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Abstract

We have designed,implemented, and proved the correctnessof a
compiler generatorthat acceptsaction semantic descriptionsof imper-
ative programming languages.The generatedcompilersemit absolute
code for an abstract RISC machine languagethat currently is assem-
bled into code for the SPARC and the HP PrecisionArchitecture. Our
machine languageneedsno run-time type-checking 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 In tro duction

The previous approaches to proving correctnessof compilers for non-trivial
languagesall use target code with run-time type-checking. The following
semantic rule is typical for thesetarget languages:

(FIRST : C; hv1; v2i : S) ! (C; v1 : S)

The rule describes the semantics of an instruction that extracts the �rst
component of the top-element of the stack, provided that the top-element 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 executorhas to do run-time type-checking.

Run-time type-checking imposesan unwelcomepenalty on executiontime
becausemore work has to be done by the executor of the target language.
It may be argued,though, that the executorcan rely on the sourcelanguage
beingstatically type-checked, and thus avoid the run-time type-checks. This
implies an unwelcomecoupling of the sourceand target languages,however,
which prevents the target languagefrom being an independent product, for
generaluse.

This paper addressesthe use of independent, realistic target languages
without type information in the semantics. The paper also concernsthe
possibility of proving correctnessof a compiler generator, thus making cor-
rectnessproof a once-and-for-alle�ort.

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

� Complicated control 
o w;

� Block structure;

� Non-recursive abstractions,such as proceduresand functions; and

� Static typing.

For an exampleof a languagedescription that hasbeenprocessedby Cantor,
seeappendix B. The abstract RISC machine languagecaneasilybeexpanded
into code for existing RISC processors.Currently, implementations exist for
the SPARC [25] and the HP PrecisionArchitecture [42].

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

� De�ne the relationships between semantic values in the source and
target languageswith respect to both a type and a machine state.
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Thus, we de�ne an operation which given a target value V, a machine state
M , and a type T will yield the sort of sourcevalues which have type T
and are represented by V and M . Here, \sort" can be thought of as \set".
For example, an integer can represent a value of type truth-v alue-list by
pointing to a heap where the list components are represented. In this case,
our operation will yield a sort containing preciselythat truth-v alue-list, when
given the integer, the type \truth-v alue-list", and the heap.

In contrast, for example Nielson and Nielson [40] does not involve the
machine state when relating semantic values. Instead, they require target
values to be \self-contained". Hence, they need to have several types of
target valuesand a target machine that doesrun-time type checking.

With our approach we can make do with just one type of target values,
namely integer, thus avoiding run-time type-checking and getting closeto
the 32-bit words usedin the SPARC. Note that we do not insert type tags in
the run-time representations of sourcevalues;no type information is present
at run-time.

The relationship between semantic values allows the proof of a lemma
expressing\code well-behavedness"which is essential when reasoningabout
executionsof compiledcode. The required type information is usefulduring
compilation, too; it is collectedby the compiler in a separatepassbeforethe
codegeneration.This passalsocollectsthe information neededfor generating
absolute,rather than relative, code.

The development of Cantor was guided by the following principles:

� Correctnessis more important than e�ciency; and

� Speci�cation and proof must be completedbefore implementation be-
gins.

As a result, on the positive side, the Cantor implementation 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 least two ordersof mag-
nitude slower than corresponding target programsproducedby handwritten
compilers.

The speci�cation and proof of correctnessof the Cantor systemis an ex-
periment in using the framework of uni�ed algebras,developed by Mosses
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[35, 33, 34]. Uni�ed algebrasallows the algebraicspeci�cation of both ab-
stract data typesand operational semantics in a way such that initial models
are guaranteed to exist, exceptwhenaxiomscontradict constraints, in which
caseno models of the speci�cation exist. We have demonstratedthat also
a non-trivial compiler can be elegantly speci�ed using uni�ed algebras. In
comparisonwith structural operational semantics and natural semantics, we
replaceinferencerules by Horn clauses.The notational di�erence is minor,
and only super�cial di�erencesappearin the proofsof theoremsabout uni�ed
speci�cations. Where Despeyroux [10] could prove lemmasby induction in
the length of inference,we insteadadopt 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 proofsare omitted. For an overview of our experiments
with generatinga compiler for a subsetof Ada, see[43].

In the following section we examine the major previous approaches to
compiler generationand compiler correctnessproofs. In section3 we outline
the structure of the Cantor system,including the abstract RISC machine lan-
guageand the action compiler, and we give someperformancemeasures.In
section4 we state the correctnesstheorem,and �nally in section5 we survey
our approach to proving correctnessin the absenceof run-time type-checking
in the target language.We alsodiscusswhy 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 compilergenerationis usually approachedby 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.Such a compiler can then 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-directed compiler
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Figure 1: Semantics-directed compiler generation.

generators. The Cantor system described in this paper is an exampleof a
semantics-directed compiler generator. It acceptslanguagede�nitions writ-
ten in action notation, and it outputs compilersthat emit code in an abstract
RISC machine language.

The traditional approach to compiler generationis basedon denotational
semantics[53]. Examplesof existing compiler generatorsbasedon this idea
include Mosses'Semantics Implementation System(SIS) [29], Paulson'sSe-
mantics Processor(PSP) [45, 46], and Wand's Semantic Prototyping System
(SPS) [62]. In SIS, the lambda expressionsare executedby a direct imple-
mentation of beta-reduction; in PSP and SPSthey are compiled into SECD
and Schemecode, respectively. There are no considerationsof the possible
correctnessof either the implementation of beta-reduction, the translations
to SECD or Schemecode, or the implementation of SECD or Scheme. The
target programs produced by these systemshave been reported to run at
least three orders of magnitude slower than corresponding target programs
producedby handwritten compilers[22].

After thesesystemswere built, several translations of lambda notation
into other abstract machines have been proved correct. Notable instances
are the categoricalabstract machine [8] and the abstract machines that can
be derived systematically from an operational semantics of lambda notation,
usingHannan'smethod [16, 14,15]. It remainsto bedemonstrated,however,
if a compiler which incorporatesoneof them will be more e�cien t than the
classicalsystems.Also, the correctnessof implementations of theseabstract
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machineshasnot beenconsidered.
It appearsthat the poor performancecharacteristicsof the classicalcom-

piler generatorsdo not simply stemfrom ine�cien t implementations of lambda
notation. Mossesobserved that denotational semantics intertwine model de-
tails with the semantic description, thus blurring the underlying conceptual
analysis[31]. Plebanand Leefurther observed that not only a human reader
but also an automatic compiler generator will have di�cult y in recovering
the underlying analysis [48]. Attempts to recover useful information from
lambda expressionsinclude Schmidt's work on detecting so-called single-
threadedstore arguments and stack single-threadedenvironment arguments
[52, 54], and the binding-time analysisof Nielson and Nielson [41]. Despite
that, it seemsunlikely that the performancecharacteristicsof compiler gen-
erators basedon denotational semantics soon will be improved beyond that
of existing such systems.

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

� Somemodel details are omitted from a languagede�nition; and

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

A radically di�erent approach to compiler generationis taken by Dam and
Jensen[9]. They considerthe useof natural semantics [20] (which they call
\relational semantics") as the basis of a compiler generator. They devise
an algorithm for transforming a natural semantic 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 codefor a stack
machine; the correctnessof thesecompilershas beensketched, whereasthe
implementation of the stack machine is not considered.
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Finally, compiler generationcan be obtained by self-applicationof a par-
tial evaluator. The Ceressystem of Tofte [60] is an early exampleof this,
demonstratingthat evencompilergeneratorscanbeautomatically generated.
Ceresusesa languageof 
o wcharts with an implicit state asthe notation for
de�ning sourcelanguages.Another notable partial evaluator is the Similix of
Bondorf andDanvy [5, 6] which treats a subsetof Scheme.GomardandJones
implemented a self-applicablepartial evaluator, called mix, for an untyped
lambda notation [13]. It has been used to generatea compiler for a lan-
guageof while-programs.The generatedcompiler emits programsin lambda
notation. The correctnessof this compiler generatorhas beenproved; it re-
mains to be seen,however, if the partial evaluation approach will lead to the
generationof compilersfor conventional machine architectures.

The lack of correctnessproofs for the realistic compiler generatorslimits
the con�dencewe canhave in a generatedcompiler. Let us thereforeexamine
the major previousapproachesto compiler correctnessproofs.

2.2 Compiler Correctness Pro ofs

The traditional approach to proving compiler correctnessis basedon deno-
tational semantics [24, 26, 58, 51, 39] or algebraicvariations hereof[7, 28,59,
3, 30]. The correctnessstatement can be pictured as a commuting diagram,
see�gure 2.

It hasbeendemonstratedthat completeproofsof compilercorrectnesscan
be automatically checked. 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-
idealizedmachine-level architecture whoseimplementation hasbeenveri�ed
with respect to a low level of the computer, seefor example [17, 27]. The
veri�cation of both architectureshasevenbeenautomatically checked. These
examplesof systemsveri�cation [4] areimportant: they minimize the amount
of distrust one needhave to such a veri�ed system. Of course,one can still
suspect errors in the implementation of the gate-level of the computer, or in
the implementation of the theoremprover, but many other sourcesof errors
have beeneliminated.

The use of denotational semantics renders di�cult the speci�cation of
languageswith non-determinismand parallelism. Such featurescan be spec-
i�ed easily, however, by adopting the framework of structural operational

7



??

-

-

semantics
target

semantics
source

encode

compiler

meanings
target

meanings
source

syntax
target

syntax
source

Figure 2: Compiler correctness.

semantics [50]. For a survey of recent work on proving the correctnessof
compilers for such languages,seethe paper by Gammelgaardand Nielson
[11], which also contains a detailed account of the approach taken in the
ProCoSproject, wherethe sourcelanguageconsideredis Occam2.

In a special form of structural operational semantics, called natural se-
mantics [20], one considersonly steps from con�gurations to �nal states.
When both the sourceand target languageshave a natural semantics, 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 semantics, Despeyroux's technique amounts to giving a
proof by induction on the length of a computation. The correctnessstate-
ment is di�erent, though. Instead of proving that a diagram commutes,
sheproves the validit y of two properties, which informally can be stated as
follows:

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

� Soundness: if the target program terminates, then sodoesthe source
program, and with the sameresult.
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Despeyroux proves the correctnessstatement by induction in the length of
the proofs of the assumptionsof these properties. A central lemma states
that the code for an expressionbehaves in a disciplined way. We call this
property \code well-behavedness". We will usea variation of Despeyroux's
technique, adapted to the framework of uni�ed algebras,seelater.

A major de�ciency of all the previousapproachesto compiler correctness,
except that of Joyce [19, 18], is their using a target languagethat performs
run-time type-checking, asexplainedabove. Joyceconsidersonly a language
of while-programs,and it is not clear how to generalizehis approach.

Our concerncan be sloganizedas follows:

� If \w ell-typed programsdon't go wrong", then it shouldbe possibleto
generatecorrect code for an independent, realistic machine language
that doesnot perform run-time type-checking.

The Cantor systemis basedon the useof such a machine language.

3 The Cantor System

Our compiler generatoracceptsaction semantic descriptions. Action seman-
tics is a framework for formal semantics of programminglanguages,developed
by Mosses[31, 32, 33, 36, 37] and Watt [38, 63]. It is intendedto allow useful
semantic descriptionsof realistic programming languages,and it is compo-
sitional, like denotational semantics. It di�ers from denotational semantics,
however, in using semantic entities 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 semantics, by a systematictrans-
formation of its structural operational semantics [37]. The syntax of this
subsetis given in appendix A together with a brief overview of the principles
behind action semantics. Appendix B presents a completedescription of a
toy programminglanguage.(Readerswho are unfamiliar with action seman-
tics are not expected to understand the details in appendix B, despite the
suggestivenessof the symbols used. See[37] for a full presentation of action
semantics.)

The central part of the Cantor system is a compiler from action nota-
tion to an abstract RISC machine language.This sectionpresents both the
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machine languageand the compiler, and it states someperformancemea-
surements of the Cantor system.

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

3.1 An Abstract RISC Mac hine Language

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

sparc-state=
(program,program-counter,was-zero,
was-negative,globals,windows, memory) .

`program'is a mapping from linenumbersto instructions. `program-counter'is
a linenumber, and `was-zero'and `was-negative'arestatus-bits (truth-v alues).
`globals'modelsthe global registers,and `windows' modelsa non-overlapping
version of the SPARC register-windows. Finally, `memory' models six sepa-
rate \pages" of the main memory, asa mapping from page-identi�cations to
pages. A pageis a mapping from addresses(natural numbers) to integers.
For example,oneof 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 shouldbe thought of
as a pointer to an instruction in the program, as an addressin the memory,
or as modeling a truth-v alue, an integer, etc.

The uniformit y of the data values makes the PseudoSPARC language
more realistic than thoseconsideredin previouscompiler proofs. It contains
two major idealizations,however, as follows:

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

� Read-only code: The program is placedseparately, not in `memory'.
This implies that code will not be overwritten, and that data will not
be \executed".

10



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
branchlessthanZ bneg Z
call jmpl global, %r8
return jmpl %r8+8, %g0
store R1 in R2 Z P st R1, R2+Z +P
load R1 Z P into R2 ld R1+Z +P, R2
storeregisters save
loadregisters restore
moveRI to R or %g0, RI , R
movesum R RI to R0 add R, RI , R0

movedi�erence R RI to R0 sub R, RI , R0

compare R with RI subcc R, RI , %g0

Figure 3: The PseudoSPARC machine language.

Figure 3 shows the 14 PseudoSPARC instructions and how they (ap-
proximately) can be expandedto real SPARC instructions. In practice, the
expansionhas to take care of �tting instructions using large integers into
several real SPARC instructions. It also has to 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 more di�cult y.

The function that modelsonestep of computation is de�ned as follows:

step :: sparc-state! sparc-state(total ) .

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

`step ' models the loading of the current instruction, followed by its execu-
tion. The operation `next ' is de�ned in the following style (we give only
a singleexample):
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next ::
instruction,sparc-state! sparc-state(total ) .

next call (p, pc, cz, cn, g, w, q) =
(p, g at globaldefault0, cz, cn, g,
update w (map of return-addressto pc), q) .

Here, `global' is one of the global registers, and `return-address'is a user-
inaccessibleregister in the register-window. The useof `default'models that
all registersand memoryaddressesare initialized to 0 beforeexecutionstarts.
Likewise,the programareacontains `skip' instructions everywherebeforethe
program is loaded.

Note that `step ' and `next ' are total functions. This emphasizes
that computation continues in�nitely , oncestarted. For example, the `call'
instruction will beexecutedeven though the global registercontained a value
that we thought of as a truth-v alue! It also meansthat we have avoided
alignment problems,etc., sothat a typical run-time error such as\bus error"
will not occur. This is accomplishedby having a word- rather than byte-
oriented de�nition of the PseudoSPARC machine.

-
??

--
? ?

cantor compiler

programsemanticssyntax

outputcode

input

Figure 4: The Cantor system.

3.2 Compiling Action Notation

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

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

For each 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, symbol-table!
(natural, truth-value,data-type,
truth-value,data-type, block) .

perform ::
Act, data-type, general-register,
frozen,symbol-table,
cleanup,cleanup,cleanup,
linenumber, linenumber-complete,
linenumber-escape, linenumber-fail !
(program,general-register,general-register).

Sinceaction notation contains unusual constructs, e.g., `complete', `escape',
f̀ail', the de�nition of the type analysisand code generationemploy unusual
techniques,though not very di�cult. For example,the de�nition of `perform'
requiresasargument both the desiredstart-address(`linenumber') of the code
to be generated,but also addressesof where to jump to, should the perfor-
mancecomplete(`linenumber-complete'), escape (`linenumber-escape'), or fail
(`linenumber-fail'). Theseaddressesare calculated using `a-count' which, in
addition to type analysis,calculatesthe sizeof the code to be generated.

The function `a-count' is de�ned as a forwards abstract interpretation,
computingwith typesof tuplesof data (`data-type'), typesof bindings(`symbol-
table'), and code sizes(`natural'). The �rst t̀ruth-value' component tells if
the action being analyzedhas a chanceof completing. If it does, then the
following `data-type' component tells the type of the tuple of data that will
produced. The next two components givesimilar information about escaping.

The function `perform' takes as arguments the `data-type' and `symbol-
table' that are also supplied to `a-count'. In addition, it takes a `general-
register' which at run-time will contain a pointer to a representation of the
tuplesof data that will bereceivedwhenexecutingthen code. The set f̀rozen'
contains thoseregistersthat the code to be producedmust not modify, and
the three `cleanup' values are natural numbers that indicate how much to
pop from the stack, should the performancecomplete,escape, or fail.
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The calculation of whether an action can completeor not, and whether it
can escape 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 correctness,seelater.

3.3 Performance Evaluation

The Cantor systemhasthe structure shown 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 Scheme[1]. Examplesof a syntax anda semantics are
given in appendix B; it is the LATEX sourceof the appendix that is processed
by cantor . The generatedcompiler contains a syntax checker, a program-to-
action transformer, the action compilerdescribedabove, and �nally a Pseudo
SPARC assembler that currently can emit code for the SPARC and the HP
Precision Architecture. The input �le is a sequenceof integers, as is the
output �le.

The HypoPL language,de�ned in appendix B, is takenfrom Lee'sbook on
realistic compiler generation[22], with the di�erence that we treat nestingof
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 compiler to translate Lee'sbubblesort program (50 lines).

� Compile time: 486seconds;

� 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 experiments, see[43], have shown that the code runs at
least two orders of magnitude slower than a corresponding target program
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producedby the C compiler (without optimization). This is somewhatdis-
appointing but still an improvement compared to the classicalsystemsof
Mosses,Paulson,and Wand wherea slow-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 compile time constant propagation;

� Poor register allocation; and

� Naive representation of bindings, closures,and lists.

Improving the action compiler to avoid this ine�ciency would signi�cantly
complicate the correctnesstheorem,which we considernext.

4 The Correctness Theorem

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

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

sparc-run ::
program,natural,page! sparc-state.

compile :: Act !
(program,truth-value,data-type,
truth-value,data-type,
general-register,general-register).

abstract ::
sparc-state,truth-value,data-type,
truth-value,data-type,
general-register,general-register! state .

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

(1) a-countA () (list of empty-list) =
(n, zn , hn , ze, he, empty-list) ;
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(2) perform A () (reg 0) empty-set
(list of empty-list) 0 0 0 0 n n n =
(p, an , ae)

) compileA = (p, zn , hn , ze, he, an , ae) .

We have only given the de�nition of `compile ', in terms of `a-count' and
`perform'. The operationshave 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,escaped, or failed.

2. The operation `sparc-runp n se' speci�es loading the 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. `sparc-run' is de�ned in terms of `step',
described above.

3. The operation `compileA' translates the action A into a machine lan-
guageprogram p and it alsogivestype information about what will be
producedwhen performing A. The program p will start in line 0.

4. The operation `abstractmp zn hn ze he an ae' will give a sort of all those
states (from the action-level) that are represented by the sparc-state
mp, and that have the type expressedby the following four arguments.
The last two arguments are thoseregisterswhich will contain pointers
to the representations of the data produced,shouldthe action complete
or escape.

5. The operation `i-absn se' will give the input-�le (`[integer]list') which
is represented by the natural number n and the pagese.

The use of both type information and a machine-state in the de�nition of
`abstract'makes it possibleto make do without type information in the se-
mantics of PseudoSPARC.
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Noneof the above �v e operationsare total. The performanceof an action
may diverge; the execution of a machine program may \jump outside the
code"; the compilation of an action may �nd a type error; the machine state
may represent no stateat all from the action-level; and the pagefor input-�les
may contain somethingwithout the right format.

The meta-notation for uni�ed algebrasmakesit particularly easyto spec-
ify such partial operations. This is becauseit supports a uni�e d 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 represents 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 an individual, otherwiseit will
be a vacuoussort. We neednot specify that such sortsare vacuous;if it does
not follow from the speci�cation that they contain an individual, then they
will automatically be vacuous.

The operations `run', `sparc-run', `compile', and `i-abs'will all yield either
an individual or a vacuous sort. In contrast, `abstract' may yield a sort
containing several individuals, and it may also yield a vacuoussort. The
possibility of yielding a sort containing several individuals is neededwhen
abstracting with respect to a closure type. This is becauseif two actions
di�ers only in the naming of tokens(they are equal with respect to \alpha-
conversion"), then the compiledcode for them will be identical.

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

Theorem:

(1) compileA:Act =
(p:programzn :truth-valuehn :data-type
ze:truth-valuehe:data-type
an :general-registerae:general-register);

(2) i-abs(se at 0) se = il :[integer]list

) (1) run A il = ma:state )
(9 mp:sparc-state9 n:natural .
sparc-run p n se = mp ;
abstractmp zn hn ze he an ae :- ma ) ;
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(2) sparc-run p n se = mp:sparc-state)
(9 ma:state .
run A il = ma ;
abstractmp zn hn ze he an ae :- ma ) .

The structure of the theoremresemblesthe correctnessstatement of Despey-
roux. Informally:

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

1. Completeness: If the performanceof the action A (with input-�le il )
terminatesin state ma, then there existsa sparc-statemp and a number
n such that an n-step executionof p will reach mp, and mp represents
ma (and the program-counter points to the last line of p).

2. Soundness: If an n-step execution of p (with input se) reaches mp

(and the program-counter points to the last line of p), then there exists
a state ma, represented by mp, such that a performanceof A (with
input il ) will terminate in ma.

Notice that it is built into the de�nition of `sparc-run', and hencethe cor-
rectnesstheorem,that the executionof the machine languageprogram never
\jumps outside the code".

5 The Pro of Technique

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

� Compiler consistency: Theselemmasstate that the calculation of
code size is 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 semantics of actions.

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

It is alsonecessaryto provestrengthenedversionsof completenessand sound-
ness.

(
 ; �) ` t = t
(Re
exivit y)

(
 ; �) ` s = t (
 ; �) ` t = u
(
 ; �) ` s = u

(Transitivit y)

f (
 ; �) ` si = t i g
n
i=1

(
 ; �) ` f (s1; : : : ; sn) = f (t1; : : : ; tn )
if f 2 � (Functional Congruence)

f (
 ; �) ` si = t i g
2
i=1 (
 ; �) ` p(s1; s2)

(
 ; �) ` p(t1; t2)
if p 2 f � ; : g (Predicative Congruence)

f (
 ; �) ` Fi g
n
i=1

(
 ; �) ` F
if (F1; : : : ; Fn ) F ) 2 � (Modus Ponens)

Figure 5: Axiomatization of Horn clauselogic.

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

Despeyroux expressesnatural semantics in the Gentzen's system style,
with axioms and inferencerules. In such a system one can make natural
deduction, and can then prove lemmasabout the systemby induction in the
length of such deductions. In contrast, the framework of uni�ed algebras
provide Horn clauses,and there are no build-in deduction rules. We have
replacedinferencerules by Horn clauses,so to 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 
 be a
so-calledhomogeneous�rst-order signature, that is, a pair h� ; � i where� is
a set of operation symbols and � is a set of predicatesymbols. In the setting
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of uni�ed algebras,it is required that

� � f nothing; ; & g

and

� = f = ; � ; : g

The value of the constant `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 1 : T2'
assertsthat the value of the term T1 is an individual included in the (sort)
value of the term T2.

Further, let � be a set of Horn clausesbuilt up from 
. Any speci�cation
� of such Horn clauseswill be augmented with somebasic Horn clauses,
stating for example the re
exivit y of ` � ', see[34]. Finally, let F be a
formula built up from 
. We will then write

(
 ; �) ` F

(read F is (
 ; �)-deducible) if (
 ; �) ` F can be obtained by �nitely many
applications of the deduction rules shown in �gure 5. A deduction rule con-
sistsof a conclusion (given beneaththe line), none,one,or several premises
(given above the line), and possiblya condition (given at the right-hand side
of the line). A deduction rule standsfor the statement:

� If all premisesare deducible, the condition is satis�ed, 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
occurrencesof \mo dusponens"in deductions. Note that a singleapplication
of modusponenscorrespondscloselyto a natural deductionstep. This makes
our proof strategy closeto Despeyroux's. All lemmasproved by induction in
the length of deductionare satis�ed by the initial model of the speci�cation.
The key property of an initial model neededhere is that it only contain
entities that are valuesof ground terms (it contains \no junk").

We will end this sectionby explaining why we do not treat recursion, in
contrast to Despeyroux. The reasonfor this is rather subtle; it hingeson the
expressivenessof the uni�ed meta-notation.
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Full action notation o�ers self-referential bindings as the meansfor de-
scribingfor examplerecursiveprocedures.A self-referential binding is a cyclic
structure; the run-time representation will obviously also be cyclic. In De-
speyroux's paper, such cyclic structures are represented as graphswith self-
loops|b oth in the sourceand target languages.This allows her to uniquely
determinethe run-time representation of a self-referential environment.

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 represent more than one source
value, as in Despeyroux's paper, it is also possiblefor one sourcevalue to
be represented 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 represented by a given part of the
memory.

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

( x R y ) � R � ) ) � x.� R � y.�

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

6 Conclusion

Our compiler generatoris speci�ed and proved correct solely in 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 moreanalyses,for the bene�t of the codegenerator.

The use of action semantics makes the processablespeci�cations easy
to read and pleasant to work with. We believe that the Cantor system
is a promising �rst step towards user-friendly and automatic generationof
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 ]]
[[ Act In�x Act ]]
[[ [[ \furthermore" Act ]] \hence" Act ]]
[[ [[ \furthermore" Act ]] \thence" Act ]] .

Unf = [[ Act In�x Unf ]] [[ Unf \o r" Act ]]
\unfold" .

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

Dep = \true" \false" natural
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[[ \empty-list" \ & " \[" Type \]" \list" ]]
[[ \closure" \abstraction" \of " Act \ & "
\[" \p erhaps"\using" Data \]" \act" ]]
[[ Unary Dep ]]
[[ Binary \(" Dep \," Dep \)" ]]
[[ 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 ]]
[[ \(" Dep \)" ]] .

In�x = [[ \and" \then" ]] \then" \b efore"
\trap" \o r" .

Unary = \not" \negation" [[ \list" \of " ]]
\head" \tail" .

Binary = \b oth" \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" ]]
[[ \[" Type \]" \list" ]] .

A.1 Action Principles

Action notation is designedto allow comprehensibleand accessibledescrip-
tions of programming languages. Action semantic descriptions scale up
smoothly from small examplelanguagesto realistic languages,and they can
make widespreadreuseof action semantic 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, corresponding to normal termination (the performanceof
the enclosingaction proceedsnormally); or

� escapes, corresponding to exceptionaltermination (the enclosingaction
is skipped until the escape is trapped); or

� fails, corresponding to abandoningthe performanceof an action (the
enclosingaction performs an alternative action, if there is one, other-
wise it fails too); or

� diverges, corresponding to nontermination (the enclosingaction also
diverges).

The information processedby action performancemay beclassi�ed according
to how far it tends to be propagated,as follows:

� transient: tuples of data, corresponding to intermediate results;

� scoped: bindings of tokensto data, corresponding to symbol tables;

� stable: data stored in cells, corresponding to the values assignedto
variables;

� permanent: data communicated betweendistributed actions.

Transient information is made available to an action for immediate use.
Scoped information, in contrast, may generally be referred to throughout
an entire 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. Permanent information cannoteven be changed,merely
augmented.

When an action is performed,transient information is given only on com-
pletion or escape, and scoped information is producedonly on completion. In
contrast, changesto stableinformation andextensionsto permanent informa-
tion are madeduring action performance,and are una�ected by subsequent
divergenceor failure.

Our subsetof action notation omits all notation for communication. In-
stead,the ad hoc constructs`batch-send'and `batch-receive'allow a primitiv e
form of communication with batch-�les, as in standard Pascal.
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The information processedby actions consistof items of data, organized
in structures that give accessto the individual items. Data can include
various familiar mathematical entities, such as truth-v alues, integers, and
lists. Actions themselves are not data, but they can be incorporated in so-
called abstractions, which are data, and subsequently `enacted' back into
actions.

Dependentdata areentities that canbeevaluated to yield data during ac-
tion performance.The data yielded may depend on the current information,
i.e., the given transients, the received bindings, and the current state of the
storage and batch-�les. Evaluation cannot a�ect the current information.
Data is a special caseof dependent data, and it always yields itself when
evaluated.
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App endix B:
Hyp oPL Action Semantics

B.1 Abstract Syntax
grammar:

Program = [[ \p rogram" Identi�er Block ]] .

Declaration = [[ \int" Identi�er ]]
[[ \b ool" Identi�er ]]
[[ \const" Identi�er \=" Integer]]
[[ \array" Identi�er \[" Integer\]" ]]
[[ \p rocedure" Identi�er
\(" Identi�er \)" Block ]]
[[ Declaration \;" Declaration ]] .

Block = [[ Declaration
\b egin" Statement\end" ]]
[[ \b egin" Statement\end" ]] .

Statement = [[ Expression\:=" Expression]]
[[ \write" Expression]]
[[ \read" Expression]]
[[ \if " Expression\then" Statement
\else" Statement\endif " ]]
[[ \while" Expression\do"
Statement\endwhile" ]]
[[ Identi�er \(" Expression\)" ]]
[[ Statement\;" Statement]] \skip" .

Expression = \true" \false" Integer
Identi�er
[[ Identi�er \[" Expression\]" ]]
[[ ExpressionOperation Expression]]
[[ \not" Expression]] .

Operation = \+" \{" \ < " \=" \and" .

Integer = natural [[ \{" natural ]] .

Identi�er = token .
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B.2 Semantic Entities

B.2.1 Items

in tro duces: item .

item = truth-value integer .

B.2.2 Coercion

in tro duces: coercively .

� coercively :: act ! act .

coercivelyA:act =
A

then
give the givenitem #1 or
give the item stored in the givencell #1 .

B.3 Semantic Functions
in tro duces:

run , establish , activate , execute ,
evaluate , operation-result ,
integer-value , id .

B.3.1 Programs

� run :: Program! act .

run [[ \p rogram" I :Identi�er B :block ]] = activate B .

B.3.2 Declarations

� establish :: Declaration ! act .

establish[[ \int" I :Identi�er ]] =
allocate integercell then bind id I to it .

establish[[ \b ool" I :Identi�er ]] =
allocate truth-value cell then bind id I to it .
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establish[[ \const" I :Identi�er \=" j :integer ]] =
bind id I to integer-valuej .

establish[[ \array" I :Identi�er \[" j :integer \]" ]] =
give empty-list & [integercell] list and then
give sum(integer-valuej , 1)

then
unfolding

checkthe giveninteger#2 is 0 and then
give the givenlist #1

or
regiveand then allocate integercell

then
give concatenation(

list of the givenintegercell #3,
the givenlist #1)

and then
give di�erence(

the giveninteger#2, 1)
then

unfold
then

bind id I to the givenlist #1 .

establish[[ \p rocedure" I 1:Identi�er
\(" I2:Identi�er \)" B :Block ]] =
bind id I1 to
closureabstractionof

furthermore
give the giveninteger#1 and then
allocate integercell

then
store the giveninteger#1

in the givencell #2
and then

bind id I2 to the givencell #2
thenceactivate B

& [perhapsusinginteger]act .

establish[[ D1:Declaration \;" D2:Declaration ]] =

29



establishD1 before establishD2 .

B.3.3 Blo cks

� activate :: Block ! act .

activate [[ D :Declaration
\b egin" S:Statement\end" ]] =

furthermore establishD
henceexecuteS .

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

B.3.4 Statemen ts

� execute :: Statement! act .

execute[[ E1:Expression\:=" E2:Expression]] =
evaluateE1 and then
coercivelyevaluateE2

then
store the givenitem #2

in the givencell #1 .

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

execute[[ \read" E :Expression]] =
batch-receivean integerand then evaluateE

then
store the giveninteger#1

in the givenintegercell #2 .

execute[[ \if " E :Expression\then" S1:Statement
\else" S2:Statement\endif " ]] =

coercivelyevaluateE
then

checkit then executeS1

or
checknot it then executeS2 .
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execute[[ \while" E :Expression\do" S:Statement
\endwhile" ]] =
unfolding

coercivelyevaluateE
then

checkit then executeS then unfold
or checknot it .

execute[[ I :Identi�er \(" E :Expression\)" ]] =
give the abstractionbound to id I and then
coercivelyevaluateE

then
enactapplicationthe givenabstraction#1

to the giveninteger#2 .

execute[[ S1:Statement\;" S2:Statement]] =
executeS1 and then executeS2 .

execute\skip" = complete.

B.3.5 Expressions

� evaluate :: Expression! act .

evaluate\true" = give true .

evaluate\false" = give false.

evaluatei :Integer= give integer-valuei .

evaluateI :Identi�er = give the datum bound to id I .

evaluate[[ I :Identi�er \[" E :Expression\]" ]] =
give the list bound to id I and then

coercivelyevaluateE then give sum(it, 1)
then

give component# (the giveninteger#2)
items (the givenlist #1) .
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evaluate
[[ E1:ExpressionO:Operation E2:Expression]] =

coercivelyevaluateE1 and then
coercivelyevaluateE2

then giveoperation-resultO .

evaluate[[ \not" E :Expression]] =
coercivelyevaluateE then
give not it .

B.3.6 Op erations

� operation-result ::
Operation ! dependentdatum .

operation-result\+" =
sum(thegiveninteger#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 In tegers

� integer-value :: Integer! integer .

integer-valuen:natural = n .

integer-value[[ \{" n:natural ]] = negationn .

32



B.3.8 Iden ti�ers

� id :: Identi�er ! token .

id k:token = k .
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