-
tuation and other trivial matters. At the other extreme they provide checking
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of global syntax such as type and hierarchy consistency. The SRI method-
ology has syntax checking tool s [RO UB77] . Similar tool s are planned for
WELLMADE.

A typical example of a global syntax checker is the Design Assertion Consis-
tency Checker (DACC) [ B0EH75]. These automated tools typically search
program designs for interface attributes such as parameters and returned
val ues. These elements are the~i matched with the definition of the called
routine and display any inconsistencies which are found.

Semantic Checker - - A second type of verification aids may be termed for-
mal verification. The current approach to theorem proving is related to

• past attempts (artificial intelligence) but has taken a more pragmatic direc-
tion . A large degree of designer interaction is allowed in the more success-
ful theorem proving systems. Examples of these types of systems are found
in [YEH77 , WEGB77 ].

Predicate transforme r applied to program verification involves the selec-
tion of invariants and the statement of assertions about a program. The
WELLMADE methodology is based entirel y on the Dijkstra guarded command
constructs and logic, and therefore is well suited to the assertion generation
approach. Simila rly, the work of Katz and Manna in proving correctness
uses the analysis of invariants which are semi-automatically generated from
the text [KATz75 ] .

Performance Assessment - - The analysis of the performance of computer
programs , implementations or designs is included in the area of verifica-
tion , since performance characteristics are actually requirements. There
are very few notational tools available for specif ying performance attributes
and criteria of system designs. One notable attempt to analyze performance
of a design was the Design and Evaluation System (DES) developed by Honey-
well CGRAH 73] .

DES successively used more detailed versions of the design to predict
increasingly fine-grained data about pe rformance. The information displayed
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for analysis Included a list of all procedure calls, an estimate of space and
time requirements, indications of progress and any inconsistencies found .
The second phase of the analysis involved simulation of the procedures.

Verification and Design

It has been repeatedly emphasized In this report that the basis for the design
procedures of the RDM are the concepts used for verif ying that the design
satisfies its specifications. That is, the approach is constructive - the re-
finement of specifications of software requirements, the software design, and
the construction of its correctness proof must all proceed in parallel.

Design activity begins with the recognition of a set of abstract functional
specifications. That is , specifications are give n as a set of input/output
assertions and data invariant assertions on the underl ying state space of the
progra m to be designed. The state space is defined by the set of all possible
program data structure s and the range of permissible value s of these struc-
tures. A correct program is a mechanism which define s a transformation in
which the mechanism starts in a state satisf y ing the input assertion and then
halts in a state which satisfies the output assertion and which maintains the
assertions of the data invariant .

Using knowledge of the program specifications and a notation whose seman-
tics are defined by their transformational properties , the program text can
be derived by considering only correct transformations on the underl ying
state space. Thus the program designer constructs a correct program by
constructing its proof . Furthermore, the designer identifie s new require-
ments in the form of operations acting on abstract data s t ructures  in the
sta te space. The requirements of these operations must be give n in the form
of input/output assertions on the underlying state space in order to maintain
provability of the current design level.

The design procedure of the RDM require s that the designe r be knowledgeable
of the proof techni que as well as the transformational prope rties or the
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notation used for specification of the text. By using this knowledge It is
ar gued that the desi gne r will be capabl e of constructing and specif ying the
text of provabl y correc t program designs.

The tool s which support the design process and which enhance the verifica-
tion activity are those which force the designer to follow the procedures and
to use the notation correctl y. Examples of the se t ool s are tho se which
require that input/output  specification are included as part of the program
design text , or that each abstract operation used in the progra m text be
declared and that inpu t /output  specifications be given . Tools which check
for correct syntactic usage of the notation and which report inconsistencie s
such as type violations and missing declara tions , also enhance verifica tion
ac tivity. Ilierarchial consis tency can be tested automaticall y by ensurin g
that each abstract data type and each abstract operation be defined by data
declara tions and pro grams in lower level modules.

N ote that all tool s mentione d above fall into the class of extensive syntax
che ckin g tools. Tha t is . the PDL include s all components of the design
documen t which are necessary to support and to force certain activit ies of
the design procedures . E xtensive syntax checking can be used to ensure
consis tent and correct use of the P1)!. for design documentat ion.  By enforc-
ing certain syntactic rules , the designer  is reminded of activities and con-
ventions which must be used to ensure provability of design .

Specification language s , asser tion generators , and theorem pr overs neces-
sary to perf orm : iutomatic  proo of correctness are beyond the scope of cur-
rent invest igat ion . The realization of a practical theorem prove r which is
suitable for pro gram correctness proofs will require a major amount of
addi tional research. However , tools which may be called semantic aids ,
such as specification languages and assertion gene rators based upon the
desi gn language semantics , appear to be feasible wi thin the near future .
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Verification Techni que

Two type s of design verification are conside red in the RDM . They are

identified as te chnical and non-technical verification. Technical verifica-

tion is supported by formalized notation and rigorous procedure s which allow

the designe r to demonstrate that the design specifications satisf y the design

requirements and that the program design satisfie s the program specifica-

tions. In principl e, all technical verification can be handled automatically

or semi-automatically provided mathematicall y rig orous nota t ions have been

used.

Non- technical verification is strictly manual and involve s the inspection and

review procedures of the methodology. The purpose of non -technical  verifi-

cation is to ensure that  the formal description of requirements, desi gn

specifications, and program specifications satisf y the intended customer

requirements for the programming problem or system design problem. The

support tool s which aid non-te chnical ver if ica t ion  are those which supply the

appropriate design documentation for review and which  guaran tee  that  the

information in these documents has been technicall y verifie d at  the cur ren t

level of design. Tools for documentat ion and t racking have been described

in earlier sections.

In the absence of a notation for assert ions, au tomat ic  ver i f ica t ion  of seman-

tic correctness is impossible;  h c w e v er , the tools can supply the design in-

formation necessary at each step for m a n u a l  ver i f icat ion . Fur the rmore,

automatic theorem provers and semant ic  analysis are beyond the scope of

current  research .

All syntactic vcr i f i c~ tion and type check ing  can be automated in case s where

a formal  syntax has been used. In the pre sent  methodology, th i s  includes

p-notation and v-notat ion (see A ppendix A ) .  In the following section the

areas of technical  ve r i f i ca t ion  are out l ined  and the support tools are dis-

cussed.
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Technical Ve rifi cation

The technical verification of a design has been subdivide d into f o u r  areas.

1. Hierarchical design verification involves verif ying that the design
is represented by a well-fo rm ed hierarchy of machine s and that
it is complete with re spect to its requirements.

2. Machine design verification involves verif ying that the module design
is well-formed and is correct with respect to its syntax.

3. Static design verification involves verif ying that the static specifica-
tions of a machine (state space and program specifications) consis-
tentl y satisf y the requirements  which have been derived from high

level modules.

4. Program design verification involve s verification that a program is
well-formed, is syntactically correct, and is semantically correct

with respect to its specifications.

The following definit ions of te rm s are applicable to the specific checks which

must  be made for each of the four areas of te chnical verification.

I An abstract data type specification is a named data type whose
val ue s are described by a type expression defining an abstract state

space and whose operations are specified by input /output  require-

m e n t s  defined ove r the abstract  state space.

2 . A machine environment  is a collection of abstract data type specifi-

cat ions.

3. The functional requirements  of a system are specified as one or
more abstract  data type specifications.
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4. A type expression describe s the structure of objects of a data type.

The structure operators are ‘ ;‘ (ordered cartesian product ) , ‘,

(unordered cartesian product), ‘ I ‘ (discriminate union) and array.

5. A subtype of a data type is the type of any of the objects of its type

expression.

6. A type is primitive if

a. it is defined by the PDL of the methodology, and

b. it has no specified operations which are not primitive (defined

by the PDL of the methodology) , and

c. all of its subtype s are primitive.

7. A type is defined if

a. i t is primitive , or

b. it appears in the DEFINE clause of a machine specifi cation, or

c. each of its subtypes are defined and it has no operations which

are not primitive .

8. A machine hie rarchy is a par tial ordering of machine s in which all

machines whose environments contain data type spee~fica tions for

an undefined type precede the machine in which the type is defined .

The checking activities for each of the four areas of technical design verifi-

ca t ion are now outlined .

Hierarchical Design Verification

Environmental  Consistency -- If the env i ronmen t  of two or more machine s

require s the use of the same type , then  it mus t  he shown that  t he  speci-

fica tion of re qui rements  are consi s tent . The tool system can onl y dis-

play each set of specifications and allow the designer to visually check
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consistency. Thus , wheneve r a new data type is ente red into the environ-
ment of a machine design , the tool system can automatically locate all other
occurrences of that  data type , print each requi rement, and permit  the
designer to make this check .

Hiera rch ica l  Order ing -- The h ierarchica l  order ing  of a sy stem is well

formed when all environmental  consistency checks have been made and all
static design ver i f icat ions  have been made on exist ing machines.  The hier-

archical  o rder ing  can be checked automatical ly. That is , when a new machine
is designed , it defines one or more data type s. The new mach ine appears at
a lower level in the machine h ierarch y than those which use the data types it
def ine~~. The tool system can automatically locate all machine s which use
the def ined data types and request  environmental  consistency checks and
s tat i c  design ve r i f i ca t i ons . ~econdlv , if a type which has been defined by a
machine  design is l a t e r  used in the env i ronment  of a new mach ine , that new
machine  can be automatical ly inserted into the approach hierarchial  position
and the environmenta l  consistency and static desig n ver i f ica t ions  requested.

Sy s tem Closure  —— ~ sy s t em desi gn is comp lete when  all u n d e f i n e d  types
of a sy s tem ’ s funct ional  requi rements  and all module environments  are de-
fined by some module and the modul e has been verifie d . The system closure
che ck can be automatic  by mainta in ing  a list of undefined type s and by track-
ing verification activit ies.  Note that  this  is only a syntactic check which en-
sures  that  all non-pr imi t ive  type s are defined by a machine design .

M achine  Design Ver i f ica t ion

Data Type  Sy n ta x  -- The type d e f i n i t i o n s  of the mach ines  e n v i r o n m e nt

m u s t  be checked for correct syntax. By defining a v-notation parser this

syntax can be checke d a utomatically. Note that the requirements  of data

typ e operations are asse rtions which are currently treated as comments in
the PDL .
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Data Type Consistency -- All object data types of a machine  and its pro-

grams which are not primitive must  be declared in the machines enviro n-

ment. This check can be automated.

Machine Prog ra m Closure -- All operat ions of the data type def ined  by

the machine and all subprograms internal to a machine must  correspond to

a program specification and prog ram design (p-notation text) within the

machine design. This check can be automated.

Global Data Consistency —- All global data variables declared within the

programs of a machi ne must  be consistent with respect to data type. This

check can be automated by maintaining a machine symbol table.

Static De sign Ve rification

Representat ion Val idi ty  —— The designer  mus t  v e r i f  that  t h e r e  exists  a

mapping between the abstract state space of the requi rements  for a data

type and the state space of the machine  which defines the data type. This

mapping must  be consistent  by preserving the invariance on the abstract  data

space by the data invariant of the module. Since no formal mapp ing has been

defined in the RDM , this consistency check will be visually verified by the

designer.  Thus the tool s can only display the requi rements  of each environ-

ment containing the data type and the stat ic  specification of the module which

defines it.

Op era t ion Va l id i ty  -— A f t e r  r ep resen ta t ion  va l id i t y has been established

for an abstract  data type , the designer m u s t  show that the input /ou tput

requirements  of each operation of the data type are satisfied by the input!

output specifications of the programs which implement them . A gain , by dis-

playing requi rements  and specifications the designer can prove that the input

specif icat ions are not stronger than the input  requi rements  and that the

result ing output  specifications are not weake r than output  requir ements .
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Program Design Verification

P rogram Data Consistency —— It must be shown that there are no u nde-
clared objec ts used in a p rog r am text design (p-notation ) . This check can
be automated .

Subprogra m Consistency -- It must  be show n that no undeclared pro-
grams are activated in a program text design (p-notation ) . This check can
be automated.

Prog ra m Type Consistency -- It must be shown that there is no inconsis-

tent use of type operations within a program text desi gn (p-notation) . This
corresponds to strong type checking performed by several modern compilers.

Program Syntax Check -- The progra m design mu st be checked for cor-

rect syntactic use of the design language. By def in ing a p-notation parser ,

this check can be automated.

Program Se mantic Check -- The designe r must  prove  that the progra m

design is correct with respect to its specifications. The development of this

proof is the basis for the constructive approach and is central to the RDM .
The proof is constructed in parallel with the design as discussed in the pre-
vious chapter on procedure s and in Chapter 4 ’ s ‘ Design Anal ysis Tools ” dis-
cussion of ver i f icat ion and design. The mechanisms for formal proof of

correctness are not discussed in this  report .

The design of the tools for supporting the above fourteen checks of technical
design ve rification will involve the use of additional data types. These data

types will generally represent symbol tables which define symbols and their

attributes. In addit ion , the status data s t ruc tures  of each unit of design can

be used to track the validation activities. Thus , discrepancies between vali-
dation date s and modification dates can be detecte d and reported to ensure

that the proper order of validation has occurred.
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Design Order vs. Data Entry Order vs. Verification Order

The procedures of the design methodology support a constructive approach
to design activity. That is , there is a prescribed crder of design activity
which should be used in system design and that order is top-down . Thus a
definition of top-down design is that a program can not be functional ly speci-
fied until all of its requirements have been identified and that the program
design can not be specified until its functional specifications are known.

The management and enforcement of methodology procedures can only occur
if activities can be observed in a systematic way. The tools provide a
me chanism for tracking the design activities. Thus the normal procedure
would require that the design data be entered into the design data base in the

order in which it is created. Howeve r , because of backtracking and the

existence of parallel design ef for ts , this top-down order of data entry may

not be observed. Thus any order of data entry will be allowed to create the

design data base , however, the verif ication order should occur top-down .

Top-down verification implies that the machines are verified in the hier-
archical order of machines of the designed system beginning with the highest

ma chine in the hie rarch y. The checking order for each machine begins with
hierar chical design verification, then machine design verification , followed

by static desi gn ve rifi ca t ion , and then program design verification.

N ote that the closure checks for the machine design and hiera rchical design
cannot be completed until all programs have been specified for a machine
and all machines have been specified for a hierarchy. Partially completed

designs can onl y be partially checked. A requ i rement  of all au tomat ic  veri-

fication tools is that checking continue eve n afte r errors or miss ing  com-
ponents have been encountered.

Errors and discrepancies are recorded and the designer is notified with

appropriate error messages. Backtracking must  occur to a position in the

top-down hierarchy whe re corrections can be made . This requires that all

affected machine designs be re-verified.
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RECOMMENDA TIONS FOR IMPLEMENTATION

In this section we shall make some general recommendations of alte rnatives
for implementing the RDM support tools. Our discussion up to this chapter ’s
sec tion contains only a set of requirements for tools. Before any impleme n-
tation is attempted , a system designe r mus t design and documen t specifica-
tions for the tool command and central system and the command inte rpreters.
The design act ivi ty would naturally follow the proced u res of R DM . The re-
sult ing design/documentat ion would conta in the functional specifications and
procedural de sign for each command of the general design , management
support , and design anal ysis tools. The designer could then choose an exist-
in g general purpose compute r syste m for implementation of the design . If
given the freedom of choice , the system chosen might be governed by imple-
men tation cost and predic ted tool performance. A system which provides
facilities closely ma tche d with the tool design specifications would minimize
implemen tation cost.

As indicated throughout this chapter , the requirements for the RDM support
tools are based upon many of the requirements of the WELLMADE support
tool s. Several of the WE LLM ADE t ool s are under devel opme n t and will be
implemented on a M IJLTICS system. Furthermore, we have n oted in the
“Gene ral Discu ssion” section of chapte r 4 that the MULTICS system was
specifically de signed to support software development activity. Therefore,
all of the ope rating support functions and many of the general design and
management support tools are al read y supplied by the system.

Specifi cally, all objec ts of the tool ’ s data structures may be implemented
through MUL TICS segments. The data objects may be assign ed t o en t ire seg-
ment or archives of a segment. The MULTICS directories and associated
ope ra tors are u sed to link together the se da t a segm ents and provide the
ope rat ion s for locatin g objec t s, for creatin g new objects , and for access
control to objects . Text editors are provided with macro capabilitie s to
enhance interactive creation , updates, addition , retrieval , and inqui re to
da ta segments. The runoff  facili ty allows fo r a utoma t ic forma t tin g a nd dis-
play of de sign documents.  M 1JLTICS permi t s com ma nd fil es t o be crea ted ,

111



Pr -.--

~~~~~~~~~~~

there by allowing for constructions of executable tool procedures. A memo
system permits communications between various members of a design team
by providing on-line mailing facilities .

To complete the Implementation of the general design tool s under W tJLTICS,

the data structure s of the tool design specifications must be organized and
assigned to data segments, archives, and directories. The text editor
macros, runoff procedures , and command file s must be created to corre-
spond to the procedural design specifications of each tool operation.
Finally, preprocessors which permit short-hand input and local syntax check-
ing of p-notation and v-notation must be implemented using an existing imple-

mentation language. Similar preprocessors are being created for the WELL-
MADE notation .

The MULTICS facility which will enhance the implementation of several of
the management support tool s is the protection mechanism provided by the
ring structure for access control. Data objects can be protected from illegal
access, thereby permitting documentation management and enforcement of
methodology procedures. The subsystem Q UIKNTS which exists unde r the
Honeywell GCOS 111 operating system supplie s an on-line PERT system
which could be used for resource management  and status reporting functions.
This subsystem could be converted to ope rate under a M IJLTICS environ-
ment.

All of the design analysis operations would require implementation using
MtJLT 1CS f ac i l i t i e s .  The environmental consistency check , stat ic  desi gn

verification , and the progr am seman t ic checks are all based upon in for mal

specifications and thus involve onl y di splay operations for manual checking.
Just as with the general design tools , the rv1 ULTICS text editors runoff facil-
ity, and command files can be used for implementing these ope rations. All

other analysis operations involving syntax, clos ure , consistency, and hier-
archial structure checks will require imp lementation in an existing progra m-
ming language.
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If the . RDM user is willing to modif y the recommended RDM documentation
str ucture , specification notation , or design notation , then a few existing
tools could be used to implement RDM support tools. Note that certain of
the se modifica tions would involve a change in methodology reflecting a dif-
feren t design philosophy. We there fore recommend that the user proceed
with caution if modifications are being considered . For example , by modi-
fying the documentat ion structure , the PSL/PSA tools of TSDOS [TEIC77)
could be used t o supply entry , retrieval , update , and doc ume nt analysis
capability. Howeve r , this system was designed to support the creation ,
ma nagement,  and analysis of requirements document rather than design
doc ument s . That is , no facili ties are provided for handling formal specifi-
cations . I t is recommende d that this tool be used for producing a require-
men t inte rpretation document rather than the entire design specifications .
Similarly, the tools for the SREM of the Software Development System
r I ) A\ T 177 ]  or the Sys tem Analysis Tool s of Softech I ROSS77J could be used
to genera te the requirements inte rpretation document.

SRI Inter national has designed a specification language , Spe cial [ROU B 77)

for constructing modul e , machine , mapping, and hiera rch y specifications.
Each module specifica tion of thi s methodolog y cor responds roug hly to the
specification of type requirements in RDM. By substituting Specia l
specifications for the RDM type requirements and by reorganizing the RDM
hierarchy of machi nes to correspond to the hierarch y proposed by SRI
In terna t iona l, the analysis tool s developed to support Special could be
used to support RDM . The Special t ools ha ve been implement ed for a

PDP 10 ope rating under the TENEX operating system. They include some
general design tools to support creation of the specifications and some
design anal ysis tools to suppo rt hierarch y and type requirement checks.
These involve syntax checks , strong type checking in the specifications , and
hie rarchial checks.  The Special tools onl y involve static specification;
program designs are not yet known to be included as part of the formalized
design document.  The fou r majo r ha ndle rs of the Special t ools corre-
spond very roughl y to the RDM requirements for design analysis checks as
follows.

113

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Table 5. Special Tools and RDM Checks

SDectal Too). RDM Check

Module Handler Machine Data Type Syntax Check

Mapping Function Handler Data Representation Validity Check

Interface Handler Environmental Consistency Check

Hierarchy Handler Hierarchial Ordering Check

All other RDM checks apply directly or indirectly to the analysis of program
design .

Finally, note that if the RDM user were to replace the PDL with an appro-
priate subset of an existing implementation language , many of the program
design checks would be performed by the early phases of compilation. The
language should support abstract data types and strong typing. The com-
piler can be used for consistency checks , type checking, a nd syntax checks.
Example s of this type of implementation language are MODULA t \VIRT77 ] .
Euclid [LAMP77 ) ,  LIS [ICHB74] . and CLU rLISK75J.  The diff iculty of
this approach is that most of the existing compilers require all levels of the
desi gn before such checks can be made . This prevents the incremental
design and checking which is desirable in RDM . To provide this faci l i ty
would require modification of the compile r to permit syntax checks on
partially complete d progra m designs. Furthermore , code generation should
not occur until all design correctness issues have been resolved . Tha t is ,
testing cannot be used as a substitute for verification of the design.
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5. DE MONSTRATION OF THE METHODOLOGY

P URPOSE OF THE DEMON STRA TION

Sta temen t of the Task

In order to test the ideas developed in the earlier tasks of the RDM work ,
a sof tware design was produced . This desi gn was to be performed using the
procedures and te chni q ues developed in Task 2 , with support from the tool s
(or at least their anticipated support) defined in Task 3. The documentation
of this design was to reflect the documentation structure developed in the
notation of RDM.

In order to give a more realistic feeling of the possible problems of the prac-
tical applica tion of RDM , the demonstration was produced by designers
fresh ly trained and therefore , no t experienced in the use of the methodology.

The A udience

There are two specific groups of peopl e to whom the design is addressed:
designers and implemen tors. Since the purpose of a design methodology is
to aid the production of reliable software , unders tandability of the design to
the implementors was very important. I t is the experience of the demon-
st r i tion team that desi gners may understand complex design procedures
more readil y than coders. Give n that premise , significant effort was placed

on clarity of design from an implementors viewpoint.

An ticipated Resul t s

The assumption that a design could be produced using RDM in its purest (and

mos t recent )  form is obviously nai lr e. The demonstration had the goal to
test the teachabi l i ty of RDM to good ave rage designers together with the goal
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of debugging the methodology and unif ying its conventions and procedures.
It was anticipated the refore , that  the resu lt ing design methodology might
look somewhat different than Its original form. The actual software design
produced in the demonstration is of interest only for highlights and exempli-
fying the methodology. An interesting byprod u ct is , of course , the compari-
son of two designs following the same requirements,  but produced by diffe r-
ent methods. This comparison is discussed later in this chapter.

THE PROBLEM

Definition of a PSL

A programming support libra ry as defined in RA DC-TR-74-300 , Volume V
is

the reposi tory for da ta necessary for the orderl y develop-
men t of computer programs us ing top-down s t ructure d program-
min g technology. . . A PSI. also includes the necessary compu-
ter and office procedure s for man ipula t ing that  data. ”

There is a wide variet y of funct ions  available to the user  of a PSL . These
are:

• Storage and maintenance of programming da t a

• Output of programming  data and related control data

• Support of the compilation and test ing of programs

• Support of the generation of program documentation

• Gene ration and maintenance support for PSI . hie rarch y

• Collection and reporting of management  data related to program
dc~velopment

• Control over the integrity and securi ty of the data stored in the PSL

• Separati on of the clerical activity related to the progr ammthg pro-
cess
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Relevant Te rm s and Concepts

Libraries - - The data in the PSL is organized into internal (machine read-
able) and external (notebooks) libraries. Da ta in a single library usually
shares some common origin or testing . This use of the word “library” is
general and should not be confused with the more specific use of the word
below. The hierarch y of da ta is organized into four levels as described.

Projec t - -  This is the highest level of data organization in a PSL hie rarch y.
It corresponds to a major independent programming operation and contains
all the da ta rela ted to the opera t ion . An example might be: “ the Jovial
compiler project. ”

Librar y - - The next level below a project corresponds to a part icular ver-
sion or major component of a project . For example: “ 1976 Jovial com-
piler. ”

File -- Librar ies  conta in files, which are uni q ue ident if icat ions of similar
data . A file contains the same type of information . For examp le: “ source
code for 1977 .fov ial comp iler.”

Unit - - The lowest level of data organization in the PSL is a unit. A f i l e

con tains units which are segments of data such as line s of source code , an
object m odule , or a documen t in text form .

PSL Catalog -- A directory of all PSL’s which exist in a given computer
sys tem. A directory of all management  data files is kept here also .

Project Catalog - - This is a data file used to record each l ibrary file in the
projec t.

Library File Index - - This index gives the location of each uni t  in the file
and of the file accounting record .

117



File Accounting Record - - An area used to store the accounting data fo r each
file.

-- A characte r string (like a name) which identifies a unit in a file.

Purge Function

A number of functions are available to be performed on each entity in a PSI. .
For example , functions to add and delete projects , m ove and pur ge files.
In particular, this demonstration used the purge function for units for its
design.

The purge func tion allows the use r of a PSL to remove a unit of data from a

file . In order to remove this unit , it must  be verified to not be include d in

another unit. (The inclusion concept is a way of textually inc orporating da ta
from one unit into another without  repeating the data . See Fi gure i i . )

. •.

[ 
FILE

I I
UNITA UNIT B

“INCLUDE B

Figure i i . Data Shi f t

B is included wi thin A and t he r e f e r~ cannet be d e l e t ’d .
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FIRST ATTEMPT — DATA DEFINITIONS

Approach

The first effort at using RDM to redesign the purge function invol ved the
da ta of a PSL, only. After thoroughl y unders tanding the requirements of
the PSL, the designers examined all elements of the data structure s
it incorporated . This meant that the f i rs t  step was to follow the input data
throug h the system to the desire d conclusion. The input data provided to
tne purge function was:

PUR GE PROJECT , LIB RARY , FILE, UNIT , KEY

where KE Y was opt ional .

Thi s effort  led to the uncovering of the following da ta structures:

PSL: collection of projects

PROJECT: collection of librarie s

LIBRARY : collection of files and file accounting records

FI LE: collection of units and unit accounting records

UN IT /KEY:  collection of (source) data

UNIT ACCOUNTING RECORDS: co1iectioi~ of informa tion about a unit .

Given the da ta stru ct ure desc r ibed , it should be possible to extract the ope r-

ations available for each type mentioned above . Tha t reason led to the defi-

nit ion:

file (unit: Ti , uar: T2) array

fun purge (unit_name : T3)

re turns (succe ss fail)

end f ile

Ti , T2 , T3: abstract
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Vie wing the system in this way require s that much information about higher
levels of the design be developed at the bottom level. For example , are
pointers and unit names ide ntical ? Is the unit nam e a member of the array
of file, or is part of the cont ent s of unit abstract ?

Advantages and Disadvantages

Given the exper ience level of the designers , the ques t ion s posed above pre-
sen ted a difficult  situation. We found that  we were able to traverse to the
bottom of the system design for each particular function and attribute it to a
known type. We were not then able to interrelate ope rations on type s to each
other , so that the design was complete (yet skeletal) from the top down .

The obvious advantage of this approach when isolated from other activities
is then: the data structures and inte rrelationships of data were uncovered
readily.

Conversely, the disadvantage is: the interrelat ionships f opera t ions  (or
flo’~ of control) was hidden until the end of the design process .

This disadvantage meant that environmental criteria such as execution speed ,
machine type, and implemen tabi lity of the design were ignored .

SECOND ATTEMPT ALGORITHM DE VELOPMENT

Approach

The success of the previous attempt was obviously l imited . The refore , the
designers took a respite from data descriptions and began looking at the
problem algor i thmically. This approach embodied the standard top down
structure d prog ramming approach with the addition of the use of the con-
structive approach.
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This att emp t yielded a ve ry clear , diagrammatical understanding of the flow
of control. In particular , the design resulting f rom thi s looked as fo llows in
Figure 12:

p~~qe

unit Found 1 [ Included unit ~~~~~deTete unit I
unit index examine unit

Figure 12 . Pro gram St ru ct ure Flow Chart

Wi thout spending an excessive amount  of time explaining an incomplete
desig n , it shoul d be no ted that of the two lowest level functions , unit _index
and print_er ror lead one to believe that the de sign res t s on the loca t ion ar~I
referen cing of a unit in a file. A t  this point the designers were tempted to
in troduce the selection of pointe r s, an impleme ntation sensitive idea and
delive r the design. Each function was derived using the constructive ap-
proach and the r efore , fel t to be correct. T~e control flow from module to
modul e was clean , and preserved the idea of transformations on the input
space to derive the output space .
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Advantages and Disadvantag~~

The consultants to the designers felt the relationship of data items and types
to the operations as prescribed by RDM was not sufficiently understood .
The major disadvantages: tendency to overlook interrelationship of data.

And the advantages: a high conformance to implementation constraints and
an ease of use of the technique.

With this in mind , a third attempt was begun.

THIRD ATTE MPT — SYSTE M DESIGN

The Abstract  Mac.~in e A pproach

It was suggested that the abstract  machin e concept as introd uced in the pre-
vious description of the RDI~I in this report , mi ght provide a mean s of unif y-
Ing the algorithms and data structure s developed from each of the f i rs t
attempts. Br iefly, an abst rac t m achi ne may be viewed as a se t of type s and
ope ra t ions for those types for which applicati on programs may he writ ten .
The application programs in this context are the prog rams being desi gned .

This approach in practice is an i teration between the data definit ion
method and the algorithm method . A firs t t ry at defining da ta is made .
Next , the al gor ithms necessary t o ma n ipulate th a t da ta are defined . Then
the consistency of the system is examined and the process repeated as nec-
essa ry until a machi ne design is completed . Af ter a sufficie nt number of

itera tions , the logical group ings of type should lead the designer to a few ,
well-defined machine s which comprise the system.

In the two previous attempts the designers had tried to develop in one case a
hierarchy of date and in the other a hierarch y of algorithms; in the suggested
RDM approa ch each and every st ep create s a machine a s da ta types and as
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programs running on it. The machine design is almost totally completed
before f urther machines in the hierarch y are designed.

This approach is difficult  to use without a back ground of familiarity with
abs tract machine s, h owever, and n~~y be rejec ted by some designers as
too d i f f i c u l t .  The “Critique ” section of Chapter 5 contains a further criti que
of the app roach .

The Final Desi g n

The final design is a system containing fo ur abs tract machines, one corre-
sponding to each of the levels of hie rarch y in a PSL . The fo ur machines
were:

PSL SYST FM

PROJEC T

LIB

FILE

PSL-SYST 1 M -- This machine contains two major  programs: Batch control
program and Online_ control_program (not designed in the demonstration) .
Each of these programs is designed to process requests from a different
input source. It is a reflec tion of our desire to stay within the IBM frame-
work that this division was retained. We can see no design or implementa-
tion constraint which would require its retention.

The Batch_ con t rol_program was designed to show its relationship to purge,
which it involves as a function on the type PSL. No te that all low level func-
t ions a re desig ned as opera t ions on the hi ghest level type in the system PSL.
This result  evolve d after a number of i terations in the design . The ma jor
reason for this was the fact that the functions and their  data are also visible
f r om the hi ghest level . That is , the user requests a unit (low level) to be
purged by submit t ing his request to the Batch_control_program (high level).
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PROJ - - This machine was not designe d in the demonstration.

LIB -- The LIB machine defines the type library as a collection of files. It
contains a program (as a minimum) to purge a file unit . The purge_file_unit
program In turn references a subprogram file_found . The major reason for
the existence of these programs is to locate the particular file in which the
unit to be purged resides.

FILE - The FILE machine is the most detailed machine design in the demon-
stration . It contains the type unit and the programs PURGE _UNIT and

ADD1 _UNIT . These programs in turn  reference the subprogram s unit _
found and delete unit .

The structure is comp lete at this point. Note the similarity of program func-
tionalites in this design when compared to that described in the second at-
tempt. The similari ty for data s t ructure can be noted also .

The overall machi ne s tructure is shown in Figure 13 and the documentation
of this design is presented in A ppendix C.

CRITIQUE

Utility of the Method

The major drawback of a method which involve s iteration on a number of
desi gns and redesigns is the diff icul ty of deciding when to stop. An itera-
tive process must  be supporte d by a defini t ive se t of procedu res which guide
the desig ner . Admittedl y, intui t ion ma y be the bes t tool availahlL ~o the
designer. In that regard , the designers of this demonstration problem found
their intuition ve ry help ful , bu t often in conflict with the abstract machine
approach. On the contrary , th ose very famil ia r with abstract machines
relied heavily on their  intuition without the same conflicts. This leads to the
foll owing conclusion: Training is critical , and the necessary amount and
duration has been grossly underest imated .
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Machines Programs Subprograms

PSL System
Types Batch control program
PSL Online contro ? program

I
PROJ
(not designe d)

I
L lB

PURGE FILE UNIT file foundTypes — — —

file

I
FILE PURGE UNIT unit Found
Typ eS — 

ADD 1 UNIT delete unit
trnit — —

UNI T

(not designed)

Figure 13. PSL. Machines Hierarchy
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Strength s and Weaknesses of RDM

Strength s - -

• Discipline is Imposed on the designer

• Correct programs are designed

• Documentation Is available at the completion of the design

• Data objects and types are thoroughly understood

• Documentation can be excerpted to provide various levels of detail
as needed

• Use of automated tools is facilitated .

Weaknesses - -

• The method is difficult to learn

• Implementation constraints may be ove rlooked. Experience of
actual implementation is needed.

• Traditional intuition may lead to faulty conclusions.

Comparison of RDM Solution with IBM Solution

The major point of difference between the two solutions is the increased
detail 11DM mandated on the include d unit problem. The TDSP and ITI PO
method allowed a desi gn to be prod u ced which contain ed a log ic flaw . (Dis-
cussions with the IBM designe r revealed the problem was indeed understood ,
but it was felt that it would be solved at imp lementation tim e .)

A second diffe rence , though not major , invol ved the division of all program s
Into batch oriented and on-line oriented at a very high level. This division
appear s to be unnecessary in the context of RDM , thoug h it is not a desig n
flaw.
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6. ~ U \ l  ~\l~\ R’Y A N D  CONCLUSION

In this report the general problems of software development and the founda-
tions for their solutions have been discussed. I t has been observed that the
diff icul t ies  of software development are p r imar i ly  due to a general lack of

design principles leading to a rat ional  design methodology.  A methodology

is a set of procedure s supported by principles which are made ef fec t ive  by a

se t of notational and organizational  tools.

An extensive invest igat ion has been made in the ‘ Design Principles ” section

at the beginning of Chapte r 2 of the research involving three des ign princi-
ples denoted as proof-of - correctness , lirn i t in g  comple xity , and construct ive
design . It was shown th a t  a set of concepts and funct ions fo rming  the foun-
dations of a rational design methodology are derived from this  research.
They incl ude execut ion-  independent  ( s ta t ic )  representat ion of the design ,
no ta t ions  for design speci f ica t ions  which  permi t  proof-of-correctness , ab-
s t r ac t ion  as a basis for p rogra m decomposi t ion , hiera rchical  in terfaces , and

c on s t r i i c t i v ~ design d i sc ip l ine s  wh ich  allow the  designer to ar r i v e  at a design
sp~ c i f i cat i on  from a se t of r equ i rements  by using co r rec tness -p re se rv ing
design 5t~~l)5 .

In the sect i on on R I ) \ I  l ’ rocedur e s , ’ chapte r 3 , t h e  convent ions  and pro-
cedures  In ~x i s t in g des ig n methodolo gies  were d i scus sed . It was  observed
tha t the top-down , st r u c t u r e d p r o g r a m m i n g  approach f i r s t  d i scussed  by
\ l i l l s  and  Baker has  s o n  t h e  most complete and most  extensivel y descr ibed

me thodolog y to dat . A l t h o u g h  th is  methodolog y has  achieved some popu iarity
among s o f t \ ~ re de ve l opmen t  o rg an i za t i ons , it of ten  has led to less than
total ly s u c c e s s f u l  r~ s u i l t s . Tb is is due in pa rt to def ic ienc ies  in the method-
ology . Cu r r e n t  ri ~e r ch on me thod o l o r i e s  gen e r a l ly  offer  var ia t ions  on the
top down , st  ru e  ur ed  pr’oi ~ r u m  m in g  approach . ( ‘hapte r 3 then presented the

s l l g g e st e ( l  p r o ee du r e s a n d  c o n ven t  ionS  of a r a t i o n a l  de sign  nie thodo logv .

The t oo l s a n d  t e c h n i q u e s  of ’ a ~ol t \ ’ :~ u’ d ev e l op men t  methodology wer e
d i sc us s, cI i f l  e l i : i p h r 4 . I t  w a s  ol ) s ( u ’v ( d t h a t  t h e y  i nc lud e  n o t a t i o n , clerical
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aids , ver i f ica t ion t e chn ique s, and management  schemes to support the
des ign  process . The sect ion on no ta t ions  included d iscuss ions  of c h a r t s .
imp l e m e n t a t i o n  l a n g u a g e s , des ign spec i f ica t ion  l a n g u a g e s , and require-

ments  spec i f i ca t ion  l anguages .  Clerical a ids  involve computer  support

tools which relieve the des igner  of e r ror  prone tasks  and provide  a basis
for control and mana gement  of the d e s i g n  process . V e r i f i c a t i o n  of the de-

sign involves both syntact ic  and s em a n t i c ’  check ing  of the design as well as

its p e r f o r man c e  a s s e s s m e n t . I)esign m a n a ge m e n t  inc ludes  organiza t ion

techni ques , p rocedures , and computer  support  sy s t em s  to a n a ly z e  and

control the des ign  process. l) es i gn :
‘
~ aalvsis  tool s provide sen i -au tomat ic

aids w the designe r for ver i f y ing  the •~o r rec tnes s  and consis tency of the
desi g n . Recommenda t ions  are made to the  RDM user  for tools imple-
m e n t a t i o n .

Chap te r  5 p r e s e n t s  the  demonst r a t i on  of the app l icat ion of ra t ional  des ign
methodology to the  design of a port ion of the  EIU\ l developed Program Support
Library .  The com plete doc umenta t ion  of the demons t ra t ion  design is
p resented in A ppendi x C and a complete B N I ’  descr ip t ion  of the I ’D !. is
pro sented in A ppendi x B.

A l t l~ough the d e s ign  process is univ a phase  of so f tware  development , it is
in this  phase  t h a t  the prope r basis for control l ed development is e st a b l i s h e d .
No imp lemen ta t ion  tool , p rogr amming  language , or m r n a g en u nt t e chn ique
is effect ive  if it does not in te r face  w i t h  or make  u se of r e s u l t s  of the design
phase .

The RD M presented here repr esents  an approach to the solut ion  of the d e s i L n
prob lem . The ni ethodo l ogv , howeve r , s t i l l  r equ i res  a d d i t i o n a l  deve lopment .
:\r eas where this  d ev e l o p m e n t  appears  mos t  p rof i t ab l e are e du c a t i o n ,
per form ance  e v a l u a t i o n , and e x t e n s i o n s  to o ther  phases  of softwa re develop-
ment  inc lud ing  ~‘eq ui r e m en  t 5 . sp c i f ic a  t i o n s . i m p l e m e n t a t i o n , a n d  m a n age  —

m o nt . .\ lso . the  prob lem of concur ren t  processes  n i u s t  b~ conside red .

~4 o f twa  re deve lopment  problems can  hr so lved  liv u n c o o r d i na t e d  a c t i v i t i e s  in
the v a r i o u s  phases  of the  d ev e l o p m e n t  process . T low ’ y en , to ach  i e \ (  m a x i —
m urn e f f e c t i v e n e s s , ¶ h se e f f o r t s  shou l d he conceived  and  p1 nned  wi ibm 1h
con t ext  of ¶ h e  I {IY\ I .
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Appendix A — PDL Description

The syntax and informa l descriptions of the semantics of the program

design language (PDL) will be Dresented in this appendix. The PDL

includes notation for genera l design specifications , detailed design

specifications , and documentation of the total design . The notations

include program flow constructs , expressions , primitive data structures ,

constructs for data structure descriptions , and object de1iniri o~s.

The svntatic description will be preserted is ~NF productions . The

discussion on semantics wil l i,~clude informa l descriptions of all

const ruc ts~

Machine 1

Data

— 

~2 
13

Types 15 

hi 3

Dat:~~~~~~~~~~2 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~
t:

©O
Tvpe5 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_ ,~~~‘ h ine ~
P

Data

Figure A .1: Hierarchy of Abstract Machines
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NOTATION CONVENT IiNS

0, A , B , X, Y are objecr symbols
t is a type symbol
F is a function symbol
V denotes a value

and : are used to qua lif y sv”± ls
{se e “Dot ~nd Colon  ~~‘tat Ion

’

N~ T E: In addition , the colon (:) Is
used to separate a symbol and
Its definit ion
see “Type Declarations ” and
“Data (Variable) Declarations }

I information between brackets is o p t i n a l
< > denotes a syntactic svrThol

denotes exp lanatory into rm ation
text denotes Eng lish text

Summary of the Desi .~~~~~ A ctivity

The suggested ~esi n p r ’ c e i u r~ or ~~~t tvi r e Systens as r e f l e c t e d  in the

d e s i g n e r s  activit y is des ribed briefl y bel v.

T r an s l a t e  the re;ui rements i n t o  a static spec i I it ion. In so

d o i n g  the data types mus t be p .irtiallv defined (as a name and a
se t  of  v a l u e s ) .

2. 1) ,-~ ign one or  more  p r o  c. t o  r e t  l er t  t he  s t . i t  i c  des ign  f r o m  ( 1 ) .
In so inc . the n, c,ssorv o 1 , r a t i  Os 0 n types are discovered and
t h e  vpe  d e f i n i  n ,-. rt iv he •~.rnp l e t  ‘d.

3. Forr ,il lv l’ ’iir ent the work ~i ne thus far , che ck for consistency ,
and co r r -  t as necessary, t’ rncil proofs - f al~~ori thns may hi

p e r i rmed if it is r,’ t , i

i. Expand all t ypes ~- l i i c h  i r e  n t  p r i m i t i v e  and r e p e a t  ( 1) ,  (2 ~ , and (3)
u s i n g  t h e  t y p e  o p e r . i r  ions  spe ,  i t  i , a r i o n s  as r e q u i r e n t - n t s .

5. The p ro. ,‘ss is c irp li ’t~- wh en the desired level of lmpl ement ,’ib il i tv
has been achieve d .

6. Verif y the p e r t rm.inc.’ r eq ui  , , r , n ~~s by  analy zing the design .
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DATA STRUCTURES IV-NOTATION }

1. P1~~~)’jT~~~iJ~ DATA T’YPF.S
and their operations

a. integer
{unary} — , {unarv3 +.

— , a , , , ~~, - , < , ) , > ,

b. real
{unary) — , lunary } +,
+, — , * , 1, ~~, 3’ , < , < , ~ , > , :=

c. boolean
{eonstant}T , (coristant}F
not , and , or , xor , cand , cor , : , , 3’

d. char

3’. < , 
•~~~, > , > ,

e. (lv. .hv) (subranRe )
where lv and hv are lowest value and
highest value of a primitive type

f .  (V1 UV2I . . . IVn) (enumerated)
where VI , \‘2 , ..,, ~‘n are the only
oerr,issible values of this data type
(eg. , COLOR: (}iFnPt- ’PITF,BU’fl

g. abstract {a type designat or whose
definition is given elsewhere l

2. PR IMITIVE DATA STRUCTURES
and their operations

a. Cartesian Product {~~ecord~

ordered (0 :t 0 :t ; . . .: U
1 1  2 2  n n

unordered (0 :t . I) :t 0 :t
1 1  2 2  n n

selector orieration :
if A is an ordered or unordered
cartesian oroduct then A.O 1 or
A:01 selects the ith component

h . Discriminate Union

(V :t Iv ~t I. . . ’’. ; t  )
1 1 2 2

tag operation:
If A Is a discriminate union
then the variable A.ta g has the
value V

1 if the value of A is
of type
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c. Array (or sequence)

t array

Operations

if A is an array of iter,s of type t th en

A.lob — the integer w h i c h  is t h e
smallest index

A.hib — the integer which is t he
largest Index

A . d o m  — the non—negative lntece r
which is the nn’d ,.r c~
e l e m e n t s ;
A , dom=A , b i b — A .  c b+ -Q

AU) — t he  v a l u e  of  the Ith i t em

A.l ow — the  i.~~-.t i t e m

A . h i g h  — the last I t e m

A:  lor ,-r — ren .e the irst i t e r ’

A :  a I rem — r emove  t b ,  l i s t

A : l . ’ , ’~~t ( , i ~ - a np e c d  a n e-v  f i r s t  i t O m , a

A : h L , - x t  ( a )  — a ’- : ’& ’nd a new I ast i t e m , a

A : = ( k .~~ , a ,, .., a ) — i n i ti a l  i:’ i- ,-\ w i t h
1 n

A.I ch’~ , and
,,. .,  A~ ~ 4- . —

A :svan(T , J)  — excb,i’~ t~’ he I t h  and  ~t h
i t  cci

A : s h i t t  (n )  — s h i  t h ,  d,’m,iin n
o an i n t t i z i - r .  ( n O  t o  the
r i g h t ,  n - . O  t .  t lii l,” t )

3, Dot  and C o l o n  y t  i t  ion

— O b j e c t .  f u n c t i o n  ( p , i r . r - ’ c t t r s )
v a l u e  p roduc  j og  cipe~ a t io n  on a d o t ,
-it rue t ir e

E g .  A . d o n i , A.  lob ,, ii ,t i~~,

— O h ) ’  t :3 u n c t i o n  ( ; ‘ .i r i r c t i - r s i
v i i  ue chang in g  o r  I t I on on a ¶

-,t r ’ i t u r ,

P g .  A : 1 e - i - x t , A : ’ .w . , i ( I , - .)

1 4
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4 . Data (\‘ariahle) Declarations

a .  F o r m a t

< o h l e c t  i d > : - . t y p e  e x p r e s s i a n - ( < s c u p e . J
(‘text ’ )

Pg. X:inte ger

h . Scope — a p p l i e s  o n l y  to  v a r i a b l e  ot
programs within a single module
p — (private), local and un init ialized

— ( l a t e n t ) ,  inh~ r : i ed and u n i n i t i a l i z e d
g — ( g l o b a l ) ,  i n h e r i t e d  and  i n i t i a l i z e d
c — (constant), v—( variabte )

‘-c o i ’ ~i r u l e -i pc , pv , i c , lv , gc , gv

E g .  X : i n t e g e r  pv

~X is pr i’.’ a t e  v a r i a b l e  i m t e g c r ~

5. Type D e c l a r a t i o n s

type name> ((<parameter lis t ’- )I :~~type expressio n> ;

[ .~~~! <data dec , rot ions ):
[ i n v - . i n v a r i a n t  a s s e r t j c r i ’~ } : ]
fun il uoc tion name ’ (-tunct ie -n : ir ,i’- -.t ers>)

[retn r n s- ’hje ’t s :~~t vp i’-]
[~ y~~’ s pi- ’ i t i c a t i o n s ’ l

[end t y p e  name ‘1

where <parameter list> , ‘data declarations ’,
and <function parameters> is an unordered
cartesian oroduct; -tspe expression ’ is an
expression of primitive structures and
types; and ‘invariant assertion’ and
< spe ci fic ations ’ are assertions

Eg,
stack(n:inte ger):nar ’ie .irr iv

let {S:stacktn ) , n:
m v  {S.dor ’ < n}
fun push (X:name) returns S

req (in:S,dom <

o u t :  S— S : h i e x t ( X )

fun full returns h :hoolean

~~ 
( ( S .dom n ~~~h~~t r i u ’)  o r
(S.dom<n “)h~ false)

end stack
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PROGRAM STRUCTURES (P-NOTATiON )

1. S e q u e n t i a l  oo e ra t lons

S
1
; S

2 ~
S~-statements)

2. No operation

3. A s s i g n m e n t

x , X X : ~~E 1 E , . . . , E1 2 n 1 2 n

The value o’ the expression , Ej, is assigned
to b e t h e  ;a l u e  o~ the ’ va r iab le , X 1.
A signment is made in parallel to all 

0

3 , Selection

i f B ‘S I N , ‘° ,I . - SB -~S f i
— 1 1 ,, n n~~~
wh e r e  B , B B are boolean-valued

exp~ ess~ons call~ d the guards
and c

1
, S2 S are program statement

lists called tRe guarded commands
A t rue guard , B 1, is se l ec ted  and the
corresponding guarded command S~ is
executed. At least one guard must be true ,
else the program aborts.

5. Iteration

do B ‘5 SB -‘S I . .  IS ~S od
1 1 2 2 n n —

whe re 
~

1, ~~ B a re boo lean- ’valued
expressions cal 1?ed the guards

and s , S 2 , .. . , S are program statement
Ists called ~he guarded commands

A true guard , B~ , is selected , the
corresoonding guarded command is executed
and then the process repeated . When all
guards are false , a skip occurs.
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L . Functions

Data structure operations

infix (x + v)
dot A.low -

colon A ,hiext (I)

Prog rams

<program name> (<actual parameters>)

Initialization

Ohject:injt (<actual parameters>)

7. Commen ts

(<t ext > )

8. Assert Ions

Assert( <assertions >

SPE CI FICATI ONS

Notation for assertions , invaria nts , req uire-
ments , cor.Oitions, and input , output , or state
specifications.

Form s

1. English text (<text> )

2. Effects of (value of) data structure
operations .

3. Predli’sr p fl~f 1’,ttions :

<predicate> (<parametersi.)means<textt .

4. Mathematical Symbols:

a. Logical connectors

or (I, V ) ,  and (!i ,& ) ,  not (i),
excl u sive or (x or ) ,  condi t ional
and ( cand ) ,  conditional or (cor),
then (imp lies ,4)

b, Quantifiers

existential — (3,E, there exist)
un iversal — (V,A , f or a ll)

c. Sets

element (c), Union (çQ , in tersect ion (fl)
difference (A”B), Comp lement (A)

d. Primed symbols denote values after the
execution of the program ; whereas non—
primed s~~bol s denote values before
execution .
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UOCUMENTATION

REQUIREMENTS U;TERPRETATIO~ S <name>:

<t ext

S’i’STEM ‘na me -

<machine name>t tex t>~
< m a c n i n e  n a r n e > ( ’- :e x t ’

~ kCHINE <machine name>:

MISSION DESCPIPTION

Func t ion :~~~’~jecifi C,1t ion

hs,~~~’ I nt or roit : Of l

A c ’ ~~, p t i n ci C r i  t i -c ia

~< tex t ” 
-

DES I C\ )I)Cl.’’ThN’l ‘iT ! C’~

IA’ I j u S  ‘t Vp ,’ l i m i  list

Ov e r v i ew

t e x t

I r e - u i i t ’ s

- pt’ I u i I . ~ t e -  d o t  m i t  i e - n s

p r e d i c a t e  di - f i n i t i o n s ’

l.
\

ty pe de -u’ l i  ri t ions

‘- t y p e  dc c l  a r a t  t i n s

F~’ trio - nt I).i I I

- la t a Ic l a r a t  Urn

<data d e clo r i ti on

Data nvariant

‘-assert Iofl—~

In! t tall rat ion

<program text -‘

Pro

‘program

program name - { ‘ t i~~~ t -
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(SI’S) PRi ’~CR ’~” <program nari~> [(<p1~
’5m . list >)1 ~~~~~~~~~~~~~~~ 

<pa ra~ .> l

Overview

(<t ext >)

Variables

<variable dec1at~ati0n> (5c0Pe>

‘v a r iab l e  d ec l a r atj 0 0 >< ~~~0~~~
>

- program name> (<text>)

<program name> (<text>)

Input SpeCificat,~ 0t~! 
(assertion)

Output Specific~ t,i0t~ 
(assertion !

Performance Specific ations (assertion)

In v a r i an t  (assertions!

Text

<program text>

Notes

(<t ex t>)

END <program name>

(SUB) 1 program name ( C parair . t~st> )1 !E
,,

ç~~
n5 < param .’l}

FND <m ac h m f b  name>

MACHINE <machine name>

ENO<Irachine name>

END <system name>
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Appendix B — RDM Notation SNF

DOCUM ENTATION LEVE L SYNTAX

REQ UIRE i€NT S

< syste m design >
<req uirements’
<system desc>

<req uirements>
REQUIRE~€NTS INTERPRETATIONS <sys tem_id>

< text >

SY STE~’

< sy st e r _ d e s c -  : :
SYS T E~-I ‘-svs ter’ id>

<machine index>
—r’ achine ,doc_l ist>

<machine index> ::=
<r’achine id - < t e x t -  imachine index ” l
‘- r-.a ch in e i d>  ‘ - t e x t  -

,ma chine doc list
- n :tchini- c lu e imachine_doc_list ’
- rua . h ire doe

l i i  ~; F

-ra cit ine doc”
‘iha’!t I ‘~F <mach Inc name
PT hh I aN DESCRI 1<1

- miss i ouu l i - s
DEbTC N rx l dL -~q :N ’F~~T I )N

s U n  I c ’

‘ m i s ~i i  ‘n d<-s ’
F[FCT i )5\,~ DFSCtm Il ~1 I I

it ,- x t ~’
I ‘;I ’ aR ~~AT 1)5

.-\) (‘EpTANCI: CC ! F I R ! A
<te xt -

~design_doc -

‘machine des ign_sp 4 - c -

bN’F) ‘ machine_ id>
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SPECIFICAT ION LEVEL SYNTA X

MACTI INI

<mach inc I -s i  4 - r i  - .‘ r -  >

D E F I N E S  ‘ t v p i -  I d  l i s t  ;
‘ma chine ,_ sta ti design
‘machine p r~~’r .irr d~- s i gn ’

. M A C H I N I  S T A T I C  DESIGN
-machine st a t i , , l-- i~~n

‘-over vi ew’
i pr edi c .it,’s>
- types’
• h i l i ’

‘-invariant ”
‘initi al Izat ion
<programs ”

< types > ::—

- type_dec_li st

<predicates >

Predicates < text >

<data ’
. 1
Permanent data < object _ dec _ list -

< i nvariant > ::—
.1
Data Invariant <text>;

<initia lization > ::
.1
Initialization <program text’;

<programs ’ ::—

Programs <program _dec _ li st -
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TYPES DECLARAT ION

< type_~ec_lIet : :•
<type_dec> <type_dec_list’
<type_dec>

< t y pe dec> : : —
< type_id> <type parameters > :

<type expression’
<local_objec ts>
<invariants >
<functions>

end <type_id> ;

‘-type_parameters >

(<formal _parameters’)

typ e_expression>
<type Id>
<type id> (‘actua l_pa rameters>)
abstract

<prim data type’
St ructured t vpc

‘pri r- d .it.i type .-

boo i e m  I

cha r  I
( - s u h i i ng i  ‘)  I
(<enumerated ’)

• s,ilu r m nR e - - : : =

‘1b ~ ::
constant >

tnt I R I ’  r c o n s ta n t

• en i i m m ’r a t e d  : : =
- p r i m i t i v e _v a l u e  I - e n u m e r a t e d ’ l
-primitive _value-

-u t r i  t in -il I vpe :
‘-u i r r ,IV ’

- , i r t m s i . I i product -

•imniu rdered cartesian product -
‘union -
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‘- tvpe m - x p r - - -us ion ‘ ar n,i y

< union’
<S t rul tune h i’ mil  >1 union
• -i t rue-tore h~~ d

‘-structure h ea d ’ S. :=
e x p r e s s i on

‘‘ nclm- r edcirte si a n pr odiict ’ ::=
- s t r uc t u r e  ! i c a d’ ;- o r de r e d  c a rt e s i a n  product ’
‘-structure head>

‘-unordered car ti-iu ian product> :
‘structure _lie-ad ,< uuordered cartesian product ’
<structure head -

‘-local obj,- t s  ‘ :

le t -oh ject d ii I i t  -

‘- t unctjon-
function ‘-functi on id>’Input par ameters --output parameters>

re~ -t e xt ” ;

— input parameter s -

(‘ tormal p a r a m e t e r s ) ;

-o utput _parameters > ::=

returns ‘fomma l_parame ti-rs

DATA DECLARATIONS

<object dci list ’
• uuh j~ - c t  ~tt - ‘h  ect de c l i st ’
<ob c i t dee-’

<object dee-> :
- object Id lis t ’ : t\-pe expression’;

-o bjec t Id lis t -’::
b l e t id> ,’o h)ec t ld l i st ’ I

< object id ’
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PROGRAMS

<program _dec_ list ’
<program dee”, ’ pnu - m ’r.i” dec l i s t
<program_dec>

<program_dec >: :~~
<program_id><text >

PARAMETERS

<formal_parame ters> :
<object_dec_list>

<ac tual parame ters > :
<value_ ref  ,— ac tual parameters> I
<value_ ref  -
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PROGRAM (DETAILED) DES IGN SYNTAX

PROGRAM

<machine_program_design > ::
<program_lis t’-

<program lis t’-
<program ’ <program_list> I
<program >

<program ’ : :=
PROGRAM ‘program_doe-> I
SUBPROGRAM <program_doc>

<program_doe ->
<program id’- : <Input parameters >’coutput parameters -
<overview’
<variables ”
subprograms’

<specifica tions>
<loop_invariant>
<program_text’
<notes )

end <progr am_ id’3

overview > ::=
overview;
overview < text >

<variables ’
variables I
variable <variable _ list ”;

<subprograms’ : :—
subprograms
subpro~ ram ,s -progra m I&~ list ’;

<specifications > ::=
I n p u t  Spe i t  j i  i t  i ii . - t e x t > ;
Ciu~ p,pt Sp’~ j t i . i t  io n-u ‘t e x t > ~
P e r t ’ r m . ’ mn d_j~P ’’ i t  i i t  I - i u- - ‘ - t e x t > ;

<loop invar iantg- :

l oop Invariants ’ text >;
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• p r . -c r .i r ’ t ext ’- :
text ‘-p n o t i t  ion’:

‘-no tes - : : =

n- ’t , ’ s - t e x t > ;

VARIABLES

-variable - lis t’ ::= <ob ject dcc -<scope ’;’-var iab le list >

<object _ dee - ” - s cop e ’

-scope’
gv e- lv Ic ~~V PC

P-NOTAT I ON

‘~~~ n tat Icn ’:

- S ta tenent> <p n t  i t  ion’

<statement>

-statement >
‘s ir -p e s t a t e m e n t >
‘- control stat e - n e a t -

< c o n t r o l_s t a t e m e n t >
<al ternative construct>
< repetitive - construct ’

< s i m p l e_s t a t e m e n t >  ::
- p r o g r a t r u i c t iv a t i c ’n ’

assert {<text-
cur rent (‘-text’!

- a s s i g n m e n t  s t a t e m e n t >

A L !  E R N A T  I VE ( ‘) i N ~~T R I C ’I ’

‘a l t e r n a t l v - e - ’ n s t r u i -t - :

i f < g u i rde ’ command se t  - t i
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R E P E T I T I V E  C O N S t R I CT

‘.repet it lye cons true - t” : : =
do -. g u a r d~-d cotumi and s e t’  , d

GUARDED C()~~~..\N~) SET

- g u . u r d , -d command se t  ‘
<guarded comm mn l - guarded command set ’
‘-guarded command

- gu .ir ,ti-d command -

“ g u a r d ”  ‘ ‘ p n ’ r i t i o n >

- guard - ::

~expressio n>

PROGRAM ACTIVAT ION

< p r o g r a m  a c t i v a t i o n  -
inii t <activation parameters> I

< .funs’’cacti vation parameters -
<a’ rav fun -u

.funs’ ::
<Id” I
- I d >  : I
‘-Id- - .funs<
‘- I d ’ - : ‘- .f u n s -

‘activation parameters

m l
(<act ual_parameters - )

ARRAY FUNCTIONS

<array_ f uns’
‘- .funs’ .<array _v fuu n-- .ii ’tivation _paramet ers -

< .funs>: ’arr iv ’v fun .ictiv ati on parcm rie t-rs >

< a r r a y v f  un- :
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hi’ - l o b  i ’ m  h i  ~-, lc l ow

<array cv fu r’
s h i f t  ~~~~~~~ l ’ex t  i u i i - x t  h it -em I, lorem

ASSIGNMENT 5TA TEFt F N T

<assignment st ,uten ent ’
‘-assignment ret -expression - — amb iguous with ‘ “  relational op

if “= also used for assignment.
‘.ussignmen t ref’

c o r ’g r u a a ’  t i v a t i o n”

‘val ue ref>
<pr ogram activati on>
‘-cons t a n t ’
(<expressioxt ’-)

<expression .- :
‘- t e r m ’ - ’ - r e l . u t u o n u . o p ’< t e r r ~ ’
< t e  rm>

-- t e r n’
< term --’-adding <’p” -fact c r
- factor

— factor>
-‘ t’ a t u r > m u i t i p l v i n g  .‘p ’ ’- u n a r v  t e r m
- u n a ry  t e r m  -

un ir v  t~ ’ r’ — =

unar \- o ‘ Va ]  lie rot

r ’-’ l i t  l en a !  op

~addi ag -p ‘ =

+ — or

-mul ti p l y i n g  ‘p ::=
* - / -< a n d  - ‘ a n t

i n - I t - . op - : =

— + n o t
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A p p e n d i x  C — Doc u m e n t  at Ion - - 1 t h e  be-roost  r u t  ion

I F R P R E T A T I O N S  PS!. DE FuN cT RU I u \

Provide a tool (collection of

procedures) for storing and maintaining the data eman-

ating from and necessary for a programming project , to

include:

a. Storage and maintenance of programming dat a

b. Output of programming data and related control data

c. Support of the comp ilation and testing of programs

d. Support of the generation of program documentation

e. Support and generation of the PSL itself

f. Collection and reporting of management data

g. Control over the inte”ritv and security of data stored

in the library

I’m. Separate support for the clerical activity related to

a programming prolect .

The actual functions to be provided by each of the categories

s—h are :

a: add data , purge data , replace source lines , change

source data , copy items from point to point , generate

sequence numbers for lines of source data , compress

-‘ource data. (Only the “purge ” function will be

comp letely designed )

b: file directory index output , source data output ,

programsers directory/listings output , character string

scan

C: preco mpi lation interface , Ifrikage interface , execu t i on

interface

d: print text units , forma t lis t t n t - s , “ac’ - number listings ,

generate magnetic tape in print image form

e: install a PSL, initial a new project , allocate fil es ,

terminate a project or file , maintain the list ,f

authorized users
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f: initiate/terminate a management data file , collect

management data , automatically report management data ,

print management data , report data history , check

automatic exception , support user routines

g: (unspecified by iBM)

~: (unap.cified by IBM)

SYSTEM PSL DEMC ~~St R A ~~~’ N

P SL SY S T EM

PROJ t a c t  desig n e d

LI S

F I L E

C N I T  a-c c~- - - .~~’ - -

F,\utG ’o pc i, 5”

u u a t u c na. -j~- 1 t i a t io fl. Two Ct - n t  rd a u - c g r . u r . =

l,it ~~h Ce-nt r- ’ I F  r - m -r.um . m d  On li n e - C -nt u’ I I ’ r- ’F ran

ir e  en v i s i n , - , t  F i t -  t h i s  r,u ’ h in - P er  u h - c  p u r p -u - e

ci:’ t t u i <  - t , -m - n u t . r 5t  i - n  o n l y  th i -  Bat -h C u u t r o ~ i’ r. ’g t  i t-u

i a ,  h i - en  des t gr i d an d  -n l v lu ’ inc ions updating

the ‘SI _ i r e  ,-moll.,s i, , ! .

. . ,C . r -ifc .r it.iiio n. R,” u - ’ .ts t - ‘ ‘ - n - -rn mv - 1  t h e

d i v .  f u n  t - n - . s h ou t  d ~ - n t  ‘‘re t t C r . , ig ti i - i t  tier a

b a t h inpu t St  r i -in ( I i  I, r , r i t s  r u  i t ,  on !  i n -  r e q u es t .

‘U’ c ij ’- t u m n c C r i t r i a  ‘I tt ,- , t t ~s i g n  sh’,u I d ii- c ’ ’  ra]

be i t-i t i t  t b Ii - (to I - r n >  ‘f  l i t  , i  < t  r u ’ ’

u. i t  Ii a ! 1 t , i r  y r i n p u t  ‘ ri
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S -

Ove rview

This machine defines a PSL sy stem which may be accessed

b~ batch or on—line requests. This is due to the desire

to reproduce as faithfull y as possible the existing IBM

design. T t .  - r i -  is  no design or implementation constraint

wo i ctu reuu .’ res this distinction.

Predicate
REMOVED (u) impl ies that a unit , u , and its accountin g in f o r ma-

tion have been taken from the file.

unit: abstract

file: abstract

library: abstract

project: abstract

info: abstract

( rest of the request s }
Cmd : (purgel addi createS ... )

{any valid PSL coimnand )

request: (C:cmd ,I:info)

message: integer
let In: message

(prints the status tressage on the users device ’!

fun print returns m

end message

PSL: projec t a r r ay

i~! 
X : PSL , R: request , F: file

f u n  exists returns b: boolean

re~ (n o t  d e s i g n e d  In  t h i s  d e m o n s t r a t i o n : b~ T , i f  PSL ,-x i s t = ,

o t he rwise= I’

fun Install (R.I :info ) returns m: message

~~~~~~ (ins talls a ri], named  N such that X .exjsts= 1 3

f u n  merge (I., Ll: l ibrary) returns m: mms —u ,iyI-

‘ rui r g , - s  Li  w i t h  L t o  I ‘ run a new 1 ihrarv L ’
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fun r- - - t ire (P:pro ~ i u u ) ret urns m : rti’ssage

r ,~ j  (restores P from backup storage

fun add (u: unit) returns m: message

~~~~~ , (adds the unit u to the file F

F ’ = F: hiext(u)}

fun purge (u: unit ) returns m: message

~ a f i n :  t h e r e  e x ist s  at m i st line I ,

F . l o b  i F .h i b , u ” F ( i )

o u t :  FEM i nV ED k u  I

end P SL

Perman ent  D a t a

~ : PSI~

Data Invariant

x.ex ists T ~ x .dom ~O

or , x ,exists • F ~ x.doni - 0

Initia li zation

x:ini t (ini tialize the str ucture of x , primiti ve

function called any-where in PSL-

P ro~~~~~
Batch controljrOgram

Online control,jrogram ‘, n ot  designed in this examp le)

PROC RAII Batch control ,program (R: request)

()ve rv j ew

Accepts a request to operate on a PSi., or to

install one I t it does not ex i st.

Variables

R: r & - t ue s t

{R is a local var i able w I - I  ci holds the request)
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Input Specification

True (no limitations on input)

Output Specification

x ’, m o d i f i e d  b y the performance of the operation
as follows :

R . C  p u r g e  4x ’ no t containing u and , m— ”ok”

B.C add “ax ’ — x augmented by the unit ii

and , m ”ok”

x.exists — T f o r  a l l  of the  above

if the PSL does not exist then

x ,exists F and B.C = u n s t a l l  ~~ x is a PSL or

x.ex lsts F arid B.C # instal1~~~~m = message “91 ’

Tex t

i f  not ( x . exists)- . ’

if R . C  • install * m : x : install (R.t)

S R.C ~ install * a :91

fi

U x,exi sts *

if R.C — purge • a :— x: purge (R . I )

• R.C — add a : x: add (R ,I)

U t
fi

f i ;  m .print

END Batch _controljrograa

PROG RAM Online_control~~ rograni (R:reques t)

END Online_controljrogram

END PSL SYSTEM
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M A C H I N E  LI B :

‘FISSION DESCRIPTION

F u n c t i o n a l  Sp e c i f i ca t i o n .  T h i s  nachine  d e f i n e s

the  t v l i e  l i br a ry  an. a collection of files. I t

contains , at l i t a st , çhe program to locate a

p a r t i c u l . m r  t i l e  in w u i c d  a u n i t  t o  he purge d

ri-sides.

Usage Information

Acceptance Criteria

DESIGN DOCIJMENT

Defines IIh r , u u  {the type “lIbrar y ”)

Overview

PROJECT in turn - cii inc- u PSL w ! u !  c i i i  is a ty pe

du-tined in the hig hest abstract machine

151,  SYSTEM and  L l ’ r m r u -  a c t  ito -s Project .

file: ( name : charac ter i t - t - . i , t i ?  -i i i

f u n  ~‘C R GF , U S i T  (n:unutname) return s a : message

I ‘
~~ 

i i i  I uni t ion r,’mcv,,-s in I t I re m a

f u n  A U D I  U N I T  i n :  li i i ITI;mrue t r I  ‘I r o . .  r u t m’’s’-.ig

(possibl y more operations)

end file

f I le~iji it : ( t n a m e  : c h m r m i t , ’ r  a r t - i l ’ ; unars - : in i t  0mm , ’

message: integer

. 7 1 :  ab s tract

unitname : abstract
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Permanen t Da ta

L: file arra y

Data Invarian t

All fname s contain ed in L are different.

Initialization

L :~ (0) {arrav initialization function )

Programs

P URG E F  I L L _UN IT

ADD1 FI LE UN IT

PROG RAM PURG E F I L E  UMT (name : f i l e u n i t)  r e t u r n s  in: message

Overv iew

This program removes the file name from the

pathname , and calls purge unit.

Variables

I: integer pv
( t i m e  i n d e x  of the  f i l e  to  be purg ed ’

a: message pv

(clear and disti nct messages )

name: tileunit PC

Subprograms

file_found

Input Specificatio ns

True (all inp ut conditions allow a co r r e c t  o u t p u t  s t a t e

to be reached.~

Output Specifications

If there exists a file in L which matches name ,

then it is modified by PURG E_UNIT , otherwise ,

a — 88.
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Tex t

i : — file found (il,O:, ’ , t n it -t i ’)

if i < L.hib — m :— (i) PUNiS UNIT (narie .uname)

5 j ‘L hlb • a

fi

end PURGE FILE UNIT

END LiS

MACHINE FILE

MISSION DESCRIPTION

Functional Specification

The abs trac t mach ine FILE sho u ld imp lemen t those

types and operations on a PSL which pertain to

files. In particular , t he  op era t ions to purge

units ( P U R G E _UNIT) , add unit s (ADDI U N I T ) ,  and

modify t he contents of a unit (CHA N GE U N I T )  are

imp lemented here . The knowledge of the content s

mit lower l e v e l s  is hidden. That is , the actual

contents of a unit are not needed for the two

conanands ADD1 UNIT and PURGE UNIT. The third

function was not designed. Ii it were , it would

be necessary to create a U N I T  m a c h i n e .

Information

This machine is invoked by performing an

operation on the type file at some higher level.

Accept ance Cr 1 teria

168



-, -_--- - —~~~~~~-- - - -

DESIGN DOCUMENTATION

Def ines f i l e

Overview

For the demonstration purposes this machine realizes

the functions to add and purge u sing le uni t  of a
file. The problem of “inc luth units is treated

for the purge function.

u n i t :  ( un am e : u n it n a me , data: Jl , j nt , ’ :j3)

Jl: text

text ,J2: abstract

(these types will be further

refined when needed. They rep-

resen t the contents of the unit ’s

ac tual data and its unit accounting

record.)

J3: (count: integer , m ci: unitname

stub: boolean, other: J2)

(J3 is the unit accounting record. For the purpose

of this design we need

count — the number of times a unit is

included in another.

m d  — an array of name s of units

which a given uni t includes .

9tub — a flag which indicates whether

this unit is a stub. A stub is

a uni t which contains no data. It

serves as a p laceho lder for later use. ’!

unitname : (Ti: har m t ,’r arr ,-,--

• 12: (Un : character arr~y, key : integer))

(Since the key is optional , a uni tnaa may consist

of n ame only or name and key )

m ’ - n . s i g e : integer

(a ret u r’ned rum-s sagi- nun! .’
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Permanen t Data

f: uni t ~~~~~~~~~~ (Actually a file , but viewed at this

level as an array of units)

Data Invariant

All unames are different within a single file.

A unit can be imagined as a node of a graph repre-

senting the relationship of unit inclusions.

Count would then indicate the number of edges

entering the node and the array m c i  gives the names

of nodes reachable from this node .

Let f be a file. ~~j: f .lob < < f. hlb:

f(j).info.stub — true 4 f (j).data.doa — 0
Other relationships between units are not of interest.

Initialization

f : (O) (This operatio n (initialization) establishes

the array structure }

Program s

PURGE UNIT (Remove a unit from a file)

ADD 1_UNIT (Add a single unit to a file. No include )

i ’FFANGL LNIT -n iu dif ies the content of a u n i t }
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PROGRAM PURGE UNIT (nam e : unitname) returns in: rre..s ,i~’,

Overview

This program removes a unit f rom a file if it

exis ts and is not included in another, If it

sa tisfies these criteria , the units which are

included by this unit are “un l i n k e d ” (the in-

clusion re la t i onshi p is terminated).

Var iab les

1: in teger pv

(an index variable)

name: unitna ine PC

(copying the name to a local variable

so thaL it can be passed to another program I

a: message pv

Subprograms

unit _ found (program to determine if a unit exists

in the file }

dele te_uni t (program to remove the unit from the file }

Inpu t Specifications

True (There are no res trictions on the input states.

Therefore all inpu t states allow the achieve-

ment of correct output state)

Output Sp e c i f i c a t ions

(1) The uni t exists and it is not included in another

uni t {coun t — 0)4

f ’ .dotn — f .dom — 1

and the unit no longer exists

and the unit is not in any include statement

and a — 35 (good return )
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( 2 )  The uni t exists and it is included in another unit

(count ,‘ O}~~
in — 27 ( error return)

(3) The uni t doesn ’t exj s t )

in — 13 (error return)

Performance Spec i f ica t ions

The performance of PURGE_UNIT for a uni t which does

no t contain another unit is proportional to the

number of uni ts in the file divided by two
(f.dom / 2). For a unit which includes other units ,
t he performance is proportional to the number of
units it includes plus one times f,doin / 2.

Tex t

i : unit found(name); (does the unit exist)

if i f. tttb can4 f(t).info.couu-.t — 0 *

delete_uni t; a : 35

(if the unit exists and is not included in

ano ther , dele te it)

• i ~ f.hib cand f(i) .info.coun t • 0 *

a : 27
(the unit exists and is included

• I > f.hib * a : —  13

(th. unit doe s not exist in the file

fi

NOTES. The performance specifications can

be .*in tainsd by s iri p le s e q u e n t i a l  searches

of f in unit found  and in delete _uni t.

end PURGE_UN IT
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SUBPROGRAM delete unit

Overview

This program searches a unit to be deleted and

adjusts the include count of units it includes .

That is if the target unit has an entry in the

m d  array , that entry unit will be “unlinked ”

f rom the deleted unit.

Variables
I :  n~~-~~~,r ge

- t b .  i n d e x  ot t h e  u n i t  t o  he del . - t . d i
j , h :  i n t . -jj~- r  p v

ithe index variables ’

Sub prograa s
uni t_found (program to determine if a unit exists in the file’!

1n,p~ t Spec i f i c a t ions

f(i) is the unit to be deleted

and f(i).info. coun t — 0

and f .lob  < m f.hib

Outpu t Specifications

f ’.doin — f.dom —l (the unit has been deleted )

and the uni t no longer exists

and~~j such that f(i).inf~.incl.lob < j < f(i).info .incl.hib

3k such that f.lob ~ k ~ f. h lb

and f (i) .info.mncl(j) — f (k).uname~ > ii such that f.lob I < f.hib

and f (i).lnfo. incl (j) — f (t).unam e

and f’(k).info.count — f(k).jnfo,count —l

( tha t is , the include count for every unit

included by thi s ..e has been decr enie nt ed l

Performance Specific atiOns

erage t ine prnl~ort1onal to f.dorm . .~~. A l i n e a r

s,’iru’ hed algoritlu’i is s .lt l .;t, ar to r ” ,
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to. ’ 1 ova i i,mt s

‘i-.- f ( i ) . l n f m i . m n c l . l o b  < k ~ I

f ’ (t ) . in f o .co un t  — f ( ~~) . i n f o . c o u n t  — 1

~for all units which have been looked at ,

the count has been decrenonted)

Tex t

j :— f(i).Info.inc l .lob ;

( look at every unit in the include array)

do j  < f(i).info .Inc l.hib..,

h unit_found (f(i).info .mn cl(j));

f (h).info.count : f(h) .mnfo.count — 1;

j : j + ~~
od;

(At this point , al l  inc lude  counts have been reset .

Now remove the uni t.

f:swap(i ,f.hib); f :hirem

(The uni t has been de leted.}

No tes

The opera tions swap and hirem can be efficientl y

impleme nted with poin ters .

Th~ performance specific ations will c

satisfied if unit _found uses a linear search

itt - o r lth r

end d ele ct unit
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SUBPROGRAM unit_found (n: unitname ) returns I: in t eger

Overview

This program searches a fil .~ (array of units) for a

particular unit. If it Is located , an index in the

file array is returned, Otherwise , a value which is

not a valid index is returned.

Va r lab lee

I: integer

(the index of a unit in the file )

n: unitname

Input Specifications

True (No restrictions on the input states)

Output Specifications

(Either the file has been searched and the unit

locat ed , or the tile does OOt roritain the unit)

‘~‘k :  f . l o b  k I

~~~ [f(k) .uname n

and (f(i).unanue n or I f.hmb)
or ((f(i).uname.kov = n and f(i).un mnu e .un — n) or 1 f.hib )1

Per f ormance Spe cifications

Avera ge time requirements are satisfied by a l inear

search algorithm .

Loop Invarian ts

‘i’k: (.lob k < I =~ f(k).una*. • ii

Y k: f. l ob k i (f(k).uname.key # n or f(k ) .u namp .un n)

(We haven ’t found it , or we are still looking ,

or it doesn ’t exist)
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Tex t

I : f.lob ;

F 
if n. ta g TI

(If no key was provided )

do i < f.hib cand f(i)~ unsme i n -.

i : i + J

I n. tag =

(if a ~ey was provided)

do i < f.hib cand ((f(Ij.unaxne .un 0 n.un

cor f(i).unauie .kev • n.key)*

I : I + 1

od

fi

end unit found

P~~” h-i .
~J-~ -‘II)U t UN I I (AU : (un i t e :  un itn e - e .

‘ t , i t  -i : J ) ‘1 - , - t u u t ’ :i t-i (r  : r:ess m~~e

t i v e r ew

this progr’u tn u.- i l  1 add a si n t - i c  m u  ~,ihi~ h ontmi ifl s

no inc 1 udu - s , ih i- - mii ’ it ion - :t. ’ i ’ ’ri p I i-,t med hs’

on s t r t u i  ing an t n t ,  r :- ,- i i i i t e  d a t a  ~~. U l e i r  mn.!

dis t inct -:,-~ si gi-s ire transmitted ta r sad

di r e u.n t ape i t -n -

x :  Un i t  p’

I : t : t  t i - u ,  p V

,\t’ : I i n to — m e :  mm i t  oar,- , ,! i t  ,i : I I  p ,

- i :  n,s— ,, i~~e 
pv

ma: ’ -
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There  , ire rue ~d’ LUDE s t u t e m e o t s  i n  t h e  u n i t

to h~ ~dd~~d ,  tm n , - - ol d req,mes m i t  ,m tin ,- .

( I i  -~~‘ i : t , I e b  i r h i b :  t ( I ) , m m t t , i t ’ , ’ ~A ! , - m n ’  ma,- m t  i .dum O)
and AU . l , i t , m . ,Imum 0

= I . dm ,r i  ‘ I  and
3 I ‘ I - min im,- = Al .
and I ‘I (I .,l it -i AL ’ , , t i t i
m d  I ’ ( j )  . into.coun t I)

and ( ) . i n ! , ’ - in, - I . dunn 0
and t ’ (j). jn tm ’.stuh = VAI~~F
and tnH~~

I h) ~~ : : t . l o b - i t  . h t h  : t ( i) - n ’ i : - ’ m~~,A U .  mo-c ia, -
or I .  dam = I) ~~ü i j  Al - h u t a .  m! ~ ’a It

1 i t t h
3 j ‘ ( ) , m m r m ,  AU -

nih t ‘ ( )nil ut - ,  Al  d i i i - e r , p t V
and f ‘ ( j  ) , m l  m~ - - m a i n !  = (1

‘ ( I )  - in o. i n ,  ,mieru 0
- ma d ‘ (j) , inte- ~ st tu b TL~ F
and  m 3 8

(‘1) ~~i: ,lob ’ i I . i m m h :  I i ) . :mn ,u r’ ,-= ,\I’ ,m n ,mm - ’ u n - F
I t )  - in I - - s l u m l ’  1
‘ (i) ‘ f l !’  - t m h ’  LA !  SI

I ‘ ii  ) - i- it i AL - i l , i  t o

~ td  r m ’

(-I i 3 : :  I . I o h ’ i - t . I u i b :  t ( i ! . ’ m n u r , - ,-\ U . ,m n ir-~ and
F (I). in t~, ’ - m t  mb ‘A! SU
m ind r--~~’. 7

F’ ,- rt arriao,’ .‘ — _j ’.’ i l  . 1  I mn

Average  t i ne  p r o p o r t i o u a L to f . , I o ~~/ d .  A l i n ear

search aliti rit luru for unit found satisfies tlue

mm ‘Ce requl rem , ,it S.
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Text

uni t_found (n:AU.aname);

if I > f.hib and AU.dat a.dotn ~ 0 *

(crea te a new unit , no t a stu b )

x . uname :— AU.aname ;

x.da ta :—  AU.data;

x .info.count : 0;

x .info.incl :—  (0);

x .info.stub : F;

f : hiex t ( x ) ;  a : lb

I I f ,hib and AU.da ta .dom 0 0

and f(i) .info .s tub - T *

(change a stub in a data unit }

f ( i ) , d a t a  :— AU,da ta ;

f(i).info.stub : F; a :— 41

• i ‘hib and AU. da ta.doin 0 *

(crea te a new stub )

x.unatne :— AU.aname ;

x.da ta : (0);

x.info.count : 0;

x.info. incl : (0);

x .mnfo. stub :

f:hiext(x); m : 38

• i < hib and f(i).info.stub — F and

AU .data.doa — 0

(the attemp t to make a stub out of an

existing uni t is refused )

a : 47

ft

end ADO1 UN I T

ENI) FILE
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MISSION
of

Rame Air Development Center

MXY plans and conducts research , exploratory and advanced
development programs in convnand , control, and cosrnunicatlons
(C3) activities, and in the C3 areas of informatior sciences
and intelligence. The principal technical mission areas
are conmtun.ications , electromagnetic guidance and control ,
surveillance of ground and aerospace objects, intelligence
data collection and handling, information system technology,
ionospheri c propagation, solid state sciences, microwave
physics and electronic reliability, maintainability and
comp ati bill ty.
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