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Abstract

We have designed,implemerted, and proved the correctnessof a
compiler generatorthat acceptsaction semaric descriptionsof imper-
ative programming languages.The generatedcompilers emit absolute
code for an abstract RISC machine languagethat currently is assem-
bled into code for the SPARC and the HP Precision Architecture. Our
machine languageneedsno run-time type-tedking and is thus more
realistic than those consideredin previous compiler proofs. We use
solely algebraic speci cations; proofs are given in the initial model.

1 Intro duction

The previous approatesto proving correctnessof compilersfor non-trivial
languagesall use target code with run-time type-deding. The following
semattic rule is typical for thesetarget languages:

(FIRST :C; hvg;voi 1 S) ! (C; vy S)

The rule describes the semarnics of an instruction that extracts the rst
componert of the top-elemen of the stad, provided that the top-elemer is
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a pair. If not, then it is implicit that the executor of the target language
halts the execution. Hence,the executorhasto do run-time type-deding.

Run-time type-thedking imposesan unwelcomepenalty on executiontime
becausemore work hasto be done by the executor of the target language.
It may be argued,though, that the executorcanrely on the sourcelanguage
being statically type-deded, and thus avoid the run-time type-teds. This
implies an unwelcomecoupling of the sourceand target languageshowe\er,
which preverts the target languagefrom being an independen product, for
generaluse.

This paper addresseghe use of independen, realistic target languages
without type information in the semartics. The paper also concernsthe
possibility of proving correctnessof a compiler geneator, thus making cor-
rectnessproof a once-and-for-alle ort.

We have overcometheseproblems. We have designed,mplemerted, and
proved the correctnessof a compiler generator, called Cantor, that accepts
action semaric descriptionsof programminglanguages.The generatedcom-
pilers emit absolute code for an abstract RISC [57] madcine languagewith-
out run-time type-heking. The consideredsubsetof action notation, see
appendix A, is suitable for describing imperative programming languages
featuring:

Complicated cortrol ow;

Block structure;

Non-recursiwe abstractions, sud as proceduresand functions; and
Static typing.

For an exampleof a languagedescriptionthat hasbeenprocessedy Cantor,
seeappendix B. The abstract RISC madine languagecaneasilybe expanded
into code for existing RISC processors.Currently, implemertations exist for
the SPARC [25 and the HP PrecisionArchitecture [42].

The technique neededfor managing without run-time type-deding in
the target languageis the following:

De ne the relationships between semattic valuesin the source and
target languageswith respect to both a type and a madine state.



Thus, we de ne an operation which given a target value V, a madine state
M, and a type T will yield the sort of sourcevalueswhich have type T
and are represeted by V and M. Here,\sort" can be thought of as\set".
For example, an integer can represen a value of type truth-v alue-list by
pointing to a heapwherethe list componerts are represeted. In this case,
our operation will yield a sort cortaining preciselythat truth-v alue-list, when
given the integer, the type \truth-v alue-list”, and the heap.

In cortrast, for example Nielson and Nielson [40] does not involve the
madine state when relating sematic values. Instead, they require target
valuesto be \self-cortained". Hence, they needto have seeral types of
target valuesand a target madine that doesrun-time type cheding.

With our approad we can make do with just one type of target values,
namely integer, thus avoiding run-time type-deding and getting closeto
the 32-bit words usedin the SPARC. Note that we do not insert type tagsin
the run-time represetations of sourcevalues;no type information is presen
at run-time.

The relationship between semaric values allows the proof of a lemma
expressing\co de well-behavedness"which is essetial when reasoningabout
executionsof compiled code. The required type information is usefulduring
compilation, too; it is collectedby the compilerin a separatepassbeforethe
codegeneration. This passalsocollectsthe information neededor generating
absolute,rather than relative, code.

The dewelopmen of Cantor was guided by the following principles:

Correctnessis more important than e ciency; and

Speci cation and proof must be completedbeforeimplemertation be-
gins.

As a result, on the positive side, the Cantor implemertation was quickly
produced, and only a handful of minor errors (that had beenoverlooked in
the proof!) had to be correctedbeforethe systemworked. On the negative
side, the generatedcompilersemit code that run at leasttwo ordersof mag-
nitude slowver than correspnding target programsproducedby handwritten
compilers.

The speci cation and proof of correctnessof the Cantor systemis an ex-
perimert in using the framework of uni ed algebras,dewloped by Mosses



[35, 33, 34]. Unied algebrasallows the algebraic speci cation of both ab-
stract data typesand operational semairtics in a way sud that initial models
are guararteedto exist, exceptwhenaxiomscortradict constrairts, in which
caseno models of the speci cation exist. We have demonstratedthat also
a non-trivial compiler can be eleganly speci ed using unied algebras. In
comparisonwith structural operational semarics and natural semarics, we
replaceinferencerules by Horn clauses. The notational di erence is minor,
andonly super cial di erencesappearin the proofsoftheoremsabout uni ed
speci cations. Where Despeyroux [10] could prove lemmashby induction in
the length of inference,we instead adopt an axiomatization of Horn logic and
prove lemmasby induction in the number of occurrencesof \mo dus ponens”
in the proof in the initial model.

This paper givesan overview of the author's forthcoming PhD thesis[44].
Most de nitions and proofs are omitted. For an overview of our experimerts
with generatinga compiler for a subsetof Ada, see[43].

In the following section we examine the major previous approades to
compiler generationand compiler correctnessproofs. In section3 we outline
the structure of the Cantor system,including the abstract RISC madine lan-
guageand the action compiler, and we give someperformancemeasures.In
section4 we state the correctnesgheorem,and nally in section5 we survey
our approad to proving correctnessn the absenceof run-time type-deding
in the target language.We also discusswhy we do not treat recursion.

The reader is assumedto be familiar with algebraic speci cation [12],
compilation of block structured languages[64], and the notion of a RISC
architecture [57].

2 Previous Work

2.1 Compiler Generation

The problem of compiler generationis usually approated by choosinga par-
ticular de nition of a speci c target language[46]. The task is then to write
and prove the correctnessof a compiler for a notation for de ning source
languages.Sudt a compiler canthen be composedwith a languagede nition

to yield a correct compiler for the language,see gure 1. Compiler gener-
ators that operate in this way are often called semantics-diected compiler
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Figure 1. Semanics-directed compiler generation.

generators. The Cantor systemdescriked in this paper is an exampleof a
sematics-directed compiler generator. It acceptslanguagede nitions writ-
ten in action notation, and it outputs compilersthat emit codein an abstract
RISC madine language.

The traditional approad to compiler generationis basedon denotational
semantics[53]. Examplesof existing compiler generatorsbasedon this idea
include Mosses'Semartics Implemertation System(SIS) [29], Paulson's Se-
martics Processorl(PSP) [45, 46], and Wand's Semartic Prototyping System
(SPS) [62]. In SIS, the lambda expressionsare executedby a direct imple-
mertation of beta-reduction;in PSP and SPSthey are compiledinto SECD
and Sthemecode, respectively. There are no considerationsof the possible
correctnessof either the implemenation of beta-reduction, the translations
to SECD or Sdhemecode, or the implemertation of SECD or Stheme. The
target programs produced by these systemshave beenreported to run at
least three orders of magnitude slower than correspnding target programs
producedby handwritten compilers[22].

After these systemswere built, seeral translations of lambda notation
into other abstract madines have been proved correct. Notable instances
are the categoricalabstract madine [8] and the abstract machinesthat can
be derived systematically from an operational semarics of lambda notation,
usingHannan'smethod [16, 14, 15]. It remainsto be demonstrated,howe\er,
if a compiler which incorporates one of them will be more e cient than the
classicalsystems.Also, the correctnessof implemertations of theseabstract



madiines has not beenconsidered.

It appearsthat the poor performancecharacteristicsof the classicalcom-
piler generatorsdo not simply stemfrom ine cien t implemerntations of lambda
notation. Mossesobsened that denotational semarics intertwine model de-
tails with the semartic description, thus blurring the underlying conceptual
analysis[31]. Plebanand Leefurther obsened that not only a human reader
but also an automatic compiler generatorwill have di cult y in recovering
the underlying analysis[48]. Attempts to recover useful information from
lambda expressionsinclude Sdimidt's work on detecting so-called single-
threaded store argumerts and stadk single-threadedenvironment argumerts
[52, 54], and the binding-time analysisof Nielsonand Nielson[41]. Despite
that, it seemsunlikely that the performancecharacteristics of compiler gen-
erators basedon denotational semarics soon will be improved beyond that
of existing sud systems.

A number of compiler generatorshave beenbuilt that producecompilers
of a quality that comparewell with commercially available compilers. Major
examplesare the CAT systemof Scimidt and Veller [55, 56|, the compiler
generator of Kelsey and Hudak [21], and the Mess system of Pleban and
Lee[47, 23,49, 22]. Theseapproahesare basedon rather ad hoc notations
for de ning languages,and they lack correctnessproofs, like the classical
systems. They indicate, howewer, that better performanceof the produced
compiler is obtained when:

Somemodel details are omitted from a languagede nition; and

The notation for de ning languagess biasedtowards \compilable lan-
guages".

A radically di erent approad to compiler generationis taken by Dam and
Jensen[9]. They considerthe useof natural semarics [20] (which they call
\relational semairtics") as the basis of a compiler generator. They devise
an algorithm for transforming a natural semanic de nition into a compiling
speci cation. The algorithm requiresa languagede nition to satisfy some
conditions; it is su cien tly generalto apply to a languageof while-programs,
but hasnot beenimplemented. The generatedcompilersemit code for a stadk
madhine; the correctnessof these compilers has beensketched, whereasthe
implemertation of the stack machine is not considered.



Finally, compiler generationcan be obtained by self-applicationof a par-
tial evaluator. The Ceressystemof Tofte [6(] is an early example of this,
demonstratingthat even compilergeneratorscanbe automatically generated.
Ceresusesa languageof o wcharts with an implicit state asthe notation for
de ning sourcelanguages.Another notable partial evaluator is the Similix of
Bondorfand Danvy [5, 6] which treats a subsetof Sheme. Gomardand Jones
implemerted a self-applicablepartial evaluator, called mix, for an untyped
lambda notation [13]. It has beenusedto generatea compiler for a lan-
guageof while-programs. The generatedcompiler emits programsin lambda
notation. The correctnessof this compiler generatorhas beenproved; it re-
mainsto be seen,however, if the partial evaluation approat will leadto the
generationof compilersfor corvertional machine architectures.

The lack of correctnessproofs for the realistic compiler generatorslimits
the con dencewe canhave in a generatedcompiler. Let usthereforeexamine
the major previousapproadesto compiler correctnessproofs.

2.2 Compiler Correctness Pro ofs

The traditional approad to proving compiler correctnessis basedon deno-
tational semartics [24, 26, 58, 51, 39 or algebraicvariations hereof[7, 28,59,
3, 30). The correctnessstatemert can be pictured asa commnuting diagram,
see gure 2.

It hasbeendemonstratedthat completeproofsof compilercorrectnescan
be automatically chedked. Two signi cant instancesare Young's [65 work,
using the Boyer-Moore theorem prover, and Joyce's [19, 18] work using the
HOL system. In both cases,the target code of the translation is a non-
idealizedmacdine-leel architecture whoseimplemertation hasbeenveri ed
with respect to a low level of the computer, seefor example[17, 27]. The
veri cation of both architectureshasevenbeenautomatically cheked. These
examplesof systemsveri cation [4] areimportant: they minimize the amourt
of distrust one needhave to sud a veri ed system. Of course,one can still
suspect errorsin the implemertation of the gate-lewel of the computer, or in
the implemenation of the theorem prover, but many other sourcesof errors
have beeneliminated.

The use of denotational sematics rendersdi cult the speci cation of
languageswith non-determinismand parallelism. Sud featurescan be spec-
ied easily howewer, by adopting the framework of structural operational
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Figure 2: Compiler correctness.

semartics [50]. For a surwey of recent work on proving the correctnessof
compilersfor sud languages,seethe paper by Gammelgaardand Nielson
[11], which also cortains a detailed accourt of the approad taken in the
ProCoSproject, wherethe sourcelanguageconsideredis Occam?2.

In a special form of structural operational sematics, called natural se-
martics [20], one considersonly stepsfrom con gurations to nal states.
When both the sourceand target languageshave a natural semarnics, then
there is hope for proving the correctnessof a compiler using the proof tech-
nique of Despeyroux [10]. As with the proof techniquesusedwhen dealing
with denotational semattics, Despeyroux's techniqgue amourts to giving a
proof by induction on the length of a computation. The correctnessstate-
mert is di erent, though. Instead of proving that a diagram commnutes,

sheprovesthe validity of two properties, which informally can be stated as
follows:

Completeness: if the sourceprogram terminates, then so doesthe
target program, and with the sameresult; and

Soundness: if the target program terminates, then so doesthe source
program, and with the sameresult.



Despeyroux provesthe correctnessstatemert by induction in the length of
the proofs of the assumptionsof these properties. A certral lemma states
that the code for an expressionbeharesin a disciplined way. We call this
property \code well-beharedness”. We will usea variation of Despeyroux's
technique, adaptedto the framework of uni ed algebras,seelater.

A major de ciency of all the previousapproadesto compiler correctness,
exceptthat of Joyce[19, 18], is their using a target languagethat performs
run-time type-tedking, asexplainedabove. Joyce considersonly a language
of while-programs,and it is not clear how to generalizehis approad.

Our concerncan be sloganizedas follows:

If \w ell-typed programsdon't gowrong", then it should be possibleto
generatecorrect code for an independen, realistic madine language
that doesnot perform run-time type-deding.

The Cantor systemis basedon the useof suth a madine language.

3 The Cantor System

Our compiler generatoracceptsaction semairtic descriptions. Action seman-
tics is aframework for formal semarics of programminglanguagesdeweloped
by Mosseq31, 32 33, 36, 37] and Watt [38 63. It isintendedto allow useful
sematic descriptions of realistic programming languages,and it is compo-
sitional, like denotational semattics. It di ers from denotational sematics,
howewer, in using semartic ertities called actions, rather than higher-order
functions.

We have designeda subsetof action notation which is amenableto com-
pilation and which we have given a natural semattics, by a systematictrans-
formation of its structural operational sematics [37]. The syntax of this
subsetis givenin appendix A togetherwith a brief overview of the principles
behind action sematics. Appendix B preseits a complete description of a
toy programminglanguage.(Readerswho are unfamiliar with action seman-
tics are not expectedto understand the details in appendix B, despite the
suggestienessof the synbols used. See[37] for a full presemnation of action
semairtics.)

The certral part of the Cantor systemis a compiler from action nota-
tion to an abstract RISC madine language. This sectionpreseis both the
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madine languageand the compiler, and it states someperformancemea-
suremerts of the Cantor system.

All speci cations in this paper, including those of syrtax, are given in
Mosses'meta-notation for uni ed algebras[37].

3.1 An Abstract RISC Machine Language

The madhine languageis patterned after the SPARC architecture; it is called
PseudoSPARC. It cortains 14 instructions that operate on the following
madine state:

spac-state=
(program, program-counteryas-zero,
was-negativeglobals,windavs, memay) .

‘program'is a mapping from linenumbersto instructions. “program-counteris
alinenumber, and ‘was-zeroand "was-negativeare status-bits (truth-v alues).
"globals'modelsthe global registers,and "windavs' models a non-overlapping
version of the SPARC register-windavs. Finally, ‘'memoy' models six sepa-
rate \pages" of the main memory, asa mapping from page-ideti cations to
pages. A pageis a mapping from addressegnatural numbers) to integers.
For example,one of the pagesis usedas a stack, another as a heap.

The only data manipulated by this languageare integers. This means
that it is impossibleto seefrom a given data value if it should be thought of
asa pointer to an instruction in the program, as an addressin the memory,
or asmodeling a truth-v alue, an integer, etc.

The uniformity of the data values makes the PseudoSPARC language
more realistic than those consideredin previouscompiler proofs. It cortains
two major idealizations, howeer, as follows:

Unbounded word and memory size: The data values are un-
boundal integersand this requiresunboundedword size. We also as-
sumethat the program and memory sizes,the number of of registersin
a registerwindow, and the number of registerwindows are unbounded.

Read-only code: The programis placedseparately not in "memaoy"'.
This implies that code will not be overwritten, and that data will not
be \executed".
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Theseidealizations simplify the correctnessproof considerably without re-
moving any of the di culties that we address.

| PseudoSPARC | Real SPARC \
skip sub %g0, %g0, %g0
jump Z jmpl Z, %g0
branchequalz be Z
branchlesstharZ bneg Z

call jmpl global, %r8
return jmpl  %r8+8, %g0
stoeR1iINR2Z P st R1, R2+Z+P
loadR1 Z P into R2 ld R1+Z+P, R2
storeregisters save

loadregisters restore

moveRI| to R or %g0, RI, R
movesumR RI to R° add R, RI, R®
movedi erence R Rl to R | sub R, RI, RO
compae R with RI subcc R, RI, %g0

Figure 3: The PseudoSPARC madine language.

Figure 3 shows the 14 Pseudo SPARC instructions and how they (ap-
proximately) can be expandedto real SPARC instructions. In practice, the
expansionhas to take care of tting instructions using large integersinto
seeral real SPARC instructions. It also hasto insert additional \nop" in-
structions into so-called\delay slots". PseudoSPARC instructions can also
be expandedto instructions for the HP PrecisionArchitecture, though with
a little moredi cult .

The function that models one step of computation is de ned as follows:

step_ :: spac-state! spac-state(total) .

stepm = next
((programof m) at
(program-countenf m) defaultskip) m .

“step_' modelsthe loading of the current instruction, followed by its execu-
tion. The operation 'next_ _"' is de ned in the following style (we give only
a single example):
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next_ _::
instruction,spac-state! spac-state(total) .

nextcall (p, pc, ¢z, cn, g, w, Q) =
(p, g at globaldefaultO, cz, cn, g,
update w (map of return-address$o pc), Q) .

Here, "global'is one of the global registers, and ‘return-addressis a user-
inaccessibleregisterin the register-windav. The useof "default'modelsthat
all registersand memoryaddressegreinitialized to 0 beforeexecutionstarts.
Likewise,the program areacortains “skip'instructions everywherebeforethe
program is loaded.

Note that ‘step_' and ‘next_ _' are total functions. This emphasizes
that computation cortinuesin nitely , oncestarted. For example,the “call’
instruction will be executedeventhough the global registercortained a value
that we thought of as a truth-value! It also meansthat we have avoided
alignmert problems,etc., sothat atypical run-time error suc as\bus error"
will not occur. This is accomplishedby having a word- rather than byte-
oriented de nition of the PseudoSPARC madine.

syrtax  semarnics program input

code

cantor —— compiler output

Figure 4. The Cantor system.

3.2 Compiling Action Notation

The compiler from action notation to PseudoSPARC machine code proceeds
in two passes:

1. Type analysisand calculation of code size;and
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2. Code generation.

For ead passthere is a function de ned for every syntactic category Those
de ned for "Act' have the following signatures (we cheat a little bit here,
comparedto [44], to improve the readability):

a-count_ _ _:: Act, data-type, symiml-table!
(natural, truth-value,data-type,
truth-value,data-type, block) .

perfom _ _ _ _ __ ______=
Act, data-type, general-register,
frozen,symiwnl-table,
cleanupcleanupcleanup,
linenumter, linenumler-complete,
linenumler-escap, linenumter-fail !
(program,general-registegeneral-register)

Sinceaction notation cortains unusual constructs, e.g., completg ‘escag,
‘fail', the de nition of the type analysisand code generationemploy unusual
techniques,though not very di cult. For example,the de nition of "perfam'’
requiresasargumert both the desiredstart-address('linenumler’) of the code
to be generated,but also addresse®f whereto jump to, should the perfor-
mancecomplete ('linenumler-complete, esca ('linenumler-escap’), or fail
(‘linenumler-fail). Theseaddressesare calculated using "a-count'which, in
addition to type analysis,calculatesthe size of the code to be generated.

The function "a-count is de ned as a forwards abstract interpretation,
computingwith typesof tuples of data ("data-type), typesof bindings ('symtol-
table), and code sizes('natural). The rst ‘truth-valué componen tells if
the action being analyzed has a chance of completing. If it does, then the
following “data-type componert tells the type of the tuple of data that will
produced. The next two componerts give similar information about escaping.

The function ‘perfam’' takes as argumeris the ‘data-type and ‘symiml-
table that are also supplied to "a-count. In addition, it takesa ‘general-
register which at run-time will cortain a pointer to a represetation of the
tuples of data that will be received whenexecutingthen code. The set frozen
contains thoseregistersthat the code to be produced must not modify, and
the three ‘cleanup values are natural numbers that indicate how much to
pop from the stad, should the performancecomplete,esca, or fail.
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The calculation of whether an action can completeor not, and whether it
can escag or not, are examplesof the compile time analysesthat are built
into the compiler. They are usedto generatebetter code, and they are fully
integrated in the proof of correctnessseelater.

3.3 Performance Evaluation

The Cantor systemhasthe structure shovn in gure 4. In practice, a session
with Cantor looks as follows on the screen:

cantor syntax semantics compiler
compiler program code
code input output

The compiler generator cantor is written in Perl [61], and the generated
compilersarewritten in Stheme[1]. Examplesof asyntax and a semairtics are
givenin appendix B; it is the IATEX sourceof the appendix that is processed
by cantor . The generatedcompiler cortains a syntax cheder, a program-to-
action transformer, the action compilerdescribed above, and nally aPseudo
SPARC asserbler that currertly canemit code for the SPARC and the HP
Precision Architecture. The input le is a sequenceof integers, as is the
output le.

The HypoPL languagede ned in appendix B, is takenfrom Lee'sbook on
realistic compiler generation[22], with the di erence that we treat nesting of
proceduresin its full generality but do not allow recursion. (For a discussion
of why recursionis problematic, seelater.)

Generatinga compiler for HypoPL takes3 seconds.
We have usedthis compilerto translate Lee'sbubblesort program (50 lines).
Compile time: 486 seconds;
Object code size: 114688bytes; and
Object code executiontime (for sorting 10 integers): 0.1 seconds.

These gures indicate that the systemis rather tediousto work with in prac-
tice. Additional experimerts, see[43], have shovn that the code runs at
least two orders of magnitude slover than a correspnding target program
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producedby the C compiler (without optimization). This is somewhatdis-
appointing but still an improvemen comparedto the classicalsystemsof
Mosses Paulson,and Wand wherea slonv-down of three ordersof magnitude
has beenreported [22]. Inspection of the code emitted by Cantor-generated
compilersrevealsthat the ine ciency mainly stemsfrom three sources:

Lack of compiletime constart propagation;
Poor register allocation; and
Naive represemation of bindings, closures,and lists.

Improving the action compiler to avoid this ine ciency would signi cantly
complicatethe correctnessheorem, which we considernext.

4 The Correctness Theorem

To give an overview of the correctnesstheorem, we will introduce a bit of
notation, asfollows (we cheat a little bit again,comparedto [44],to improve
the readability):

run _ _:: Act, [integer]list! state.

spac-run_ _ _
program,natural, page! spac-state.

compile_ :: Act !
(program,truth-value,data-type,
truth-value,data-type,
general-registegeneral-register)

abstract_ _ _ _ _ __::
spac-state, truth-value,data-type,
truth-value,data-type,
general-registegeneral-register state.

i-abs_ _:: natural,page! [integer]list .

@ a-countA () (list of empty-list) =
(n, Zn, hl’ls Ze, he! empy_IISt) ;
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@

)

perfam A () (reg 0) empty-set
(list of emply-listy 00 00N nn =

(P, an, ae)
compileA = (P, Zn, hn, Z, he, a@n, ac) .

We have only given the de nition of ‘compile_’, in terms of "a-count'and
“perfam’. The operations have the following informal meaning:

1. The operation ‘runA il" speci es the performanceof an action A which

is given the empty tuple of data, no bindings, an empty-storage, an
empty output- le, and the input-le il (an integer-list). If the perfor-
manceterminates, then that will result in a nal state (‘state) which
can be either completed,escagd, or failed.

. The operation “spac-runp n s€ speci es loadingthe programp into the

programarea,and then taking n stepsstarting in line 0. It alsorecords
if the executionat any point \jumps outside the code". The memory,
registers, status bits, and output le are initialized appropriately, the
input le is initialized to se. “spac-run'is de ned in terms of “step,
descriled above.

. The operation "compileA’ translatesthe action A into a macdine lan-

guageprogram p and it alsogivestype information about what will be
producedwhen performing A. The program p will start in line O.

. The operation "abstractm, z, h, z he a, a;' will give a sort of all those

states (from the action-lewel) that are represeted by the sparc-state
m,, and that have the type expressedy the following four argumerts.
The last two argumerts are thoseregisterswhich will cortain pointers
to the represemations of the data produced,shouldthe action complete
or escae.

. The operation “i-absn s€ will give the input-le (‘[integer]list’) which

is represeted by the natural number n and the pagese.

The use of both type information and a madine-state in the de nition of
“abstract'makesit possibleto make do without type information in the se-
martics of PseudoSPARC.
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Noneof the above v e operationsaretotal. The performanceof an action
may diverge; the execution of a macine program may \jump outside the
code"; the compilation of an action may nd atype error; the madine state
may represen no state at all from the action-lewel; and the pagefor input- les
may cortain somethingwithout the right format.

The meta-notation for uni ed algebrasmakesit particularly easyto spec-
ify sud partial operations. This is becauset supports a uni ed treatment
of sorts and individuals: an individual is treated as a special caseof a sort.
Thus operations can be applied to sorts as well as individuals. A vacuous
sort represets the lack of an individual, in particular the ‘unde ned' result
of a partial operation. For example,if the performanceof the action A with
input- le il terminates, then ‘runA il* will be anindividual, otherwiseit will
be a vacuoussort. We neednot specify that sud sortsare vacuous;if it does
not follow from the speci cation that they cortain an individual, then they
will automatically be vacuous.

The operations ‘run’, “spaic-run’, ‘compile, and “i-abs'will all yield either
an individual or a vacuoussort. In cortrast, "abstract' may yield a sort
cortaining seveal individuals, and it may also yield a vacuoussort. The
possibility of yielding a sort cortaining se\eral individuals is neededwhen
abstracting with respect to a closuretype. This is becauseif two actions
di ers only in the naming of tokens (they are equalwith respect to \alpha-
conversion”), then the compiled code for them will be idertical.

We can now state the correctnesstheorem. Note that 't :- s' is another
syntax for s : t'. The meaningis that s is an individual cortained in t.

Theorem:

@ compileA:Act =
(p:programz, :truth-valueh, :data-type
Z:truth-valueh,:data-type
a,:general-registes.:.general-register)

@ I-abs(seat 0) se = il :[integer]list

) @ runAil = m,:state)
(9 my:spac-state9 n:natural.
spac-runp n se= my ;
abstractm, z, h, ze he 8, @ :-my ) ;
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() spac-runp n se= my:spac-state)
(9 m,:state.
runAil = my;
abstractm, z, hy ze he 8, @ :-my ) .

The structure of the theoremresenblesthe correctnessstatemert of Despey-
roux. Informally:

If the action A is compiledinto a macdine languageprogram p (and some
additional type information, etc., is produced), and the input- le il is repre-
sented properly in the madine as se, then two properties hold:

1. Completeness: If the performanceof the action A (with input- le il)
terminatesin state m,, then there existsa sparc-statem, and a number
n sudh that an n-step executionof p will readr m,, and m, represets
m, (and the program-courter points to the last line of p).

2. Soundness: If an n-step execution of p (with input se) readhesm,
(and the program-courter points to the last line of p), then there exists
a state m,, represeted by m,, sud that a performanceof A (with
input i) will terminate in m,.

Notice that it is built into the de nition of “spaic-run’, and hencethe cor-
rectnesstheorem, that the executionof the madine languageprogram never
\jlumps outside the code".

5 The Pro of Technique

A number of lemmasare neededto prove the theorem; hereis an overview:

Compiler consistency: Theselemmasstate that the calculation of
code sizeis correct. They also state that the code is placed consecu-
tively, starting in the desiredline.

Correctness of analysis: Theselemmasstate that the type analysis
assertscorrect typings, relative to the semaiics of actions.

Code well-b ehavedness: Theselemmasstate that if the execution
of somecompiled code at somepoint reades\the end of the code”,
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then it usedthe memory and registersin a disciplined fashion, and, in
addition, the madine state will represemh an abstract state (with the
type given by the compiler).

It is alsonecessaryo prove strengthenedversionsof completenessind sound-
ness.

() "=t (Re exivit y)
(:;) s=t (;) t=u
() s=u (Transitivity)
f( ;) " si=tgl . .
if f 2 Functional Congruence
() fGnsy =it ( gruence)
2 .
i) s= t_'g':} (_ ) P(S18) ifp2f. _:_:.g (Predicative Congruence)
( ;) p(tyt2)
. N . n
) \F'g'zl if (Fi;::;Fn) F)2 (Modus Ponens)

(:) F
Figure 5: Axiomatization of Horn clauselogic.

Let us now considerhow to adopt Despeyroux's proof technique to the
framework of uni ed algebras.

Despeyroux expressesiatural sematics in the Gertzen's system style,
with axioms and inferencerules. In sud a system one can make natural
deduction, and canthen prove lemmasabout the systemby induction in the
length of sudh deductions. In cortrast, the framework of unied algebras
provide Horn clauses,and there are no build-in deduction rules. We have
replacedinferencerules by Horn clauses,soto be able to do deduction, we
adopt a standard axiomatization of Horn logic, as follows.

All speci cations in the meta-notation for uni ed algebrascan be trans-
formed into a core notation which is outlined in the following. Let bea
so-calledhomogeneousrst-order signature,that is, a pair h ; i where is
a set of operation symbolsand is a setof predicatesymbols. In the setting
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of uni ed algebras,it is required that
fnothing _| _; & g
and
=f.=,5_. 5.'4g

The value of the constart "nothing is a vacuoussort, included in all other
sorts. The operation "_ | _' is sort union, and _& _' is sort intersection. The
predicate _ = _' assertsequality, _ _' assertssort inclusion,and T, : T,'
assertsthat the value of the term T, is an individual included in the (sort)
value of the term T».
Further, let be a setof Horn clausesbuilt up from . Any speci cation
of sudh Horn clauseswill be augmened with some basic Horn clauses,

stating for examplethe re exivity of =  _, see[34]. Finally, let F be a
formula built up from . We will then write
(;) F

(read F is ( ; )-deducible) if ( ; ) = F canbe obtained by nitely many
applications of the deductionrules shovn in gure 5. A deduction rule con-
sists of a conclusion (given beneaththe line), none,one, or seeral premises
(given above the line), and possiblya condition (given at the right-hand side
of the line). A deductionrule standsfor the statemen:

If all premisesare deducible, the condition is satised, and F is a
formula built up from , then the conclusion( ; ) °~ F is deducible.

With thesededuction rules, we can do proof by induction in the number of
occurrencef \mo dus ponens”in deductions. Note that a singleapplication
of modus ponenscorresmndscloselyto a natural deductionstep. This makes
our proof strategy closeto Despeyroux’s. All lemmasproved by induction in
the length of deduction are satis ed by the initial model of the speci cation.
The key property of an initial model neededhere is that it only cortain
ertities that are valuesof ground terms (it cortains \no junk").

We will endthis sectionby explaining why we do not treat recursion,in
cortrast to Despeyroux. The reasonfor this is rather subtle; it hingeson the
expressienessof the uni ed meta-notation.
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Full action notation o ers self-referetial bindings as the meansfor de-
scribingfor examplerecursiwe procedures.A self-referetial binding is a cyclic
structure; the run-time represetation will obviously also be cyclic. In De-
speyroux's paper, sud cyclic structures are represeted as graphswith self-
loops|b oth in the sourceand target languages.This allows her to uniquely
determinethe run-time represetation of a self-referetial ervironmert.

Comparedto Despeyroux, we usea much more low-level target language
where values can be placed in more than one place in the memory This
meansthat not only can one target value represeh more than one source
value, asin Despeyroux's paper, it is also possiblefor one sourcevalue to
be represeted by di erent parts of the memory In other words, there is
no functional connectionbetween sourceand target values;there is only a
relation stating which sourcevaluesare represeted by a given part of the
memory.

In the caseof cyclic structures, the relation betweensemaric valuesseems
to be impossibleto de ne in the uni ed meta-notation. This is becausethe
meta-notation only allowsthe expressiorof Horn clauses.Evidencefor this is
found in Amadio and Cardelli's paper on subtyping recursive types[2]. They
axiomatize se\eral relationshipsbetweencyclic structures, and it seemshat
a rule of the following non-Horn kind cannot be avoided:

(xRy) R )) x. R y.

Sincewe want to apply the uni ed meta-notation exclusiwely in all speci ca-
tions, we avoid self-referetial bindings. Thus we cannot treat recursion.

6 Conclusion

Our compiler generatoris speci ed and proved correct solelyin an algebraic
framework. To our knowledge,it is the rst time that this hasbeenaccom-
plished.

The generatedcompilersemit realistic, albeit poor, machine code. Future
work includesbuilding in moreanalysesfor the bene t of the code generator.

The use of action semarics makes the processablespeci cations easy
to read and pleasan to work with. We beliewe that the Cantor system
is a promising rst step towards user-friendly and automatic generation of
realistic and correct compilers.
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App endix A:
Action Notation

grammar:

Act = \complete"” | \escape" | \fail" |
\commit" | \diverge" | \regive" |
[ \give" Dep] | [ \check" Dep] |
[ \bind" token\to" Dep] |
[ \store" Dep\in* Dep] |
[ \allo cate" \truth-value" \cell" ] |
[ \allo cate" \integer" \cell" ] |
[ \batch-send" Dep] |
[ \batch-receive"\an" \integer" ] |
[ \enact" \application" Dep
\to" Tuple] |
[ \indivisibly" Act] |
[ \unfolding” Unf] |
[ActInx Act] |
[ [ \furthermore™ Act ] \hence" Act ] |
[ [ \furthermore™" Act ] \thence" Act ] .

Unf = [Actinx Unf] | [Unflor" Act] |
\unfold" .

Tuple = \()" | Dep | [ Tuple\," Tuple] |
\them" .

Dep = \true" | \false" | natural |
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[ \empty-list" \ & " \[* Type\]" \list" ] |
[ \closure" \abstraction" \of " Act\ & "
\[" \perhaps"\using" Data\]" \act" ] |
[ Unay Dep] |

[ Binary \(" Dep\," DepV)" ] |

[ Dep\is" Dep] |

[ Dep[\is" \less" \than" ] Dep] |

[ \component#" Dep\items" Dep] |
\it" |

[ \the" \given" Datum \#" natural] |
[ \the" Datum \b ound" \to" token] |
[ \the" Datum\stored" \in" Dep] |

[\" Dep\)" .
Inx = [\and" \then" ] | \then" | \befae" |
\trap" | \or" .
Unay = \not" | \negation" | [\list" \of" ] |
\head" | \tail" .
Binary = \both" | \either" | \sum" |
\di erence” | \concatenation" .
Datum = \datum" | \cell” | \abstraction” |

\list" | [ Datum\ | " Datum] | Type.
Data = \()" | Type | [ Data\," Data] .

Type = \truth-value" | \integer" |
[ \truth-value" \cell" ] |
[ \integer" \cell" ] |
[\[" Type\]" \ist" J.

A.1 Action Principles

Action notation is designedto allow comprehensibleand accessibledescrip-
tions of programming languages. Action semaric descriptions scale up
smaothly from small examplelanguageso realistic languagesand they can
make widespreadreuseof action semaric descriptionsof related languages.
Actions re ect the gradual, stepwise nature of computation. A perfor-
manceof an action, which may be part of an enclosingaction, either
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completes correspnding to normal termination (the performance of
the enclosingaction proceedsnormally); or

es@pes correspnding to exceptionaltermination (the enclosingaction
is skipped until the escap is trapped); or

fails, correspnding to abandoningthe performanceof an action (the
enclosingaction performs an alternative action, if there is one, other-
wiseit fails too); or

diverges correspnding to nontermination (the enclosingaction also
diverges).

The information processedy action performancemay be classi ed according
to how far it tendsto be propagated,as follows:

transient tuples of data, correspnding to intermediate results;
swped: bindings of tokensto data, correspnding to symbol tables;

stable data stored in cells, correspnding to the values assignedto
variables;

permanent data commnunicated betweendistributed actions.

Transient information is made available to an action for immediate use.
Scoped information, in cortrast, may generally be referred to throughout
an ertire action, although it may also be hidden temporarily. Stable infor-
mation can be changed, but not hidden, in the action, and it persistsuntil

explicitly destroyed. Permanen information cannotewen be changed,merely
augmerted.

When an action is performed,transient information is given only on com-
pletion or escag, and scoped information is producedonly on completion. In
cortrast, changedo stableinformation and extensiongo permanen informa-
tion are madeduring action performance,and are una ected by subsequen
divergenceor failure.

Our subsetof action notation omits all notation for comnunication. In-
stead,the ad hoc constructs "batch-sendand "batch-receiveallow a primitiv e
form of communication with batch- les, asin standard Pascal.
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The information processedyy actions consistof items of data, organized
in structures that give accessto the individual items. Data can include
various familiar mathematical ertities, sud as truth-v alues, integers, and
lists. Actions themseles are not data, but they can be incorporated in so-
called abstractions, which are data, and subsequetly “enacted'bad into
actions.

Dependentdata are ertities that canbe evaluate to yield data during ac-
tion performance.The data yielded may depend on the current information,
i.e., the given transierts, the received bindings, and the current state of the
storage and batch- les. Evaluation cannot a ect the currert information.
Data is a special caseof dependert data, and it always yields itself when
ewaluated.
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App endix B:
Hyp oPL Action Semantics

B.1 Abstract Syntax

grammar:
Program = [ \program" Identier Block] .

Declaation = [\int" Identier ] |
[ \bool" Identier ] |
[ \const" Identi er \=" Integer] |
[ \array" Identier \[" Integer\]" ] |
[ \procedure"Identi er
\(" Identier \)" Block] |
[ Declaation \;" Declaation] .

Block = [ Declaation
\b egin" Statement\end" ] |
[ \b egin" Statement\end"” ] .

Statement = [ Expression\:=" Expession] |
[ \write" Expession] |
[ \read" Expession] |
[ \if * Expression\then" Statement
\else" Statement\endif" J |
[ \while" Expression\do”
Statement\endwhile" ] |
[ Identier \(* Expession\)" ] |
[ Statement\;" Statement] | \skip" .

Exgession = \true" | \false" | Integer |
Identier |
[ Identier \[' Expession\]" ] |
[ ExpressionOperation Expression] |
[ \not" Expression] .

Operation = \+" | \{" | \<" | \=" | \and" .
Integer = natural | [{" natural] .
Identier = token.
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B.2 Semantic Entities
B.2.1 Items

intro duces: item.

item = truth-value | integer.

B.2.2 Coercion

intro duces: coercively_.
coercively_:: act! act.

coercivelyA:act =
| A
then
givethe givenitem #1 or
givethe item stored in the givencell #1 .

B.3 Semantic Functions

intro duces:
run _, establish_ , activate _ , execute_,
evaluate_ , operation-result_,
integer-value_, id _ .

B.3.1 Programs

run _:: Program! act.

run [ \program" | :Identi er B:block ] = activate B .

B.3.2 Declarations

establish_ :; Declaation! act.

establish[ \int" |:ldentier | =
allocate integercellthen bind id | to it .

establish[ \b ool" | :Identier ] =
allocate truth-value cell then bind id | to it .
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establish[ \const" | :Identi er \=" j:integer] =
bindid | to integer-valug .

establish[ \array" | :Identi er \[" j:integer\]" ] =
giveempty-list & [integercell] list andthen
give sum(integer-valug, 1)
then
unfolding
checkthe giveninteger#2 is 0 andthen
givethe givenlist #1
or
\ regiveand then allocate integer cell
then
give concatenation(
list of the givenintegercell #3,
the givenlist #1)
and then
give di erence(
the giveninteger#2, 1)

then
\ unfold

then
| bindid | to the givenlist #1 .

establish[ \procedure"|;:ldenti er
\(" Io:ldentier \)* B:Block] =
bindid |1 to
closureabstractionof
furthermae
givethe giveninteger#1 andthen
allocate integer cell
then
store the giveninteger#1
in the givencell #2
and then
| bindid I to the givencell #2
thenceactivate B

& [perhapsusinginteger]act .

establish[ Di:Declaation \;" D,:Declaation ] =
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establishD; befae establishD» .

B.3.3 Blocks

activate _ :; Block! act.

activate [ D :Declaation
\b egin" S:Statement\end" | =
| furthermare establishD
henceexecutesS .

activate [ \b egin" S:Statement\end" ] = executeS .

B.3.4 Statemen ts

execute_ :: Statement! act.

execute[ E1:Expression\:=" E,:Expession] =
evaluateE, andthen
coercivelyevaluateE,
then
store the givenitem #2

in the givencell #1 .

execute[ \write" E:Expression] =
coercivelyevaluateE then batch-sendit .

execute[ \read" E:Expession] =
\ batch-receivean integerand then evaluateE
then
store the giveninteger#1
in the givenintegercell #2 .

execute[ \if " E:Expgession\then” S;:Statement
\else" Sy:Statement\endif” | =
| coercivelyevaluateE
then
| checkit then executeS;
or
\ checknot it then executeS, .
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execute[ \while" E:Expgessiondo" S:Statement
\endwhile" ] =
unfolding
| coercivelyevaluateE
then
| checkit then executeS then unfold
or checknot it .

execute[ | :Identi er \(* E:Expession))" ] =

givethe abstractionboundto id I andthen

coercivelyevaluateE

then

enactapplicationthe givenabstraction#1
to the giveninteger#2 .

execute[ S;:Statement\;" S,:Statement] =
executeS; andthen executeS; .

execute\skip" = complete.

B.3.5 Expressions

evaluate_ :: Expession! act.
evaluate\true" = givetrue .
evaluate\false" = givefalse.
evaluatei :Integer= giveinteger-value .
evaluatel :ldenti er = givethe datum boundto id | .

evaluate[ | :Identi er \[" E:Expession\]" ] =
givethe list boundto id I andthen
\ coercivelyevaluateE then give sum(it, 1)
then

give compnent# (the giveninteger#2)
‘ items (the givenlist #1) .
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evaluate
[ E1:ExpressionO:Operation E,:Expression] =
coercivelyevaluateE, and then
coercivelyevaluateE,
then give operation-resultO .

evaluate[ \not" E:Expession] =
coercivelyevaluateE then
givenot it .

B.3.6 Operations

operation-result_ ::
Operation! dependentdatum .

operation-result\+" =
sum(the giveninteger#1,
the giveninteger#2) .

operation-result\{" =
di erence(the giveninteger#1,
the giveninteger#2) .

operation-result\ <" =
(the giveninteger#1) is lessthan
(the giveninteger#2) .

operation-result\=" =
(the givenitem | cell#1) is
(the givenitem | cell#2) .

operation-result\and” =
both(the giventruth-value #1,
the giventruth-value #2) .

B.3.7 Integers
integer-value_ :: Integer! integer.
integer-valuen:natural= n .

integer-value] \{" n:natural] = negationn .
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B.3.8 Identiers
id _:: ldentier ! token.

id k:token= k .
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