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Abstract

Existing verification technology, thougp theoretically adequate, is
not directly ap;licable to the construction of large software systems.
This thesis ecxplores the view that reasoning about code is not the
propes paradiga for correct program development. Instead,
specificaticns should be the objects of study and a logic should be
formulated for comstructively proving that specifications have
acceptable implementations; from these proofs code may pe extracted.
Thus, constructive exiutence. proofs become the programmer's main

concern, while exccutable text is seen as a valuable by-product of

correct ressoning which cannot be produced from incorrect reasoning.

The thesis captures this view of program development in a logic for
the formal refinement of specifications. Specifications are writtem in
an  imperative notation of generalized assignment; they allow
calculations in integer arithmetic and finite set theory. Classical
reascning techniques are shown inconsistent in this domain (where
propositicns may clsim the constructive existence of programs), hence an
alternative logic is developed based on intuitionistic reasoning.
Pzoofs in this constructive refinement logic are trees, stylistically
similar to those of Gerhard Gentzen's sequent calculus. It is argued
that while linear proots are appropriate when reasoning.is developed and
sresented on paper, hierarchical proofs are appropriale when rcasoning
is developed and presented with machine aid. A mechanism is described

that extracts correct code from valid proofs; its existence assures the



consistency of the logic. Finally, several code optimization techniques

are examined and applied to code extracted fron sample proofs.

The thesis concludes with a discussion of the expounded view of
correct program development, suggestions for s program development
system based on this view, and a look at the numerous research problems

remaining in this area.
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Chapter 1

Introducticn

1.1 Ihe saftware probhlem

With the advent of the silicon integrated circuit in the early
1960*'s, the fundamental electronics technology that underlies mnodern
ccuputers began doubling in eE[ectivenees every year [Siewiorek et. al.
1978, Bhandarkar and Juliussen 1978). Pricr to this technological
achievement, machires vere limited, society's expectations modest, ond
pctential applications of computers wvere adequately realized. Hovever,
as exponentially improving hardware encouraged increasingly complex
aprlications, the burden of producing correct, efficient, ever larger
systems came to rest on the programmer. Too often the programmer failed

miserably.

As hardware advances continued into the 1970's, the growing gap
between the expectation and reality of software development prcapted
computer scientists to examine the progremming task in deptii. Dijkstras
wrote the frequently mimicked "GOTO Statement Considered Haimful™ letter
[Dijkstra 1968a] advancing the idea that the goto statement led to
programs with "jntellectually unmanageable" cunt;ol flov. The term
"softvare engineering™ was coined to convey the notion thal programs are

structured objects to be constructed according to sound engineering
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principles [Randell and Naur 1968]. Progrcamicg langusge semantics took
on a new significance as Hoare's axiomatic method provided an effective
tool for analyzing beth the complexity of languages and the properties
of individual progroms [Hoare 1969]. Thesz ideas grew into several

broad areas of research aimed at solving the software problenm.

Languages:
Progranming language designers realized :that languages =must aid,
not burden, the programmer [Hoare 1973, Wirth 1974). Laagueges
vere developed to support the majcr intellectual techmiques for
handling cxplexity -- abstraction, casc analysis, i.nduction. etc.
-- without tiemselves becoming too cczplex to understand. tudy of
such areas as data absiraction, control abstrecticr, scoping, ard
mcdularity led to propusals for various supporting larguage

constructs.

Methodolegy:
After coneiderable debate, the "code then debug" philosophy gave
wvay to t:he idea that programs could and should be constructed to
function properly the first time executed (Mills 1975]. Top down
design from well specified requirements became an accepted
development technique. Projrammers recognized that testicg alcne
conld only mildly increase their ccrfideance that a prograr was
properly constructed; assured correctness had to be built in, it

couldn't be tested in.

Verificatior:
The notivn of program correctness was forwalized in various ways

and techniques were developed to prove programs ccrrect.
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(Correctness means performing according to specifications.
Avsuring the aptness of specifications is an importamt, but
distinct, problem.) These ideas affected programming languages and
methodology; they led to the suggestion that programs and their
proors be developed simultaneously. Systems were built to support

program verificatico with varying degrees of automated aid.

As of the late 1970's, many of these advances in programming
languages and methodology have had an impact on the comstruction of real
world sottware. Top down development and structured programming have
been adopted by a wide variety of software producers. Articles
proposing or analyzing other techniques appear constantly in the data
processing industry's trade journals. Myriad introductory programing
texts doscribe top down development in PL/I subsets or PASCAL.
®Structured programming™ preprocessors for FORTRAN, COBOL, and other old

lacguzges sewm as common as the compilers themselves.

In contrast, though the idea has been in the technical literature
for over a decade. formal verification of progrums has not had a direct
inpact on real world software production. That is, people almost never
carry out CO:I;PIE:Q formal verifications of their programs. For
icteresting algorithms, existing formal proof techniques and their
iaformal counterparts are adequate. These short programs, often
published, are subject to the dctailed scrutiny of many individuals.
RPeal programs, hovever, zre often so dull that only the original
frogracser ever reads them. Existing techriques, though theoretically
adequate, are exceedingly tedious in this domain, even if mechanical aid

is supplied. Thus, one finds that enforced formal verification with
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current technology is unacceptable in practice; yet, because real vorld
programs are too large to be fully tested and are produced by
programmers with a. persistent tendency to err, formal reasoning of some
kind (checked by machine) is exactly what is needed to guarantee the

correctness of large programs.

1.2 Ioward a solution

The work presented herein is based on the belief that current
verification technology is inadequate largely because it fails to
directly support effective methods of program development. Most
verification techniques are analytic tools, applicable to arbitrary code
segments divorced from their development; similarly, most verification
systems analyze arbitrary programs and yield a set of leomas
(verification conditions) that must be proven. In my experience,
however, careful, accurate programners having low error nt'es develop
correct programs with informal reasoning -- they seldom verify completed
programs with formal reasoning. Though formal techniques for analyzing
code can help guide informal development .e.g.. Dijkstra's use of
predicate transformers [Dijkstra 1976]), verification systems based on
these techniques are code readers -- they can only insure correctness by
analysis performed after code is written. In contrast, this tkesis
claims the need for a habitable formal logic and associated support

system for correct program gonstructiop.

A logic for program construction should formalize a particular
development methodology, mnot just the semantics of a conventional

programming language. The text produced by a programmer should contain
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the complete record of an idealized (i.c., no backup) development of his
progran, including all reasoning nceded to demonstrate its cor:-ectness.
Progromaers are generally aware of this reasoning during development of
correct code. Providing s formal notation for recording it permits
pregraa and proot synthesis to be integrated into one unified process,
vwith correctuess of the evolving program insured at all stages. This
apprcach formalizes the wmethodology advocated by many authors of
structured programming texts [Wirth 1973, Conway and GCries 1975,

Dijkstra 19763.

Establishing program correctness is viewed differently from this
vactage. Verification as a distinct activity no longer exists since
incorrect programs cannot be produced. Executable code is obtained only
by oeans of correct formal development. This change in viewpoint is of
great psychclogical importance because it captures the ides of
prograrming as a methodical process of discrete, manageable decisions in
vhich the concepts of bugs, quick and dirty programs, etc., never arise.
When constructing programs to wmeet given specifications, I believe
limiting omne's thought in this way is not just appropriate, but

essential.

A program development logic requires programmers to manipulate
substantially more text than is usual. Aleo, formal reasoning has an
advantage over rigorous reasoning only when it is mechanically checked
for validity. Thus, an interactive system that assists and watches the
prcgrammwer is an irdispensable part of this approach. The minimal
version of such a ‘sylten must provide clerical help in manipulating

program developments and should check the validity of reasoning used
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therein. In addition, the system should take over the work of prcving
the mass of trivial propositions found in developments. The constantly
increasing ratio of software to hardware costs has made any su:h‘
assistance economically attractive, even at the expense of substaatial

dedicated conmputing power.

The view ot program development acvocated here clearly contradicts
the well known argument that "programs should not' be writtea at
terminals™. The reasoning behind that claim applies to coanventicnaal
(edit-run-debug) cyléus. because they effectively support only the
"modify until all the test cases work" methedology. My proposal is for
a system supporting a more tenable wethodolciy. requiring and helping
the programmer to reason about all possible executions. I envisicn
construction proceeding via a man-wachine dialogue, perhaps a variaticn
of that cuggested by Floyd [Floyd 1971]. The dialogue wculd epphaszize
correct reasoning in a style suited to expressing complete idealized

developuments.

1.3 Organization of the thesis

The body of this thesis is the presentation and analysis of -PP.L.l a
logic for the top down development of programs. PRL, an acrooyn for
Program Refinement Logic., is a formalism that provicdes for the
apecificatig'n and correct refinement of programs operating on integers,
booleans, and well typed, homogeneous, finite sets. The logic is the
result of my attempt at the "habitable formal logic ... for program

construction" called for in the previous section.
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Chapters 3 and 4 contain the major technical results of my work.
Chapter 3 describes PRL in depth; it includes examples dispersed
throughout the text. Chapter 4 presents a detailed account of a method
for extracting (i.e., compiling) programs from proofs. Inkerent in this

account is a demonstration of the logic's conmsistency.

Though I have tried to limit the bulk of the thesis, chapters 3 and
4 have steadfastly resisted my efforte. In chapter 2, the “casual"
reader vill find the general ideas of refinement logics, motivated and
developed from previous work on program correctness. Chapter 5 first
sumnarizes the three fundamental ideas that underlie !RL. then
enucerates a varicty of areas subject to future study. Thus, chapters 2
and 5 provide an overview of refinement logics in the context of past

and suggested research.



Chapter 2

Correct Program Development by Formal Refimcmest

2.1 Some existing approackes Lo correctness

I shall now discuss a variety of methods aimed at helping people
produce correct imperative progrems. These methods range from the early
work on formally defining correctness to automatic systems for
synthesizing correct code from specifications. They roughly fall into
three catagories: development methodologies, formal logics, and computer

based programming support systems.

The fundamental idea iq establiehing correctness is that executable
programs may be interpreted as defining clusses of computations. One
can analyze a given program to determine its meaning., that is, the class
of computations it performs. A program is said to be correct exactly
when its determinea meaning is consistent with a separate specification

of its intended meaning.

Early workers on program verification [Naur 1966, Floyd 1967}
developed a method of assigning predicates, called inductive assertions,
to various points in the control flow of a program so that every time
execution reaches any particular point the corresponding assertion is
true. By choosing assertions appropriately and examining all execution

paths between each pair, the progran may be proved correct, in that the

























































































































































































































































































































































































































































































































































