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ABSTRACT

This thesis addresses the problem of automatically constructing the code
generation phase of a complier from a specification of the source language and
target machine. A framework for such a specification is presented In which
Information about language- and machine-dependent semantics is incorporated as a
set of transformations on an Internal representation of the source language
program. The Intermediate language which serves as the internal representation,
and the metaianguage In which the transformations are written are discussed in
detail.
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dependent knowledge (as embodied In a transformation catalogue) from general
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repertoire of language- and machine-independent optimization algorithms for
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and applying transformations from the transformation catalogue. The three-
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•.sily be tailored to new languages and machine architectures without
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CHAPTER ONE

S1.1 introduction

The creation of a compiler for a specific language and target machine is an

arduous process. it is not uncommon to invest several years in the production of

an acceptable compiler; the excellent compilers avaiiable for PL/I on MULTICS and

System 370 evolved over a decade or more. With the rapid development of new

computing hardware and the proliferation of high-level languages, such an

investment is no longer practicai, especially if there Is little carry-over from one

implementation to the next.

Compiler writers currently suffer from the same malady as the shoemaker’s

children: they seem to be the last to benefit from the Improvements in compiler

language technology that problem-oriented language processors have incorporated.

The current research has been directed towards providing the compiler writer with

the same high-level tools that he provides for others. In an effort to automate

compiler production, systems have been developed to automatically generate those

portions of the compiler which translate the source language program Into an

internal form suItable for code generation. These systems have enhanced

portability and extensibUity of the resultant compiler without a significant

degradation in its performance. The finsi phases of a compiler, those concerned

with code generation, are now coming under a similar scrutiny. Many different

approaches are possible (see 51.4); thIs thesis addresses the issue of providing a

specIflc~ Ion of a code generator. Such a specification Is constructed by the code

generator designer within a framework provided by an Intermediate language (IL)

Chapter One — Introduction 1.
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and a metaint.rprater . The intermediate language Is used as the internal

representation of the code generator — the initial input (provIded by the first phase

of the compiler) is a source language program expressed as an ii program; the final

output is the IL representation of the target machine program. The metainterpreter

has a detailed understanding of the semantics of IL programs and is capable of

performing many transformations and optlmlzations on those programs. The

semantics of IL are limited to concepts common to many languages and machines:

flow of control and the management of names and values are the oniy prl’nltlve

concepts. Specification of machine- and language-dependent semantics (e.g., the

semantics of indMdual operators) are provided by the designer In the form of a

transf ormation catalogue. In essence, the semantics of IL serve as common ground

on which the designer (through the transformation catalogue) “explains” the source

language and target machine to the metalntarpreter which then performs the

appropriate translation. This “explanation” is in terms of a step-by-step syntactic

manipulation of the IL program; each transformation accumulates additional

information for the metalnterpreter or provides possIble translations for IL

statements which are not yet target machine instructions. Since the

metainterpreter Incorporates many of the optimlzatlons commonly performed by

compliers, the specification need not supply detailed Implementation descriptions of

these operations.

One can envision several distinct uses for such a specification:

• as a convenient way of replacing English descriptions of an algorithm
(much the same way . BNF documents syntactically legal programs);

• as a program which, along with a specific Input string, can be
interpreted to produce an acceptable translation (e.g., syntax
directed translation based on a parse of the Input string); or

• as an input to a system which automatically constructs a code
generator (similar to th. various spectflcatlons fed to a oompiler-
complier).

2. Chapter One — Introduction
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Each successive use requires a more thorough understanding of the specification

but repays this investment with a corresponding increase in the degree of

automation achieved. The Increase Is based for the most part on a better

understanding of the interactIon between components of the specification.

Automatic creation of a code generator from a specification would require

extensive analysis of these InteractIons, a capabilIty only now Just emerging from

artificial lnteliigence research on program synthesis (Barstow]. Fortunately most of

the analytical mechanism required is in additIon to the facilities provided by the

metainterpreter and intermediate language — it is reasonable to expect that future

research will be able to extend the framework described in the preceding

paragraph to allow automatIc construction of a code generator. This thesis

concentrates on developing the framework to the point where it can be used

interpretively (as suggested by the second use): Implemented In a straightforward

fashion, the metainterpreter can perform the translation by alternately applying

transformations from the catalogue and optimizing the updated IL program. While

this approach Is admittedly less efficient than current code generators, It

represents a significant step towards separating machine and language

dependencies In a declarative form (the transformation catalogue) from general

knowledge about code generation (embodied in the metainterpreter).

The following section provIdes a brief overview of the tasks confronting a

code generator. 51.3 presents a summary of the salient features of IL, the

transformation catalogue, and -the metalnterprater. in 51.4, related work is

discussed with an eye towards providing a genealogy for the research reported

here. Finally, 51.5 outlInes the organIzation of th. remaInder of the thesis.

Chapter One — IntroductIon 3.
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51.2 SettIng the stage

Before embarking on a discussion of the proposed formalism, let us first

characterize the nature of the task we wish to descrIbe:

code generation is the translation of a representation (In some
intermediate language) of the computations specified in the original
source language program Into a sequence of Instructions to be
directly executed by the target machine.

The Idea, of course, Is that by executing the resulting sequence of machine

instructions the target machine will carry out the specified computation. The

remainder of this section outlInes the tasks confronting a code generator; our

objective is to sketch the variety of knowledge needed for making decisions during

code generation and how current code generators embody this knowledge.

An optimizing code generator is organIzed around three main tasks:

machine-independent optimization
.1.

translation to target machine instructions
.1.

machine-dependent optimization.

Machine-independent optimizatlons Include global flow analysis, constant

propagation, common subexpression and redundant computation elimination, etc. —

these transformations modify the semantic tree, producIng a new tree which is

strictly equivalent (i.e., equivalent regardless of the choice of target machine).

Certain of the8e transformations do make general assumptions about the target

machIne architecture; for Instance, constant propagation assumes that it is more

efficient to access a constant than a variable. The more sopMstIcated code

generators (Wuit] do not actually modify the semantic tree — they maintain a list of

alternatives for each rode in the treet, postponIng the choice of transformation

~ They do not, however, list all possible alternatives as this would result In the
combInatorIal growth of the semantic tree. Searching the full tree for tI~e optimal
program accounts for the NP-completeness of the code generation problem [AhoT7].

4. Chapter One — Setting the stage
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until the translation phase.

The translation to target machine instructIons takes place In several stages:

(I) Storage Is allocated for variables and constants used In the source
program. The semantics of the program often require specific
allocation strategies (e.g., j tacks).

(ii) Algorithms which implement the required computations (FOR-loops,
subroutine calls, etc.) are chosen.

(lii) The order in which computations are to be performed Is determined.
Through the detection of redundant computations, It Is often possible
to permute the evaluation order and realize savIngs of both time and
space in the resulting code whIle maintaining the correctness of the
computation.

(lv) Actual target machine instructions are generated. Machine-
dependent considerations (such as locations of operands for
particular operations, the lack of symmetrical operations, etc.) enter
at this level.

From the many possible transformations applIcable to a particular source program,

an optimIzIng code generator chooses some aabset to produce the “best”

translation. These transformations are Interdependent and an a pr ior i

determInation of their combined effect Is difficult.

Machine-dependent (peephole) optimization [McKeeman, Wulf: Chapter 6] of

Instruction sequences can be used to improve the generated code — Just how much

improvement can be made depends on the sophistication of the translation phase.

The goal is to substitute more efficient instruction sequences for small portions of

the code. Examples: elimination of jumps to other Jumps and code following

unconditional jumps, use of short-address jumps (limited in how far they can jump),

elimination of redundant store-load sequences, etc. This phase Is iterated until no

more Improvements can be made. Before the reader dismisses this final phase as

“trivial,” he should consider this comment from (Wulf, pg. 1 24f]:

all the fancy optimization in the world Is not nearly as important as
careful and thorough exploitation of the target machine... It Is
difficult to determine to what extent (this final phase] would be
needed If more complete algorithms, rather than heuristics, existed In

Chapter One — Setting the stage 6.
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•arlier phases of the complier. However, since some of the
operations of (this final phase] exist simply because the requisite
information does not exist sadler, we suspect that there will always
be a role for a (similar module]

It should be noted that relatively few of the transformations mentioned

above are uniformly applicable. Unfortunately, the conventional control structures

upon which extant code generators are based preclude a trIal-and-error approach

to optimization. The - programmer, using his knowledge of the target machIne

architecture, must, out of necessIty, incorporate In the code generator either some

subset of the applicabie transformations or heuristics to select the “best”

transformation at specific points in the code generation process. These heuristics

base their decisions on a local examination of the tree; more far-reaching

consequences are difficult to determIne — thus, most heuristics “work” for only a

subset (albeit large) of the possible programs. Although the compromises Inherent

In heuristics serve primarily to reduce the amount of computation needed to

complete the translation, they also embody knowledge helpful In the generation of

code. Some of these transformations are of general use In that they are

Independent of both the intermediate representatIon and the target machine; these

transformations form a nucleus of knowledge for the portable code generation

system.

51.3 Introduction to IL/MI

The framework for the specIfication of code generators provided by the

IL/MI system has three basic components:

• an Intermediate language (IL) which serves as the Internal
representation for all stages of the translation. At any given moment,
the IL program embodies all the text, symbol table, and state
Information accumulated by the code generator up to that poInt In the
trarilatlon.

• a transformation catalogue whose component transformations are
expressed in a context-sensItive pattern-matching metalanguage (ML)

5. Chapter One — IntroductIon to IL/MI



as pattern/replacement pairs. The pattern specifies the context of
the transformation as an IL program fragment; the replacement Is
another fragment to be substituted for the matched fragment.

5 a rnetainterpret or IncorporatIng a fairly complete repertoire of
machine- and language-independent optimization algorIthms for IL
programs. The metalnterpreter Is also capable of selecting and
applying transformations from the transformation catalogue.

Within this framework, code generation may be viewed as foliowst: the

transformation catalogue i~ searched by the metainterpreter until a pattern is found

that matches some fragment of the current IL program, then the corresponding

replacement is substituted for the matched fragment creating an updated version

of the IL program. Next, the metainterpreter optimizes the new version of the

program utilizing new info,matlon and opportunities presented by the transformation.

This cycle is repeated until no further matches can be found, at which point the

translation is completed. The simplicity of the mechanism, along with the modularIty

of the transformation data base, make this an attractive basis for a code generator

specification.

Only concepts common to most machine and source language programs have

been Incorporated Into IL and the metainterpreter — concepts specific to a machine

or language are introduced by the designer through the transformation catalogue.

Many of these new concepts need never be related to the primItives of IL: they

can be introduced Into the IL program as attributes of some component of the IL

program where they can be referenced by transformations. The semantics of

these attributes are established by the role they play In various transformations;

t ThIs description is only a conceptual model; in a code generator constructed
from the specification, the decisions Inherent In choosing and applying a
transformation would have been ordered by the metacompiler and incorporated in
the organization of the code generator (actual searching would be seldom be done).
Some decisions would be made during the construction of the code generator,
others would be embodied as decision trees and heuristics. Other distinctions
between interpretation and compilation of the specification are Ignored until
Chapter 5.

Chapter One — introductIon to IL/ML 7.
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for example , the conce pt of an addItion operator need only be related to the

integer and floating-point addition Instructions of the target machine — neither IL nor

the metalnterpreter hava to support addition as a prImitive operation. The abIlIty to

•xpress source language semantics in terms of other, sImpler operations and,

ultimately, in terms of target machine Instructions without recourse to some fixed

semantics allows great lioxibility without any attendant complexity in the

IntermedIate language or metalnterpreter.

But Isn’t It “ cheating” to require the designer to spell out source language

semantics in terms of target machIne Instruction sequences? Doesn’t that raise

the objection to conventional code generators, viz, that a large Investment is

necessary to redo th. translations when another target machine or source

language Is to be accommodated? No, not really. There is no “magic” provided by

the IL/MI system — the semantics of the source language and target machine must

always be described by the designer in any truly language- and machine-

Independent system. However, their most natural (and useful) description Is In

terms of one another — after all, the designer in theory fully understands both and

the sImplicity of the IL/MI system mInimizes the need for expertise in any other

language/Interpreter. Moreover, since the metalnterpreter Incorporates the

necessary knowledge about general optimization techniques, the overhead of the

description is small compared to coding a conventional code generator. It Is true

that a more highly specified intermediate language semantics mIght be more

appropriate for a specific source language and target machine, but such constraints

Impede the transition to other languages and target machInes (see description of

abstract machines In 51.4). SInce P1/MI Is to be a general purpose code

generation system, such constraInts have been avoided.

8. Chapter One — Introduction to IL/MI
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51.3.1 A syntactic model of code generation

One of the most useful discoveries of artificial Intelligence research Is that

complicated semantic manIpulations can be accomplished with step-by-step

syntactic manipulation of an approprIately chosen data base (see, for example,

(Hewitt]). This section explores the application of this approach to the process of

code generation. The objectIve of this exploration Is to provide a different

perspective of the iI/ML system — hopefully this wIll lead to a better designed

transformation cataiogue.

One can characterize code generation as a consecutive sequence of

transformations chosen from the transformation catalogue and applied to an

intermediate language Input string:

5lntermediate ~ •

~~ 
‘“ 4 5n ‘ ~target machine’

5target machine Is not necessarily unique; thus, the code generation algorithm may

have to choose among many translations. If the translation uses an abstract

machine then we will have

lntermedIate “ “ ~‘ ~~ 5k-1 ‘ 5AM ~~ 
8k+1 “ ~~~ ‘ 5n ‘ 8target machine’

The transformations ieadlng to are Independent of the target machine; the

transformatIons following 5AM are machine dependent, if we group. transformations

according to the code generation steps they describe (e.g., storage allocation,

register assignment, etc), each group describes the translatIon of programs for a

particular abstract machine Into programs for another. By defining a hierarchy of

abstract machines, the designer can limit the impact of a partIcular feature of the

target machine to a few transformations. This type of organization of the

transformatIon catalogue leads to a highly modular specification.

As was mentioned above, the resulting machine language program is not

always unique — in order to be able to decide among competing translations, It Is

Chapter One — Introduction to IL/MI 9.
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necessary to introduce some measure Cm) of a program ’s cost:

mt S 4 R u..

This totally ordered measure Is to reflect the optlmailty of the translation; the

smaller the measure, the more optimal the translation. Note that thr.~ measure is not

defined (m(s’) ~ as) for Intermediate language strings (a’) that do not represent a

completed translation. Typically this measure is computed from the values of

attributes of the statements In the final program: It is up to the designer to ensure

that each statement is assigned these attributes — If some statement does not

have the appropriate attributes defined, the measure for that II program will be

undefined. The final choice for a given input strIng s and measure m Is the set of

“optimal” translations given by

{ •‘ s -
~~ a’ and for .11 a” (a s’ ImplIes m(s’) ~ m(s”)] }.

Note that we restrict our notion of aptimailty to those strings which can be actually

derived train the inItial program Cs) by repeated applications of transformations from

the transformation catalogue (i.e., s -
~~ s’,s” ). It Is possible that semantically

equivalent strings exist which are more optimal but which may not be dIscovered

because of some Inadequacy In the transformation catalogue. in some sense this

Inadequacy is intrinsic since the semantIc equivalence problem Is In general

unsolvable (Aho?O].

In our syntactic view of code generation, we have set forth two tasks for

the code generator. FIrst, it must produce a set of translations for the given input

string that meet certain basic criteria: e.g., they must be well-formed machine-

language programs (only these should have the correct attributes needed to

compute the measure). Second, it must seiect one of these translations as the

translation. This selection is based on the optimality of the translation as well as

other constraints the user may supply at compile time (e.g., upper bounds on space

10. Chapter On. — Introduction to lI/MI
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and/or execution speed). The filtering process Is an expensive one as it means

discardIng completed translations — the more restrictive the compile-time

constraints, the more programs may have to be discarded before a satisfactory

translation is encountered. An alternative approach Is to include these criteria as

part of transformations In the catalogue, using contextual information to disqualify

transformations which result in a violation. Thus unproductive translations ere

aborted before the effort Is expended to complete them. The decision to Include

essentially all constraints as transformations allows a parsimonious description of

acceptable translations at the cost of additional transformations. Experiments with

automatic creation of a code generator from a set of transformations may prompt

us to change our minds.

Let us take a moment to outline the advantages and disadvantages of this

approach to code generation. By modeling code generation as a series of simple

syntactic transformations, we have removed the onus of specifying the order In

which the transformations are to be done — we have removed the control structure

of the code generator. In Its place we require that the designer specify enough

context for each transformation to guarantee It will be used only when appropriate.

The merits of this tradeoff are difficult to judge. For i’maII sets of transformations

It is sImpler to omit the control structure as it Is possible to foresee undesIrable

interactions between the various transformations and head them off at the pass.

As the number of transformatIons increases1 It becomes IncreasIngly difficult to

account for the global effect of an additional transformation. Adopting a modular

organization for the transformations alleviates this problem — the use of a hierarchy

of transformations (with little overlap between levels) supplies an Implicit context

for the transformations on a given level. There are many syntactic mechanIsms for

enforcing this modularity; several are presented In later examples. The greatest

Chapter One — Introduction to IL/MI 11.

— — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -,-~~-— — . ~~~~— 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _



advantage of a syntactic view of code generation Is that the designer is not

encumbered with the details of programming but Is able to deal at a hIgher, more

natural level in describing code generation. The principal disadvantage is the

current lack of a simple technique for realizing a code generator from the

transformations. To actually Implement a code generator, we will have to make

explicit the Implicit control structure supplied by the context of each

transformation. Until this problem is solved, It looms as the largest barrier to

accepting the syntactic view of code generation.

~1 .3.2 Th. transformation catalogu, and metainterpr.ter

SInce the emphasis in a specification I. on describing what the code

generator Is to do rather than how it Is to be done, an effort has been made to

distinguish strategy from mechanism. The strategic decisions made by a code

generator are embodIed in the transformation catalogue and fail roughly Into three

categories

(1) expansion of a hIgh-level IL statement into a series of more
elementary statements;

(2) simplillcatiori or elimination of II statements whose operations can be
performed at compile time;

(3) transformatIons on sequences of IL statements, e.g., code motion In
loops, permutation of evaluation order to achIeve better register
usage, peephole optlmizations, etc.

The applicability of a transformation to a particular IL statement depends on the

context In whIch that statement appears. In traditional code generators the

context of an operation is established by two interdependent computations:

• flow analysis to determine available expressions, use-definition
chaining, and live variables;

a compile-time computation of values for variables and Intermediate
results.

In a IL/MI specification, these computations have been Incorporated as part of the

12. Chapter One — Introduction to IL/MI
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context matching performed before a transformation Is applied — the designer

never explicitly invokes the underlying mechanism, Instead he may deal directly

with values of variables, execution order of IL statements, etc. as part of an ML

pattern.

The adequacy of IL/MI as the baaI~ for a code generator specIficatIon

hinges on the ability of the pattern matching mechanism to express the desired

context. The pattern prImitives provided by ML are based on standard data flow

analysis techniques (UlIman, Kildall] and do not require extensions to the state of

the art. Fortunately, these standard techniquos easily compute the Information

required by many common optimizations. Combined with modest symbolIc

computation abilities (arithmetic on integers, canonlcaiization of expressions, etc.)

the bulk of a code generators’ task can be easily described without further

mechanIsm. ideally, it would be nice to stop here and rely on sequences of

transformations to Implement the more exotic transformations (such as Induction

variable elimination or register allocation) which are not currently Incorporated In

the metainterpreter. Unfortunately, this I~ an unreasonable attitude In light of the

complexity of current algorithms for performing these transformations; the resulting

set of transformations, If possible to construct at all, would be so large as to

intimidate even the most dedicated reader of the specification. Two alternatives

are

(1) to express the kernel of the algorithm as a simple transformatIon
(such as assigning a complier temporary a free register name) and
rely on a combinatorlc search to try all the possIble alternatives. A
clever metacompiler might be able to recognize these transformations
for what they are and substitute one of several heuristics In the
resulting code generator.

(2) to include built-in predicates (in the case of Induction variables) or
functions (for register allocation) that provide enough Information for
a simple transformation to perform the desired translation. To ensure
that the specIfication does not build In certain heuristics this scenario
requIres algorithms that always “work” (I.e., produce complete or

Chapter One — introduction to IL/MI 13.
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optimal results ); for many of the transformations in question no such
algor ithm currentl y exists .

Neither alternative Is completely satisfactory and further research Is needed to

reach a conclusion. It seems reasonable to expect an eventual resolution of this

issue and there is some evidence (Harrison ] that many such optlmizations may be

ignored without signIficantly degrading the usability of the specification. in this

spirit, the remainder of the thesis concentrates on the specification of code

generation techniques which have a basis In flow analysis and its extensions.

Si .4 RelatIon to previous work

Until recently, research had focused on two approaches for the specification

of code generators: the development of high-level languages better adapted to the

writIng of code generators and the Introduction of an “abstract machine” to further

simplify the code generation process. The new high-level languages (Young]

provide as primitives many of the elementary operations used in code generation

such as storage and register allocation and automatic management of internal data

bases (e.g., the symbol table). The actual process of code generation typically fills

In a user-provided code template with sundry parameters such as the actual

location of the operands, etc. Local optimization Is accomplished by special

constructs within the tempiate which allow testing for given attributes of the

parameters. ModularIty of the code generator Is improved and much of the

machine-dependent information is in descriptive form. Ot course, the portions of the

code generation algorithm and the optimization mechanism which depend on the

semantics of the source language or target machine must still be coded into

procedural form. The encoding of this information (usually as special cases)

represents a large portion of many optimIzing compliers (Carter].

14. Chapter One — Relation to previous work
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The apparent dichotomy between descriptIons of the intermediate language

and the target machine led to disparate mechanisms for describIng each. The use

of an abstract machine (AM) capItalizes on this dichotomy. The operatIons of the

AM are a set of low-level instructIons based on some simple architecture. A code

generator based on an AM [Poole] performs two translations: first the parse tree is

translated into a sequence of AM operations and than each AM operation is, In turn ,

expanded into a sequence of target Instructions. The optimallty of the resultant

code Is largely a function of how closely the AM and the target machine correspond

and how much work is expended on the expansion.

The first AM was UNCOL (universal computer oriented Fanguage) [Steel],

Introduced to solve the “mxn translator” problem. Its proponents hoped that the

use of a common base language would reduce the number of modules needed to

translate m languages to n machines from mxn to m+n; they would translate a

program in one of the m languages to UNCOL and than translate the UNCOI. program

to one of the n machines. The “UN” In “UNCOL” was their undoing as it proved

exceedingly difflcuft to incorporate all the features of existing languages and

machInes Into the primitives of a single language. By limiting the scope of the AM

to a class of languages and machines (Coleman, Waite], it was possIble to achieve

truly portable software with a minimum of effort. Current ImplementatIons fail Into

two categories:

(a) The expansion is guided by a description of the target machine
(Miller, Snyder]. The code generator may be easily modified to
accommodate a different machine; however, due to the loss of
Information during the translation to AM operations, It Is difficult to
use special features of the target hardware to advantage. The
description ianguage Is generally tailored for a specific class of
machines and cannot easily be augmented.

(b) The expansion is done by a program designed to produce highly
optimized code for a specific target machine (Richards]. This end Is
achieved vIa a “simulation” of the AM operations to gather sufficIent
information about the original program to allow more than local
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optimIzation. As a result, this phase can become quite costly to
Implement.

Thus, the designer had to choose between achieving a limited machIne

Independence at the cost of poor optimization or producing optimized code and

investing a substantial effort for each new target machine.

In an effort to accommodate a wider class of machines than encompassed

by a single AM, some researchers (Bunzs, Wick] have used a more general

machine-description facility such as that pnwlded by ISP (Bell]. An ISP description

provides a low-level (I.e., register transfer), highly detailed description of the

target machine which is amenable to mechanical Interpretation to simulate the

described processor. If an ISP descriptIon of source language operations is also

available, a sophisticated code generator wouid have sufficient Information to

complete a translation. Despite the success of ISP in describIng processors

[Barbaccl], It Is not really suitable for describIng The semantics of a high-level

language: the level of detail required by ISP would require complex descriptions for

many of the operators and data types of the language. In addition, reducing the

semantics of the target machine and source language to their lowest common

denominator results in the loss (or obscuring) of Information used by many

optimization strategies.

The Introduction of aWbute grammars (knuth, Lewis] has coupled recent

research with the formal systems developed for the parsIng phase of compilation.

In an attribute grammar, th. underlying grammar is augmented by the addition of

attributes assocIated with the nonterminal symbols of the parse. These attributes

correspond to the “m.anlng” of their assodated symbol; this naturally leads to two

categories: inherited and synthesized attributes. Inherited attributes describe the

context in which the nonterminsi symbol appears; synthesized attributes describe

those propertie. of w~ rionterminal symbol which derive from its component parts.

10. Chapter One — Relation to previous work
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The relationship between the attribute. of one symbol and another Is specified by

“semantic rules” associated with each production defining the synthesized

attributes for the nonterminal symbol on the left-hand side of the production and

the inherited attributes for the nonterminal symbols on the right-hand sIde of the

production. (Neel] presents several production systems augmented with attributes

that descrIbe Information commonly collected in the course of optimization (block

numbers , whether a statement can be reached during executIon, etc.). The

principal advantage of such production systems is that there are no dependencies

in the formalism on specific language or machine semantIcs — attribute grammars

provide a general mechanism for accumulating contextual Information during the first

phase of compilation. However, optImizations that require other than a local

examination of context are hard to accommodate: constructing the appropriate

attributes can be nontrivial (Cf. lambda calculus ‘xample In (Knuth]). Finally,

except In trivial cases, translation Into a target machine program (with the

attendant optimizations) still requIres another phase — one which is highly machine

dependent.

Attributes have been adopted by Newcomer In his work on generalizing the

optimization strategies employed by the BLISS/i 1 compiler (Newcomer]. In

performing the expansion Into POP-il code, this compiler depends heavily on tables

which contain hand-compiled informatIon on the best choices for each expansion.

Newcomer attempts to automate the production of these tables by examining a

description of the target machine. He uses a GPS-iike search technique based on

a difference operator to exhaustively search possible InstructIon sequences — from

this search (guided by a preferred attribute set initially specified In the machine

description) he collects the Information needed to construct the tables. The

machIne description Is a set of context-sensitive transformations where the
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appropriate context is established through the use of attributes. Although the

results of this work do not establish the viability of automatically constructing a

compiler in this manner, the notion of context-sensitive transformations as the basis

of a machine description is a valuable contribution to the lL/ML system.

Perhaps the moat successful attempt to date at constructing a moduler code

generation scheme Incorporating a fairly complete optimization reperto~ro is the

General Purpose Optimizing (GPO) complIer developed at IBM (Harrison]. The

structure of the GPO compiler Is sImilar to that proposed by this thesis: there Is an

intermediate ianguage schema used as the internal representation, a set of defining

procedures that serve as the basis for translating/expanding programs into

pseudo~machine language, and a program which modifies the Internal representation

as optlmizations and expansions are applied. The expansions and optimizations are

Iterated until the translation is complete; a final phase translates the resultant

program into machine language, performIng register assignments, etc. The GPO

compiler is oriented towards PL/l-iike programs — the primitives provided In the

Intermediate language directly support block structure, P1/I pointer semantics, etc.

The set of defining procedures allow tailorIng of code dependent on attributes of

the operands. The maIn differences between the GPO complier and IL/MI are

• the lack of sophisticated name management (e.g., overlaying, allasing)
on the part of the GPO compIler.

• the syntax of defining procedures of the GPO compiler are best
suited for P1/i-like programs.

a there Is no notion of combIning adjacent statements into a single
operation (as In peephole optimization). Although Harrison talks of
compiling past the machine Interface, optimization, take place on a
statement-by-statement basIs (I.e., there is no general pattern
matching facility).

a In the GPO compiler, attrIbutes are treated )Ike any other variable —

optlmIzations such as constant propagation are relied upon to make
the attribute Information available throughout the program. IL/MI
provides a separate semantIcs for attributes thereby eliminating

18. Chapter One — Relation to previous work
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certain situations where the optimizations would not be able to
unravel a complicated sequence of statements.

The coaplexlty of the GPO complier is greatly reduced from that of cwrent PL/l

optimizing compliers. [Carter] has hand-simulated the expansion of test cases

using a set of simple defining procedures for the substrlng operator of P1/i,

producing code which equals or betters that of the IBM optimizIng compler (which

includes some 8000 statements to treat specIal cases of substring). The Inclusion

of more sophisticated optlmizatlons in the processor (Cf. (Schatz]) should further

Improve these statistics. Encouragingly, many of these results seem applIcable to

the formalism proposed in this thesis — the increased generality of IL/MI should not

reduce its performance in this area.

Sl.5 Outline of remaining chapters

Chapter 2 18 a detailed description of the intermediate language II: the

Syntax of IL Is defined and the representation of data Is discussed. The semantics

of each IL construct is described and related to the needs of MI and the

metainterpreter. The chapter concludes with a brief introduction to the compile-

time calculation of values.

Chapter 3 dIscusses the construction of a transformation from ML templates

that specify Its context and effect. The syntax of a template (descriptIon of an ii

program fragment) Is described emphasising the utility of wild cards and built-In

functions. Rules for applying the transformation and updating the IL program are

given. The final section describes a few sample transformations.

Chapter 4 presents a set of sample transformations and simulates their

applIcation by the metainterpreter to a sample IL program. This detailed example is

aimed at demonstrating the ease of constructing a transformation catalogue and

feasIbilIty of performing code generation using the lL/ML system.
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The final chapter briefly discusses the metainterpreter and the facilities it

should provide then summarizes the results of this work and suggests directions for

further research.
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CHAPTER TWO

52.1 The intermediate language: IL

The Intermediate language described in this chapter serves as foundation

for a specification constructed as outlined In 51.3. IL supports a skeletal semantics

common to all programs from source to machine language; this Includes primitives to

describe the flow of control and the managing of names and values within an IL

program. In additIon, IL hcIudes a mechanism for accumulating information on

particular operations and storage cells for later use by the transformation

catalogue and the metalnterpreter. The remainder of the semantics of an IL

program (e.g., the meaning of operations) reside In the transformation catalogue and

are made available when these transformations are applied by the metainterpreter.

By relegating the language and machine dependence to the transformation

catalogue and providing a general syntactic mechanism for accumulating information,

IL becomes a suitable Intennediate language for the entire translation process. in

order to allow common code generation operations (flow analysis, compile-time

calculation of values) to be subsumed by the metainterpreter, separate fields are

provided in each IL statement for the information required by the metalntarpreter in

performIng Its analysis.

Although IL in Its most general form has a rather skeletal semantics and Is a

suitable IntermedIate language for a wide variety of source languages, certain

conventions are established below for use In examples In later sections. Most of

these conventions were inspired by conventional sequential, algebraic languages

such as ALGOL, BLISS, or even CLU that are amenable to eMclent Interpretation by
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conventional machine architectures (I.e., those traditionally thought of as complied

languages). These conventions will be Inappropriate In part for complied languages

that are not related to ALGOL (e.g., LISP); in many cases these can be easily

accommodated by relative ly simple changes . No dir ect attention has been paid to

the special problems associated with the translation of those languages whose

control structure differs substantially from that of ALGOL (e.g., SNOBOL, DYNAMO,

SIMULA, etc.); this omission reflects the bias of this research towards the

specification of conventional code generators. Hopefully, further work will fill this

gap.

The most common form of Intermediate representation is a flow graph of

basic blocks where each basic block Is described by a directed acyclic graph or

dag (see, for example , Chapter 12 of (AhoT7b]). it. is a linearization of this

graphIc representation with several additional restrictions to allow easy modeling of

conventional languages. An IL statement may specify one of two actions: the

conditional transfer of control to another statement (these correspond to the arcs

of the flow graph); or the application of an operator to its operands (these

correspond to the interior nodes of a dag), optionally saving the result in a named

cell. Similarly, an IL statement may have one of two effects: transfer of control or

the change In the value of one or more cells. As we will see below , it is easy to

determine the exact effect of a statement from Its syntactic form; targets of

transfers of control and the set of cells changed by a statement (its kill set) are

syntactically distinguishable from other portions of an IL statement.

As mentioned above, IL provides a schematic representation which is flexible

enough to be used for programs varying In level from source to machine language.

To encompass such a variety of programs, IL could not (and does not) have much In

the way of built -In semantics. The following list summarizes the primitive concepts

22. Chapter Two — The IntermedIate ianguage: IL
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of IL:

• conditional transfer of cont,-oi to another IL statement. in the
absence of a transfer of control, execution proceeds sequentially
through the IL program.

e application of an operator to Its operands. There are no built-in
operations supported by IL — the designer must ensure that each
operator can be interpreted by the target machine or further
expanded in the transformation catalogue.

• value storage provided by named cells. The scope of a cell name and
the extent of Its storage cover the entIre II prog ram. Note that
there Is no distinction betwe.~n program variables and compiler
temporaries — all requirements for value storage must be met by
using cells. Cell references have an ivalue/rvaiue semantics similar
to BCPL or BLISS. The name of a cell serves as its Ivalue; applying
the contents operator to the lvaiue of a cell (i.e., <Iv&ue)) yields the
rvalue of that cell. Aggregate data such as arrays or structures may
be modeled by structuring the ivalue and rvalue of a cell.

• attributes for both Ivalues and rvaiues provide a syntactic mechanism
for accumulating “declared” information that is unaffected by
subsequent IL operations. A third type of attribute provides the
same capability for each statement In an IL program.

• llterals 11)1 the dual role of reserved words (operators, attribute
names, etc.) and constant rvalues (numbers, character strings, etc.).
The meaning of a literal Is “self-contained,” one need go no further
than the statement in which it appears to establish its meaning. Note
that there Is no such thing as a literal ivalue, i.e., an lva ue whose
meaning can be established independently of the context In which it
appears — thus it Is not legal to apply the contents operator to a
literal.

The followIng sections descrIbe each of these areas in more detail, discussing how

popular concepts such as block structure, data types, etc. are handled by IL.

52.2 Data in iL

All data storage In IL Is provided by named cells - program variables,

Intermediate results, etc. are represented In an IL program by a cell. Each cell has

three components:

(1) an iveiue (name) which unambiguously Identifies the cell. The scope
of the lvalue covers the entire ii program. An ivalue can be
structured for modelIng arrays, structures, etc.

Chapter Two — Data In IL 23.
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(2) an rvaiue (written <lv&ue>) which is modIfied whenever the ccii
named Ivalue is used to hold the result of an operation. Any quantity
associated with the cell that can be modIfied by an IL operation Is
considered to be part of the rvalue; If more than one such quantity
exists , both the rvalue and the ivaiue must be structured.

(3) a set of attributes associated with eIther the lvaiue or rvaiue.
Attributes are used for declarative information that, once established,
is unaffected by subsequent IL operations — attributes are sort of a
manifest rvalue.

Note that no automatic translation is provided by the metainterpreter for cells; the

designer is responsible for realizing each cell utilized In the IL program (by

Incorporating appropriate transformations in the transformation catalogue). This

may include allocating main storage (for program variables), assigning regIsters (for

short-lived Intermediate results), or subsuming them completely (for intermediate

results computed at compile time or Internally by the target machine — e.g., indexed

addressing).

Although an Ivalue unamblguousiy identifies a cell, it is not necessarily

unique. A given cell may come to have more than one name through redundant

expression elimination or the ALIAS pseudo-operation (see 52.3.3). From then on

either name may be used interchangeably. The ALIAS pseudo-operation may also be

used to Implement the overlayIng of storage, an operatIon provided in many source

languages by allowing the equlvaie iclng of names. Unlike FORTRAN, however, each

alias must be made explicitly — this is explored further In 52.2.2. Note that an

ivalue may be used as an operand and that, as an operand, It will requIre

declaration of attributes similar to those for an rvaiue (type, length, value , etc.) —

care must be taken so as not to confuse ivalue attrbutes with rvaiue attributes

and vice versa.

There Is no separate provision for the scoping of Ivalues (block structure).

Through a declaration of a variable of the same name In an Inner block , sco ping

allows shielding of a cell from use inside that block. In pract ice, however ,
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procedure calls and pointers allow access to cells which are not directly

accessible as operands. Thus the original cell cannot be “forgotten” completely

while processing the inner block: a mechanIsm must be provIded for referencing

both the new cell and shielded cell when describing the effect of computations

within the inner block. The other Information provided by scope rules — lifetime

Information — Is more accurately determined by live variable analysis performed by

the metainterpreter. The additional cells provided for by scope rules can be

created by choosing different cell names for each new declaration øf the variable

(perhaps by suffixIng the linear block number to the variable name).

IL does not directly support data types (not even bit strings!): rvalues are

simply objects. If the source language has declared types, these may be

Incorporated as attrIbutes of the rvaiue (for tagged data types the type

Information is another component of the rvalue). Transformations can utilize these

attributes to tailor the generated code (see Figure 2.2). SImilar conventions suffice

for other properties of rvalues: their size, precision, etc. in theory, data types

provide additional InformatIon in strongly typed languages. For example, assignment

through an integer pointer should affect only cells whose rvalues have type integer.

In practice, eRasIng (see above), lack of type checking in computing poInter values,

and (legal) inconsistencies between actual and formal procedure parameters

conspire to prevent the designer from taking advantage of this additional

information. In other words, just because the pointer has been declared as integer

pointer does not guarantee that It points to only cells of type Integer. it is worth

noting here that the metainterpreter does know about certain classes of objects,

such ~~ ... numbers, sh owing transformations to manIpulate certain rvalues at compile

time.
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- ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 
- - —



52.2.1 Attributes

Attributes provide a general mechanism for associating information with

components (cells and statements) of an IL program. Attributes associated with

the Ivalue or rvalue of a cell provide informatIon which Is unaffected by IL

operations, e.g., its type, storage class, sIze, etc. This information Is initIally

provided by the first phase of the complier or added during translation by

transformations as It is “discovered.” Once established, cell attributes are

available from any point in the IL program — dynamic Information that is context

dependent (e.g., which register contains the current value of the cell) cannot be

stored as an attrlbutet. Attributes are the work horse of a specification: they

provide a symbol table facility for each declared varIable and lnterm’3dlate result,

model synthesized and InherIted attributes used for passing contextual information

about the operation tree, and so on ad Infinitum.

Statement attributes allow Information not relevant to the result cell to be

associated with each statement. This Includes properties of the operator (e.g.,

commutativity, sIze of a target machine Instruction), effects on the global state of

the Interpreter (e.g., which condition codes are changed by a target machine

operator), progress made In translating the statement (useful for communication

between a set of transformations), etc. By Incorporating these pieces of

Information as attributes, transformations can tailor the IL program taking into

consideration machine- and language-dependent features without building machine

and language dependencies Into the metainterpreter.

t Dynamic information may be stored as part of the rvalue of a cell; In many cases
compile-time computation of rvalues will propagate this Information as effectIvely as
It It were an attrIbute. Moreover, much of this type of information Is used for
optimizations which are already incorporated in the metainterpreter.
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Attributes are referenced In an IL program as follows:

“attr/bute.j, ame” for statement attributes;
“Iv&ue:ettrlbute..name” for lvaiue attributes;
“<Ive!ue>:attrlbute_name” for rvaiue attributes.

Each attribute has a value (always a literal) established In some IL statement by

Including an assignment to the attribute name in the attribute field of that

statement. For example, the following IL program statement illustrates the

attributes which might be associated with the declaration of a real variable “Z” in

a PASCAL program:

Label Operator Operandsj Attributes
Z declaration Z:type=unslgned_integer Z:sIze 2

Z:Ievek2 Z:offset l 4
<Z>:type real (Z>:sIze~8

The first line Indicates that the address (lvaiue) of Z is a two byte unsigned

integer — this Information will be needed for type checking performed by some

transformation If Z enters Into a pointer calculation. The second line gives the

lexical level and stack frame oflsett assigned to 2 (either by the first phase of the

complier or a transformation applied earlier); a transformation could be included In

the transformation catalogue to compute the actual address of Z from this

Information. Finally, the third line Indicates that the value of Z occupies 8 bytes

and has type real. Note that the “declaration” operator has no special significance

In IL; any semantics associated with this operator (e.g., allocation of storage or the

initialization of 2’s rvaiue) will be captured in the transformation catalogue. The

same is true for each of the attributes described in this paragraph: In IL, their

values are simply Ilterals — the interpretation ascribed to them In the explanation

t These were arbitrarily chosen to be Ivalue attributes: general attributes of a cell
may be associated with either the ivalue or rvaiue — a convention is chosen here
so that the transformatIons “know where to look” for the information.
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reflects the role they play in transformatIons applied by the metalnterpreter.

52.2.2 Structur ing of ccii names and values

The ability to structure Ivelues (and their corresponding rvaiuea) simplifies

the modeling of aggregate data and operatIons which affect one or more

components. Each component Is, in effect, a separate lvaiue; Its type, size, and

other attributes can be maintained separately from those of other components. It

is also possIble to perform operations on the aggregate data as a whole, changing

all components in one operation. A component’s ivalue is constructed by appending

the appropriate selector to the Ivalue of the aggregate, like so:

aggregate_name.selector. For example, if A were an array dimensioned from 1 to

10 then

rv&ue refers to
(A> the entire array

A(2J, the second component of A
(A).(l> A[l], the ith component of A
(A).” all components of A (A.1 through A.1O)

Note that <aggregate_neme.selector) is equivalent to <.ggregate_name>.seiector —

either form may be used interchangeably. in the last line, “ '“ was introduced as a

convenient abbreviation for “ all possible component names.” Of course, “““ is

never actually expanded but rather serves as a wild card when resolving attribute

references to components of an aggregate coil. For example , <A>.” would be used

when referring collectively to elements of the array, as when declaring the type of

the elements (assuming A is homogeneous). Thus, it a program contaIned the

definition <A).”:type”boolean then the attribute reference <A>.3:type could be

resolved to “boolean.” (A>.” used as the prefix of an attribute reference Is not

equIvalent to (A): attributes for an aggregate are maintained separately from

those of its components. The following IL statement illustrates the attributes which
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might be associated with a declaration of the above array:

Label Operator Operands Attributes
A declaration A:type.unsigned_integer A:size”2

A:dimenslons l A:ubound l 0
A:lbound”l A:)bound:type=lnteger A:Ibound:size 2
<A>:type array <A>:size l 0

_____ _____________________ <A>.*:typezboolean <A>.”:size~ 1

Note that the example specifies that the rvaiue of A is an array 10 bytes long and

that the ivalue of A is s 2-byte unsigned integer (just like any other address!).

The third line Is included since A:lbound is likely to be used as an operand in

subscript calculations and therefore needs the appropriate attributes. The final line

indIcates the type and size of the components of the array. In choosIng the

attributes to be Included in this array declaration, every effort has been made to

ensure that each quantity whIch might appear as an operand In subsequent

operations has the required attributes. This eliminates the need for any special

casing — a multiply operation performed during a subscrIpt calculation receives the

same treatment as any multiply operation.

In many cases the “ '“ notation Is more powerful than the corresponding

expansion. For example, consider the declaration given above and the attribute

reference <A>.(i>:type (the type of the 1th component of A). The last line of the

declaration Indicates that the type of any component Is “boolean” and so

<A).<i>:type can be resolved to “boolean” wIthout further ado. If, on the other

hand , separate type definItIons had been provided for each component — i.e.,

<A>.1 :type~booiean, etc. — resolution of <A>.(l>:type could not proceed without

more knowledge of <I) (the value of the subscript). Even though bounds checking

may be desirable, It is t~etter accomplished explicitly at run time rather than

implicitly durIng compile-time type checking. Another solution would be to endow

the metsinterpreter with special knowledge concerning attributes of array
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subscripts , but this leads to undesirable language dependencies in the

metainterpreter. All In all, the “““ notation comes much closer to the semantics

common to most aggregate data and leads to a simple mechanization of attribute

resolution.

Operations which affect the rvaiue of an aggregate cell (e.g., an array

assignment to <A>) are understood to change the rvalues of the components (e.g.,

(A>.1, <A>.2, .. ., <A>.10). The converse is also true: a change in a component’s

rvalue changes the rvalue of the aggregate. Both cases are based on the premise

that the rvalue of an aggregate is the “sum ” of its components — i.e., that the

rvalue of an aggregate is not maintaIned separately from the rvaiues of its

components. Thus <A> Is equivalent to <A>.” (when speaking of rvalues — this

differs tr thfl the conclusion reached above for the managing of attributes). The

effect of this reasoning (see discussion In 52.3.1 on augmentation of kill sets)

coincides with common practice: a change In <A>.3 should invalidate any temporary

copies of the whole array (<A>) but should not affect temporary copies of other

components (e.g., <A>.?); on the other hand, changes In the whole array should

invalidate temporary copies of any component.

As a final example of a structured cell, consider the following series of IL

statements (see 52.3.3 for a detailed description of the ALIAS pseudo-operatIon):

Label 3perator Operands Attributes
X declaration X:type”unsigned_integer X:size 2

<X>:type~iong <X>:size-4
I ALIAS X.1 I:type”unsigned_lnteger i:size 2

<i>:type”Integer (l):size”2
J ALIAS X.2 J:type”unslgned_Integer ,J:sIze 2

_____ ____________________ 
(J):type”integer (J>:slze=2

in this example , the values of I and J overlay the rvaIue of X (the designer has

the responsibility for making the storage allocated for I and J overlay the storage

for X in the final translation by adding appropriate transformations to the
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catalogue). Note that although X is not explicitly declared to have any

components, aliasing I and J to X.1 and X.2 has caused them to become

components of X. Thus, using the reasonIng of the preceding paragraph:

(1) changes to the rvalue of X invalidate the rvalues of I and J;

(2) changes to the rvaiue of I invalidates the rvalue of X, but does not
affect the rvalue of J; and

(3) changes to the rvalue of J invalidates the rvaiue of X, but does not
affect the rvalue of I.

The final two conditions show that I and J are understood to be disjoint. These

three conditions are just the semantics one associates with overlayed storaget.

S2.3 The syntax of IL

An IL program is a sequence of statements made up of tokens classed as

ilterais, ivalues (the name of a cell), or values (the applicatIon of the contents

operator to an ivalue). Depending on where a token appears In an IL statement, It

is further classified as a label, operator, operand, or attribute. Label tokens must

be lvaiues; operator and attribute tokens are always literals; operand tokens may

be any flavor. Beyond the semantics associated with these four classes of tokens,

IL provides no further Interpretation of ordinary tokens. in this sense, IL Is similar

to a BNF: neither provides any Interpretation of the symbols of the language.

Special tokens are provided to indicate transfers of control and theIr corresponding

targets within an IL program. These tokens are used in data flow analysis and are

seldom referenced directly by the user. An IL statement has the following form:

t No provision nsa been made to show how to compute new values of I and J from
a new value of X (and vice versa). The details of this computation depend on
storage allocation and machine representations and so should be relegated to the
transformation catalogue. Such transformations can be generated at compile-time
from the ALIAS statement through the use of transformation macros (see 53.?).
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Label Operator Operands Attributes
label operator operand... attribute...

where the components are described below.

label This field names the cells whose rvalues might be changed by this
statement. Two labels, -, and e, have a special meaning to the
system (see Section 2.3).

operator This field indicates the operation performed by this statement.

operand... Zero or more operands used as arguments to the preceding operation.

attribute... A set of zero or more “namexvaiue” pairs further describing the
context and semantics of the statement.

Figure 2.1 shows the initial IL representation of the following program:
integer X,Y,Z;
if X>Y then { X 2 ;  V 3  } else ( X 3 ;  Y”2 );
Z “ X+Y;

There is no single IL representation for a given program; e.g., one could eliminate

the definition of CI and C2 entirely from Figure 2.1 and use the Ilterais “2” and

“3” directly. Choices as to the number of levels of indirection, etc. are not

dIctated by IL and can be made on the basis of compatibility with the

transformation catalogue, approprIateness for the target machine, etc. Note that in

Figure 2.1 attributes have only been given for the declaration portion of the

program — the remainder will be filled In by the metainterpreter as it applies

transformations. The Initial attributes are similar to those that mIght be provided by

the first phase of the complier. Attributes are described In more detail In 52.2.1.

In the description which follows, it will be useful characterize tokens as

either literais or references (either an ivalue or rvalue). By way of example,

consIder the following two lines from Figure 2.2:
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Label Ope~ator Operands Attributes
X declaration X:type:lnteger X:sIze 2

<X>:type”Integer <X>:size 2
V declaration Y:type~Integer Y:slze=2

<Y>:type lnteger <Y>:sIze 2
Z declaration Z:type lsteger Z:sIze 2

<Z>:type~Integer <Z):size 2
Cl constant “2” <Cl >:type=Integer
C2 constant “3” <C2>:type=Integer
Ti greater_than <X> (Y>-, if_goto <Ti> L2 Li
• label Li
X store <C2>
V store <Ci)-, goto L3
• label 12
X store <Cl)
V store <C2>
• labei 13
12 add <X) <Y)
Z store <T2) 

________________________

FIgure 2.1: InitIal IL representation

Label Operator Operands Attributes
Ti 00 equal <X>:type “Integer ”

Ti add (X> <1’>

The Italicized tokens are literals; the rest, references. in IL, Ilterais are nothing

more than character strings — Interpretation of these strings Is provided by the

transformation catalogue and the metainterpreter. References “refer” to values

established by other statements — they provide a level of Indirection. The prlnclp&

difference between literals end references is that the meaning of a literal can be

established at compile time whereas references often refer to values that are not

known until execution time. Literals are of central importance during optimization

since their fixed semantics provide opportunities for compile time evaluation of

operations. Some references (e.g., <X):type) may, depending on the context In

which they appear, refer to ilterala; In these cases it Is advantageous to remove
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the unnecessary Isvei of indirection at compIle time. For those references that

cannot be resolved Into Ilterais at compile time (e.g., <X>), It will be necessary to

produce code which actually performs the Indirection specified in the IL program

(e.g., by performIng a fetch from the storage locatIon used to hold the desired

value).

52.3.1 The label fl.Id

The label field of an IL statement lists the cells which are affected by

execution of that statement. A statement may affect a cell in two ways:

a cell is killed by a statement if execution of the statement might
cause the value of the cell to change; the set of killed cells Is
called the kill set.

a cell is defined by a statement If execution of the statement always
changes the rvaiue of the cell; the set of defined cells is called the
defined set of the statement. Note that the defined set ~ the kill set
for any statement.

When a cell Is killed, its rvalue can no longer be used for calculating common

subexpressions (assuming that the cell had not been killed previously). If a cell is

defined by a statement, It will always contain the value calculated by the

statement after the statement’s executIon. Therefore, if a statement executed

subsequently is IdentIfied as performing the same computation, It can be replaced

by a reference to the defined cell. Moreover, If the defined value Is a literal,

subsequent references to the rvalue of the defined cell can be resolved to that

literal. By convention, the lv&ue of each affected cell is lIsted in the label field;

the Implicit contents operator is omitted for the sake of brevity. The label field is

used by the inetainterpreter in two important optimizations: redundant computation

elimination and use-definition chaining (compile-time evaluation of statements).

With one exception, the klii set provides all the Information needed to

perform these optimizatlons. This suggests two formats for the label fleid: “K” and

34. Chapter Two — The syntax of IL

____________ - .“ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ ~~~~ —



“K ,D” where K Is the kill set of the statement and D the corresponding defined set

(D C K). Wtler the abbreviated first format is used, D Is calculated as follows:

case 1. If K Is empty (IKI = 0) then D 4.
case 2. If K has a single element (IKI 1) then D = K.
case 3. if JK~ > 1 then D =4 .
case 4. I fKa {*} the nD=O.

Considering only statements that affect at most one cell (all the statements In

Figure 2.1 fail into thIs category), there Is a natural interpretation for each of the

above cases. Statements affecting no cells (e.g., transfers of control) are covered

by case 1. Statements whose operators have an applicative semantics (add,

multiply, etc.) fall under case 2; the single element of the kill set is the Ivalue of

the cell where the result Is stored. The specified cell is always changed by

executing the statement, so D = K. This is also the case for assignment

statements which aiways change the same cell (i.e., they do not compute its

Iv&ue) — In these statements the label Is essentially another operand. Case 3

covers assignment statements that compute the Ivalue of the cell In which the

result is to be placed, e.g., assignments through pointers or to array elements with

non-constant subscripts. Here, each cell in K has been killed (its previous ‘value

may have been changed, thus it can no longer be assumed that it Is available)

however no cell in K has been defined (no single cell is certain to have been

changed) hence D = •. in the final case, a label of “ '“ indicates that eli cells

might be affected by executing the statement. For essentlal~y the same reasons

given in 52.2, no provision has been made for specializing “““ by specific cell

attributes (e.g., type): In almost every language there exist loopholes which make

attribute Information unreilable1. This label Is used when the statement has

t This attribute information will be used in the expans ion of operations in the IL
program. Despite the suspect nature of attribute values, this is the semantics
provided by many languages and relied upon by programmers to circumvent certain
language restrictions. However, this information cannot be used as a basIs for
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unfathomable side-effects, for example , when the label field contains too complex

an expression (c c., deeply nester’ contents operators) — when an Ivalue

eubexprsss ion has become unwleldly It Is always legal to assume its value is “ '“

and proc !aed from there. This over ly conservative interpretatIon may result in

missed 3ptiSdzation opportunities but never In an Incorrect translation.

Procedure calls have the potential of aff ect ing many cells and so do not fall

Into the categories discussed above. The sequence of statements which form the

body of the procedure may kill and define cells — taken in the aggregate It Is

possible that K ~ D *4 . In addit ion, procedures that return a value add yet another

element to D (the cell containing the returned value). The second label format ,

“K,D”, Is used for procedure calls. WhUe It is theoretically possible to compute the

appropriate label by examining the body of the procedure, this calculation quickly

becomes unwleidly. A reasonable alternative is to assign procedure calls the label

““,R” where A is the Ivalue of the cell in which the returned value (if any) Is

stored. Thus the semantics of a procedure call is reduced to invalidating

previously calculated values for all cells except the one containing the return

value.

As was outlined In 52.2.2, it is occasionally necessary to augment the kill set

of a statement to account for the semantics of aggregate cells. Although the size

of the kill set may be increased, the defined set calculated above remains

unchanged — essentially no new cells are being added to the kill set, but only other

values for the affected ‘value(s). The objective of augmenting the kill set is to

explicitly Include the ivalue of every cell which is affected by the statement; this

reduces the amount of computation performed by the metainterpreter when using

optlmIzations, as Is would lead to Incorrectly transformed programs — only the
programmer Is allowed to play havoc with his program!
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the kill set.

The following algorithm constructs an augmented kill set K’ from the original

kill set K. K’ will include all lvalues ALIASed to Ivalues in K as well as the Ivalues

of aggregates which subsume values in K. In constructing K’, a distinction is made

between an aggregate and Its components: ~f an aggregate name appears in K’, It

refers to the aggregate treated as a single vslue (I.e., any temporary copies of the

entire aggregate should be Invalidated); If temporary copies of an aggregate’s

components should also be invalidated, the I$*H notation Is used. For example, “A”

would invalidate any copies of the array A but leave Its components unaffected;

I
~A.*II would invalidate any components (and subcomponents, etc.) of A. The

algorithm is

1. Initially K’ = K.

2. For each structured ivalue a in K, add ••* to K’. An Ivatue is
structured if any attributes have been defined for any Ivalue or
‘value components of the )value or if ALIASes have been made to any
ivalue components. This step ensures that if an entire aggregate
value was in the original kill set, all of its components will also be
Invatldated in the augmented kill set.

3. For each Ivalue a in K’, add any aliases declared for . to K’.

4. For each component Ivalue aJ In K , add. to K’. The Intent here Is to
add all the prefixes for each component ivalue, e.g., if A.1.2.3 were
an element of K’, this step would add A.1.2, A.1, and A to K’.

6. Repeat steps 3 and 4 untIl no more additions are made to K’.

The final result for K’ is the augmented kill set for the statement. The following

series of examples should clarify the workIngs of the algorithms. For purposes of

exhibition, duplicate Ivalues (e.g., X.” and X.1) have been removed from the kill

sets. The examples essume the declaration given in examples In 52.2.2.

original .ISgmSVI(.d

kill set (IC) kill set (IC’)
(A) (A A.” )
(A.3 A.4) {A.3 A.4 A)
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/
/

/
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/

//

(A.” ) (A.” A) -

(I) (I Li X)
{X) {X X. I 4

Note that the augmented kill sets agree with the desIYr1t~ outlined In 52.2.2.

52.3.2 The operator and operand fields

No particular semantics Is attached to the operator field of a statement.

The meaning of an operator Is established by transformations which expand it into

other IL or target machine operations. A useful analogy for an IL operator is a

macro — the body of the macro defines the effect of an operator In terms of other,

usually simpler, operations. If the effect of the macro can be accomplished directly

by the target machine no further refinement of the operation is necessary; the

translation of the statement Is complete. Otherwise, the body of the macro (in this

case a sequence of IL operations) should be substituted for the operation, making

the approprIate substitutions of actual operands for formal parameters of the

macro. If each expansion is subject to later optimization, It is possible to use

general definItions for each macro operation, i.e., definItions such as one would find

In an interpreter. Special cases that hinge on particular values of the operands

would be explIcitly tested for In the substituted sequence; later optimization would

eliminate those operations which could be performed at compile time. For example

(see FIgure 2.2), the expansion of the addition operator might test the type of its

operands and then perform an integer or floating point addItion as appropriate. If

the type of the operands could be established at compile time, this test would be

subsumed during optimizatIon. Although It is not necessary, use of general

definitions greatly sImplIfies the top level of a specification as there will be only

one transformation for an operat ion rather than one for each special case.
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Label Operator Operands Attributes
X declaration <X>:type.integer
V declaration (Y)*typeareal
Ti pius (X> CV>

Figure 2.2a: Original IL program

Label 
- 

Operator Operands AttrIbutes
X declaration CX):type’integer
V declaration <V>:type=reat

Ti 00 equal (X):type “Integer”
lf...goto <TiO0) Li L4

• label Li
TIOl equal <V>:type “Integer”
4 if_goto (T1O1> L2 13
• label L2
Ti add <X) (Y)
-. goto L7
• label 13

Ti02 float (X>
Ti addf <1102) <Y)
- goto L7
e label L4

T103 equal <Y>:type “real”-, if_goto (Ti 03) L5 L6
• label L5
Ti addf <X) <Y>
9 goto Li
• label L8

1104 float (V)
Ti addf <X) <1104>
• label L7 

_______________

Figure 2.2b: IL program with expanded definition of plus

Label Operator Operands Attributes
X declaration (X) typeslnteger
V declaration (Y) :typeureal

T102 foat (X)
Ti addf (1102> CV>

FIgure 2.2c: “Optimized” IL program
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Operands serve as arguments to the preceding operation and may be any of

the following:

a literal. Litsrals are •nolosed in quotes when they appear in the
operand field so that they may be distinguished tram Ivalues.

an attribute reference. Note that It Is possible to references
attributes of attributes, etc. All attribute references should be able
to be resolved at compile time (i.e., there should be an appropriate
definition generated at some poInt In the expansion of the IL
program). If no such definition exists then the attribute reference is
Illegal.

a reference expression: a simple Ivalue If the “ address ” of the cell
Is needed ; oTherwise , an ‘value expression (which may be nested) is
used.

There is no a priori restriction on the complexity of a reference expression, but

more than one level of indirection (contents operator) will likely have to be

calculated in a separate statement. By convention, at most a single level of

indirection Is used in an operand.

S2.3.3 The END and ALIAS pseudo-operatIons

Pseudo-operatIons provide a mechanism for informing the metainterpreter

about Information difficult (or Impossible) to derive from the IL program. IL

statements with pseudo-operators are “visible” to the transformations which may

transform them Into ordinary IL statements, etc. but they become “invisible” in the

final translation (I.e., they are not output In the resulting target machine program).

The names chosen for pseudo-operations are reserved and should not be used for

other purposes by the designer; In this thesis, pseudo-operators will be displayed in

upper case and all other operators displayed In lower case.

The statement In whIch the END pseudo-operation appears marks the logical

end of an IL statement sequence — flow analysis for that sequence will not

proceed past this statement. Statements following this statement up to the next

target statement (see 52.4) are oonsidered Inaccessible and will be removed by
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the metainterpreter. The END pseudo-operation Is intended for use at the end of

the IL program and for marking the end of procedure bodies within the IL program;

presumably some transformation will translate It Into a exit or return as appropriate.

This operation makes no use of the label, operand, or attribute fields and so may be

used as the operator of a target statement.

The ALIAS pseudo-operation provides the capability of defining equivalence

classes of Ivalues — any member of an equivalence class refers to the same rvalue

(although each member may have different attributes associated with it). This

operation Is used to Indicate sharing of ‘values (overlaying of storage) as declared

by the source language program (e.g., with the FORTRAN EQUIVALENCE statement)

or as determIned in some transformation (e.g., when used to indicate that two cells

hold the same value; this typically occurs during optlmizat on when a sequence of

statements boils down to a move from one cell to a temporary — the ALIAS

operation would indicate that the temporary Is allased with the original cell). In the

latter case, the ALiAS c peration provides a renaming capability to the

transformation designer. The form of the ALIAS statement is

Label Operator Operands Attributes
lv&ue1 ALIAS Ivaiue2 attributes...

which causes the metainterpreter to place lvaiue1 In the same name equivalence

class as lva~ue2. Note that, by definItIon, ALIAS is a transitive operation. Typically

lv&ue1 Is the new ivalue to be defined and attributes.., are Its initial attributes.

§2.4 Flow of control in an IL program

In the previous sections, the syntax and semantics of a single IL statement

were described; this section describes the semantics of a sequence of IL

statements. IL statements are executed sequentially, modulo explicit transfers of
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control. This classic control structure was chosen because of its compatibility with

the control structure provided by most target machInes — the operations primitive

to IL are sImilar to those provided at the machine level. Sequential execution Is

also compatible with a wide variety of languages, especially those that have

relatively severe ordering constraints (e.g., ALGOL, which specifies strict left-to-

right evaluation of expressions). This control structure Is more constraining than

the one provided by the dags on which IL was modeled: the only constraint Imposed

by dags is that the sans (operands) of an interior node (operation) must be

evaluated before the node can be evaluated. Some languages (e.g., BLISS) take

advantage of this flexIbIlity in expression evaluation by only imposing evaluation

order constraints on certain operators (such as BEGIN...END). Such flexibility is not

inherent in an IL program and must be provided by the transformation catalogue and

the metalnter preter : transformations can change the order of statements in an IL

programt.

As was mentioned at the beginning of this chapter. the syntactic

conventions discussed below are not particularly appropriate for languages whose

control structure differs substantially from that above. SNOBOL, for example,

requires a “transfer of control” wIth every statement — the difficulty in

accommodating this construct Wi IL reflects the difficulties In producing a SNOBOL

complier for conventional machInes; perhaps when the latter problem has been

solved, the solution can be Incorporated in IL.

? In general these transformations only change the evaluation order to achieve
some goal, for example, a reduction In the number of registers required to evaluate
the operator. In this way the conditions under which •vaiuatlon order can be
modIfied and what metrics are used to judge the result are made expiiclt in the
transformatIon catalogue . ThIs information would be useful during the analysis
phase of a metaco inpiler attempting to construct a code generator from the
specificat ion.
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IL statements which cause a transfer of control (transfer statements) are

readily identified: they have a “-“' In their label field. Note that this use of the

label field prevents the statement from also computing (and saving) a value, It can

only effect a transfer of control. Procedure calls are handled differently: sInce

control returns to the statement following the procedure call, they are similar to

ordinary statements except for the possible side eff~cts of the procedure body. in

§2.3.1, a convention for the label field for procedure calls was established (listing

the side effects of the procedure); thus, no transfer is explicitly Indicated.

Procedures are treated as “complex” operations In so far as this section Is

concerned. Note that a transfer statement always transfers control; If execution

can conditionally contInue with the next statement, It must be provided for

explicit ly by adding an additional label statement.

IL statements which are targets for a transfer of control (target

statements) are Identified by placing a “~~~ in their label field. As for transfer

statements, target statements cannot compute (and save) a value since their label

field has been preempted. The following convention is used by the metainterpreter

for determining which target statements are possible targets for a given transfer

statement:

a target statement is a target for a given transfer statement 1ff the
same Ivalue appears as some operand of both the target statement
and the transfer statement.

This convention allows additional arguments to transfer and target statements

which can be used by the operator of these statements. The foiiowing example

(extracted from Figure 2.2b) Illustrates the convention more clearly:
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Label Operator Operands Attributes
4 if ...goto (Ti 00> Li L4
e label LI

• label L4

The first line Is a transfer statement (has -‘ In Its label field) which can transfer

control to either of the target statements. The second statement is recognized as

a possible target since the lvaiue Li is an operand of both the first and second

statement; similar reasoning holds for the last target statement. It is not possible

to tell from the above program the circumstances under which either label Is

chosen as that depends on the semantics of the if..goto operation (and presumably

the value of Ti 00), InformatIon that only exists In The transformation catalogue.

This information is used by the metainterpreter to construct a “ maximal ” flow

graph for the IL program. The flow graph Is maximal in the sense that all possible

targets are considered for each transfer statement, even those whIch may be

ruled out by the semantics of the operator of the transfer statement. This graph

serves as the basis for the flow analysis performed by the metainterpreter and is

updated whenever a transformation changes or eliminates a transfer statement.

§2.5 Compile-tIme calculation of ‘values

One of the goals for the syntax of IL is to allow the compile-time calculation

of ‘values. This Gection briefly touches on the resolution of ‘values (and Ivalues)

using the notation developed in earlier sections. In this section, set notation is

used to indicate possible values for a reference expression, e.g., If the ‘value of I

is known to be either 3 or 4 then we write (I> r {3 4). if the value of a

reference expression Is unknown (I.e., It could be any possibie value) then we

write (“).
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Occasionally, It Is possible to further resolve a particular reference

expression. If <I> = (3 4) then

= <A>.(3 4) {CA>.3 (A>.4).

If, on the other hand, the value of I is unknown ((I> ~ {*)) then

(A>.(I) = (A>.(”) =

IL recognizes the alternative forms in each example as equivalent: in effect, such

resolution is performed automatically. Even In the absence of knowledge about the

‘value of I, a reasonable Interpretation of Ivaiues Incorporating (I> is possible,

erring only in that it Is likely to be an overly conservative Interpretation. In the

second example above, the distinction between ‘~~“ as an abbreviation for all

possible component names and {“) as the representation for all possible values has

been deliberately blurred. The intent behind assigning numeric selectors for the

components of the array A is to allow this sort of felicitous confusIon.

As a rule of thumb, the utility of the compile-time con~ utatIon of a cell’s

‘value is inversely proportional to the size of the value set. There are several

contributing factors: as the size of the value set increases, it becomes

increasingly unlikely that any significant optimlzations will be possible for rvalue

operations on that cell. In addition, uncertainty in one cell’s ‘value tends to

propagate to other cells whenever the first cell is used as an operand (the value

set of an operation Is proportional to the product of the value sets of the

operands). Such “dilution” of compile-time Information is not unexpected — it would

be unreasonable to expect to perform all computations at con~ lIe time! However,

the prognosis at this poInt Is not encouraging: It would appear that large amounts

of compile-time Information could be collected with little prospect of a

corresponding gain In the optimallty of the resulting translation.
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The preceding paragraph prompts two observations: compile-time calculation

of ‘values Is subject to the law of dIminishing returns , and therefore ‘values ar~
not suitable for cell attrIbutes that do not change with each operation on the cell.

The first observation serves as further motivation for the Introduction of {“) for

‘value sets which have grown too cumbersome. The second suggests that

attributes are a useful addition to the semantics of a cell because they provide a

mechanism for circumventIng the vagaries of ‘value computations.
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CHAPTER THREE

§3.1 The transformatIon catalogue

A major design goal for the il/MI system was to keep knowledge about the

source language and target machine separate from general knowledge about code

generation. This was accomplIshed by providing for a separate description of

machine- and language-dependent semantics — the embodiment of this description is

the transformation catalogue. Each piece of language- or machine-specific

information is expressed as a syntactic transformation of an IL program fragment;

after the transformation has been applied, the updated program wIll have been

modified to incorporate this new information in terms the metainterpreter

understands: as attrIbutes or a new sequence of IL statements. The

metainterpreter provides the remainder of the framework needed to finish the task

of code generation: whenever it exhausts Its analysis of the current pro~ am it

returns to the transformation catalogue to gather additIonal information (In the form

of a “new” IL program to analyze). This cycle of analysis and transformation

repeats until the translation Is complete.

This chapter discusses the transformation catalogue and the language which

serves as its basIs: a metalanguage (ML) for describing IL program fragments.

Using ML, the designer can wrIte templates which describe the class of IL

statements In which he Is Interested. This class can be quite large (e.g., “all IL

statements which have commutative operators”) or quite small (e.g., “only

statements which apply the sine operator to the argument 3.14159”) depending on

the application the designer has In mind. Members of the class of IL fragments
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described by a template are said to match the template. §3.2 presents a detailed

description of the syntax of ML.

Two templates are Incorporated in each transformation: one as a pattern, the

other as a replacement. The pattern specifies the context of the transformatIon as

a set of program fragments on which the transformation can operatet. IL

statement(s) whIch match the pattern become candidates for the modifications

specified by the replacement. The replacement, perhaps using statements or

components matched by the pattern, tells how to construct a new IL program

fragment to be subst!tuted for the matched fragment.

The use of transformations Is a well-established technique for embodying

knowledge for later use in a mechanized fashion (see §1.3.1). If all the contextual

Information In the data base (In this case, the IL program) Is available in syntactic

form, patterns provide a concIse description of where the piece ‘,f InformatIon

captured by the transformation is applicable. Using the transformation catalogue is

reduced to *iding a transformation which matches the gIven IL statement (or any IL

statement, if the metalnterpreter has no specIfic goal In mind); alternatively, the

replacement (which is also a pattern) can be examined to determine If it

accomplishes the desired effect. The ability to use transformations from either end

enhances their utIlity as the basis for knowledge representation.

§3.3 describes how transformations are constructed and how they are used

by the metainterpreter. The final section of this chapter presents a series of

annotated example transformations.

f This context can be further modified by a set of conditions specifying
constraints which are not expressible In terms of the syntax of the IL program
(see §3.3.1).
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§3.2 ML: a language for describing IL program fragments

ML is similar to other metalangu ages — Its syntax subsumes that of IL (i.e.,

an IL statement is a legal ML statement) and, in addition, it allows certain

metasymbois to replace IL components or statements. The metasymbols come in

two flavors: wild cards that act as “don’t cares” in the matching process, and calls

to built-in functions that allow access to some of the metalnterpreter’s knowledge

of IL program semantics. Use of these metasymbols permits the designer to write

generalized IL program fragments; these fragments are more general than an IL

program fragment because the designer has constrained only those statement

components In which he is Interested (using wild cards to specify the remaining

components).

However, the designer can only generalize along certain dimensions as his

only access to the meaning of an IL statement is Its syntactic form and whatever

built-In functions are available (see S3.2.2). Since the separate fields for kill sets

and attributes in an IL statement seem to be as far as one can go towards making

the syntactic form of an IL statement reflect the statement’s semantics without

limiting the generality of IL, the limiting factors are the capabilities of the built-in

functions. The designer can determine whether two literais are the same but may

not be able to find out, for example, whether the square root of a literal Is an

integer. These restrictions on the abilities of built-In functions are the most severe

limitation of ML: building In language- and machine-specific predicates Into ML is

ruled out as this effects the generality of the system and, unfortunately, it would

be Impossible to include all the generally useful functions. Lest we be accused of

ii~ikiñg a~ mountain out of a molehill, It should be pointed out that the result of these

limitations Is missed optimization opportunities. Presumably all the computations

specified In the IL program could be done at execution time; the computational
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facilities provided by ML are intended to allow special tailoring of the

transformations and not to be an essential com ponent of the transformations. ML

takes the middle road by providing built-In functions for manIpulation of Ilterals and

for Interpreting literals as numeric quantities — other functions must be constructed

from these by Including the appropriate transformations in the catalogue. These

additions to the catalogue are sufficient for most purposes — for example, the

catalogue may contain transformations for sImplifying the application of the

transcendental functions to certain arguments (i v/2, etc.) but would translate all

other applications to a run-time call of the approprIate function.

§3.2.1 descrIbes wild cards; §3.2.2 enumerates some example built-In

functions. Example ML statements can be found In the last section of the chapter

as patterns and replacements in transformations.

§3.2.1 WIld cards

Wild card metasymbo ls are used as components of an ML statement

wherever a specific IL component would be too restrictive — the wild card will

match any ii component(s). The discussion below describes the meaning of ML

statements when used In a pattern; to a large degree the semantics of a

replacement are similar (differences are described In §3.3.2). There are four forms

of wild card:

wild card will match
?name a single IL component
$name a single IL statement
?“name a sequence of IL components

a sequence of IL statements

name Is an optional identifier which is used to distinguish between multiple wild

cards used In a single pattern or replacement . These names are also used in the

replacement to refer to components or statements matched in the pattern, if a
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given wild card appears more than once In a pattern or replacement (I.e., two or

more wild cards with the same form and name) they are understood to represent

the same IL component; If this duplication occurs within a pattern then all the

copies must match IL components with the same representation.

The ? and $ wild cards match a single, non-null component or statement

respectIvely, I.e., for each ? ($) there must be a corresponding IL component

(statement) In the IL program fragment which Is being matched. Note that when

describing an IL statement, all of Its components (with the exception of attributes,

see §3.3.2) must be accounted for in the ML statement — either explicitly or as

wild cards — or the match will fall. Thus, If only the label field is to be constrained

In the pattern, wild card components must be used for the contents of the operator

(use ? wild card) and operand (use ?“ wild card) fields.

The ?“ wild card matches any sequence of zero or more IL components

within a single field — what components are matched usually depends on the

components on either side of the ?“ wild card in the ML statement. If these

adjacent components constrain the match for the ?“ wild card to a single

sequence, the ?~ wild card Is said to be unambiguous. In general, If more than one

?“ wild card is used in a single field, they may be ambiguous; this is always the

case if two ?“ wild cards are adjacent or separated by any number of ? wild

cards. Even If spec ific IL com ponents are Interposed, duplication of this component

In the IL field can cause the ?~ wild cards to be ambiguous. For example , consider

the sequence of components “A B C C D”. There are two ways In which

components can be assigned to the ML expression “?x ?*y C ?*ZN:

?x ”A” ?*y&Bh ?*za”C D” or ?x” ”A” ?*y~~B C” ?“ zs ” D” .

Ambiguous wild cards are useful for matching a specIfic ii component anywhere In a

field; e.g., the following ML statement matches any add statement which has at
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least one “ 0” operand:

Label Operator Operands AttrIbut~!~J?labei add ?*opsl “0” ?“ops2 ?“attributes

if “ add” is a binary operator , one of ?“opsl and ?Rops2 will be assigned no

components during the match. The ?“attrlbutes wild card shows the more

traditional use of unambiguous wild cards to match a whole field for later replIcation

in the replacement.

The $* wild card matches a sequence of zero or more IL statements. Unlike

?“ however , the sequence is not determined by lexical juxtaposition in the IL

program but by flow of control: statements are considered adjacent in the process

of matching if one might follow the other In execution. Branches and joins In the

flow of control often result in more than one possible sequence of statements that

could match a $“ wiid card. For example, consider the IL program given In Figure

2.1 and the following sequence of ML statements :

Label Operator Operands Attributes
Z declaration

Z ?op ?“opnds

Figure 3.1 shows the two possible sequences Of IL statements that could be

matched by $*A. In such cases, both sequences are saved as possible values for

$*A. The most common use of $* wild cards (and the sets of statement sequences

that they match ) Is to establish the context of a transformation — there exist

buIlt-In functions that test these sequences for simple properties (e.g., presence of

a given Ivalue In the label field of at least one statement In one of the sequences).
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Label Operator Operands Attributes
Cl constant “2” <Cl >:typezinteger
C2 constant “3” <C2>:typealnteger
Ti greater_than <X> <Y>
4 if_goto <Ti) L2 Li
• label Li
X store <C2>
V store <Ci>
-‘ goto L3
e label L3

T2 add <X> <Y> 
________________

Label Operator Operands Attributes
Cl constant “2” <Cl >:type lnteger
C2 constant “3” <C2>:type lnteger
Ti greater_than <X> <Y>
9 If _goto <Ti> 12 Li
e label L2
X store <Cl>
V store <C2>
• label 13
T2 add <X> <Y> 

________________

Figure 3.1: Matches for $*A from Figure 2.1

§3.2.2 Built-in funct ions

Built-In functIons are used in ML statements to perform operations that

require more power than simply rearranging an IL statement. A call on a built-In

function has the following form:

functian(argum.nt1 ,...,argun*nt~]

The use of square brackets distInguishes built-in function calls from ordinary IL

components (which are restricted to the use of parentheses). All functions return

a result (no side effects are possible); this result can be used as the argument to

another built-In function or, If the call was part of a replacement, become part of an

IL program. The arguments to a function may be written as either ii. or Mi.

components but they must be able to be resolved by the metalnterpreter to a
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partIcular IL component (or IL statement sequence for certain functions). in the

process of applying the function to Its arguments, the function may abort causing

the application of the transformation to fall regardless of the location of the

function call (pattern, replacement , or conditions). The main reason for aborting a

function is an inappropriate argument, e.g., the argument has the wrong type,

cannot be resolved to a literal, etc. For Instance, the add function aborts if both

operands are not literais that can be interpreted as numeric quantities.

By way of example, several functions are described below; this list is not

meant to be complete — only a sampling of each category of function have been

described. It is expected that an Implementation would expand the list; the only

criterion for including a function is that It not cater to a specific language or

machine. The following argument types are used In describing functions:

component Any IL component Is an acceptable argument.

literal The argument must be an IL literal (i.e., an
operator, attribute reference, or operand
enclosed in quotes).

number The argument must be an II literal which can be
Interpreted as a number (I.e., it contains only
digits, a decimal point, and a sign).

booiean The argument must be one of the IL llterals
“true” or “faise”.

sequence The argument must be the result of a $“ wild
card match (i.e., a set of IL statement
sequences).

if the supplied argument does not have the correct type, the metainterpreter will

abort the application of the function and hence the application of the

transformation In which it appears.

snd(bool.an,boole.n]
oc(boolean,bool.an)
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not(boolean)
the standard booiean functions evaluating to the literals “true” or
“false” as appropriate. These are used most often in conjunction
with other functions to form more complicated expressions.

equal[lltera/,literal]
compares two Ilterals to see If they have the same representation;
evaluates to “true” if they do, “false” otherwise. Note that equal
cannot be used to compare two arbitrary IL components — this can
usually be accomplished directly in the pattern by using the same
wild card name in both component locations.

constant(component]
evaluates to “true” If the argument Is a literal, “false” otherwise.

ivalue(component)
evaluates to true If the argument represent a valid ivalue.

labei(label,sequence]
evaluates to “true” if any member of the augmented kill set
represented by label appears In the label field of a statement
contained in the set of IL statement sequences sequence. This
function determines whether a cell(s) has been modified in an IL
statement sequence. The label function is representatIve of
functions that search IL statement sequences for simple properties;
other functions that test for properties in every sequence and search
other statement fields should be Included.

add(number,number ]
subtract(number ,number ]
muitipiy(number,numbei’j
divlde(number,number ]

the standard arithmetic functions returning the appropriate numeric
literal. In order to avoid representation problems, a precision limit
may be set by the implementation.

power_of_two[number]
evaluates to “true” If the argument is a numeric literal which Is a
power of two, “false” otherwise. This function is useful for
determining when to change multiplications and divIsions into shIfts.
This example represents the tip of the Iceberg when It comes to
useful arithmetic functions — a reasonable subset might be to include
only operations on binary representations (binary log, logical and
arithmetic shifts, etc.).

Choices of the domain (arguments for which the function will not abort) for the

predicates described above have been made arbItrarIly. All that really matters is

that the choices are consistent with the use of the functions in the transformation

catalogue.
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§3.3 TransformatIons and pattern matchin g

A transformation is made up of three components: a pattern, a replacement,

and a set of conditions. The pattern (an ML program fragment) and the conditions

(a set of predicates) establish the context of the transformation by identifying

those IL program fragments on whIch the transformation can operate. A contiguous

group of statements within the pattern is designated as the target — these

statements must be contiguous as they will be replaced in their entirety by the

new IL program fragment constructed from the replacement once the context has

been verlfledt.

The following criteria must be met before a transformation can be applied:

(1) all components of the pattern must match some component in the IL
program fragment (and vice versa). Duplicated wild cards must have
matched IL components with the same representation.

(2) each of the conditions must evaluate to true. if any condition aborts
(see §3.2.2), the applIcation of the transformation fails. Note that
conditions may use named wIld cards from the pattern as part of an
argument; these wild cards will be replaced by the IL component(s)
they matched during (1) before evaluation of the function.

(3) the target must be a contiguous group of statements from the
matched IL program fragment.

(4) the replacement must be successfully constructed — each in-line
built-in function call must be evaluated without aborting.

If all these criteria are met, the newly constructed replacement is substituted for

the target, completing the application of the transformation.

The following section descrIbes the syntax of a transformation in more

detail; §3.3.2 outlines how the replacement is constructed.

t Statement sequences matched by $“ wild cards cannot, In general, be used in a
target since they do not necessarily contain iaxlcaliy adjacent statements. For
similar reasons, $“ wild cards are seldom used In the specification of a
replacement.
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§3.3.i The syntax of a transformation

A transformation has the following form:

Label Operator Operands Attributes

pattern goes here

replacement goes here ...

conditIons go here

The first section contains the ML program fragment which serves as the pattern,

the second section contaIns the replacement (also an ML program fragment), and

the final section contains a set of conditions (if no conditions are needed, the fir~aI

section may be omitted). Target statements within the pattern are Indicated by a

double vertical bar to their left. For example:

Label Operator Operands Attributes
-. beq ?destl ?next iocation=?branch_pc
• label ?next-, Jmp ?dest2
• label ?destl

• label ?dest2 iocat lon=?dest _pc
-, bne ?dest2 ?destl tocat%onB?branch_pc

conditions: less_than[subtract[?dest.,pc,?branch_pc),”255”]

In thIs transformation the first three statements of the pattern are the target and

will be replaced by the single statement replacement when the transformation Is

applied. The remaining statements matched by the pattern (two labels and the

Intervening statements) will be unchanged. The Intent of the transformation Is to

use the short address form for the Jump-if-not-equal construct formed by the first

three statements if the ultimate destination (?dest2) is not too far away (less than

265 bytes ). This transformation only handles forward Jumps — another
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transformation would be needed to accommodate jumps In the other direction.

Other points to note: the use of duplicate wild cards to specIfy that the same IL

component must appear in more than one place; the first and last statement of the

matched fragment must have location attributes.

With one exceptIon, each component of the matched IL program fragment

must be subsumed by some component of the pattern. The contents of the

attribute field are exempt from this condition — attributes in the IL fragment that

are not named In the pattern do not enter Into the matchIng process. The use of a

?~ wild card to capture the unspecIfied attributes for later replication in the

replacement is not necessary as there are special rules concerning them In

construction of the replacement (see §3.3.2). Thus, attributes are largely

transparent to a transformation; the information they contain Is automatically copied

to the updated program wherever necessary. New attributes may be added to any

stateme,i!t or cell by sImply Including the appropriate assignment in the replacement.

In the example above, a location attribute Is defined for the new “bne” statement

with the same value as the location attribute for the original “beq” statement.

A new rvalue for a cell may be Indicated to the metainterpreter by Including

an assignment to the rvalue (similar to the definition of an attribute) In the attribute

field of the appropriate statement in the replacement. For example, the following

transformation replaces the addition of two constants with a store operation,

indIcating that the destination of the store has acquired a new value which is the

sum of the constants.

Label Operator Operands AttrIbutes
?dest plus ?opl ?op~?dest store add[’Popl f?op2] <?deat)~addf?op1 ,?op2]
conditions: and[numberf?op I ],number[?op2]]

The result from the call to add in the operand fl&d of the replacement will be
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automatically surrounded by quotes (to indicate that the new operand is a literal).

The number built-in function returns “true” If its argument is a numeric literal; the

condition could be omitted entIrely as add aborts if Its arguments are not numeric

literais, causing the transformation to fail. Note that the rules mentioned In the

previous paragraph will ensure that any attributes defined for ?dest in the original

statement will be added to the attribute field for the &cre statement . Finally, It is

worth pointing out that ?opl and ?op2 do not heed to be literals in the original

program — ?opl and ?op2 need only be able to be resolved to Ilterals when the

transformation is applied. For example, the statement “add CX) <Y)” would match

the pattern If <X> and (Y> were both known to have constant values. These

values would have been established in previous statements by Including

assignments to <X> and <Y> in the attribute fields of those statener~s.

§3.3.2 Constructing the replacement

Two capabilities are provided by the replacement that have not been

discussed previously: the generation of new symbols unused elsewhere in the

program and the automatIc handling of attributes. The ability to generate an

unused symbol Is necessary when the transformation expands a single statement

into a series of new statements as temporary calls used by the new statements

need to be supplied names that are not used elsewhere in the program. Automatic

handling of attributes enables the designer to Ignore attributes with whIch he is not

directly concerned and guarantees that no attribute Information will be lost through

an oversight in composing the transformation.

When expanding the specification of the replacement to arrive at the new

program fragment all wild cards must be eliminated. If the wild card has the same

form and name as one which appeared In the pattern, the IL component matched by

that wild card serves as Its value In the replacement. For instance, applying the
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last transformation In the previous section to

LLabel Operator Operands Attributes 1
I A.i add “64” “40”

would result in the replacement

Label Operator Operands Attributes
A.1 store “94” <A.1>~94

If a 7 wild card In the replacement does not correspond to some wild card in the

pattern (i.e., its name is different from any used In the pattern ), a new Ivaiu e Is

created to be used as its value. The new ivalue is guaranteed to be different from

any used in the remainder of the IL program. Note that the designer must include

any attributes to be associated with the new ivalue as part of the transformation.

if there are no wild cards in the pattern that correspond to $, ?*, and $“ wild

cards in the replacement, the transformation is illegal and will never be applied.

As an example of generated Ivaluas consider the following transformation

concerned with the expansion of the subscript operator:

Label Operator Operands Attributes
I 7ptr subscript ?array ?lndex ?ptr:class temporary
?tl convert ?index ?tl :class temporary

(?tl >:type~Integer
?t2 subtract <?tl> ?array:Iower_bound ?t2:class.temporary

(?t2>:typesinteger
?t3 multiply (?t2) (7array).*:sI2e ?t3:class=temporary

(?t3>:type~integer
?ptr add <?t3) ?array <<?ptr)>:typea(?array).*:~~~

The convert operator in the fIrst line of the replacement will coerce the value of

the Index to type “integer” (see §3.4 for a sample definitIon of convert). ?tl , ?t2,

and ?t3 are ill new cells which will be named when this transformation Is applied;

?ptr, ?array, and ?lndex will be taken from the subscrIpt statement matched by the

pattern. Note that pertinent attributes for the nøw cells have been defined in the
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transformation. The attribute defined in the last line of the replacement Indicates

that the type of the value pointed to by ?ptr is the same as the type of an

element in the array being subscripted.

The following rules are used In establishing attributes for statements in the

replacement:

I. Every attribute definition In the target statements will be copied to
the attribute field of some statement In the replacement by the
metalnterpreter when It applies the transformation. Where possIble
the statement chosen In the replacement field will have the same
label as the defining statement In the target — this does not make
any difference as far as defining the attribute is concerned, but it
improves the documentation value of the definition. If they are no
statements In the replacement (the target is being completely
eliminated), some other statement In the updated program Is chosen
to receive the definitions.

2. If applying a transformation would result In a conflicting attribute
definition (I.e., two or more definitions of the same attribute with
different values), the transformation fails.

3. Statement attributes are never copIed to the replacement; only cell
attributes are updated.

Rule 2 ensures that once defined, attributes can be counted on to maintain their

original value (i.e., attribute definitions are conserved).

§3.4 Example transformations

The first example is a transformation which expands the coercion operator

used in the sample expansion of subscript In the previous section. The convert

operator coerces its argument to have the type of destination cell; It assumes that

types are constraIned to be one of “integer” or “real”.
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Label Operator Operands Attributes
?result convert ?arg 

_________

4 tf _goto equal(?resuit:type,?arg:type] ?L1 ?L2
• label ?L1

?result store ?arg-, goto 715
• label ?L2
4 if_goto equai(?result:type,”Integer”] 713 ?L4
• label ?L3

?result real_to_ m t  ?arg
4 goto 715
• label ?L4

?result m t _to_real ?arg
• label ?L5 

_________

It is expected that all the testing and branches can be done at compile time. For

example, if ?arg:type integer and ?result:type reai then the replacement can be

reduced to a single statement by elimination of dead code and compile-time

evaluation of the if_goto operations. Although thIs transformation Is lengthy due to

the lack of any sugaring in ML for dispatching on the values of attributes, It was

straightforward to construct. Note that this transformation cannot be applied If

either ?arg:type or ?result:type Is undefined (equal will abort). Through the use of

conditions, It would be possible to rewrite the single transformation above as three

separate transformations, one for each of the cases treated; the amount of

optimization required to achieve the same result as above would be considerably

reduced.

The following series of transformations deal with the expansion of the store

operator. Unlike the transformation above, these expansions must be done In

separate transformations because of the use of the ALIAS operatort. The first

transformation handles the case where the store operation can be eliminated

completely because the destination is a newly defined temporary and the value

~ The ALIAS operator, like attributes, provides information which Is independent of
the flow of control; branches cannot prevent “execution” of the alias operation.
Thus, the strategy used for expanding the convert operator cannot be used.
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being stored is already contained in an accessible cell. In this case, all that needs

to be done is alias the temporary to the cell already contaIning the value

(effectively renaming all occurrences of the temporary to use the cell name).

Label Operator Operands Attributes
J~’?dest store <?source> ?dest:ciass=temporary
?dest ALIAS ?source

[conditions: and[egual(<?dest>:type,<?source) :type],lvalue(?source])

The next two transformations translate the store Instruction to the appropriate

machine Instruction, depending on the type of the destination.

Label Operator Operands Attributes
?dest store ?source
?dest mov ?source
conditions: equal[<?dest>:type,”integer”]

equalf<?source>:type,”lnteger”]

Label Operator Operands Attributes
?dest store ?source
?dest movf ?source
condItions: equai(<?dest>:type,”reai”]

equal[<?source> :type,”real~

These two transformations “overlap” the first — program fragments matched by the

first transformation will also be matched by one of the other two transformations.

It Is up to the metamnterpreter to decide which of the applicable transformations to

apply; presumably the first transformatIon will be used whenever possible because

of the reduced cost of the resulting code. The final transformation accommodates

store statements whose source and destinatIon have different types.

Label - Operator Operands Attributes
f?dest store ?source 

______________________

?tl convert ?source ?tl :ciass.temporary
<?tl >:type.<?dest):type

?dest store C?tl> 
________________________

conditions: not[equai[C?dest) :type,?source:type]]
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CHAPTER FOUR

§4.1 Example: a mini-translator

As an example of the IL/MI system In actIon, this chapter presents a

catalogue of patterns describing the translation of a simple block-structured

language to a PDP1 1-like assembly language. The initial IL program Is the program

to be translated, for example:

Label Operator Operands Attributes
begin PROG

A declaration A:type automatlc
(A>:type lntéger <A> :size 2

B declaration B:type external
(B):type~integer <B>~sIze~2

C declaration C:type.automatic
(C>:typezinteger (C):slzez2

A assign “1”
B assign “2” -

Ti plus (A) <B> Ti :type temporary <Ti >:type integer
T2 plus (Ti ) “0” T2:typeatemporary <T2>:type lnteger
C assIgn (12>

_____ 
end PROG 

________________________________

The final output of the IL/MI. system is an IL assembly language program which

Implements the InitIal high-level (I) program. StartIng with the program above, one

possible outcome might be:

global B ;deciare B to be external
mov sp,rB ;initlaiize local frame pointer
sub #4,sp ;allocate automatic storage
mov #1 ,(rb) ;perform assignment to A
mov #2,B ;and then assignment to B
mov #3,2(r6) next do C A+B+O
add •4,sp ;llnsIIy deallocate storage

The toy language used In this example is very rudimentary: the only operations are
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addition and assignment; the order of expression evaluation is constrained to be

Ieft-to~right (no reordering Is allowed); all quantities are 16-bIt two’s complement

Integers (the same for both the source and machine language). In examining the

assembly language program, It is apparent that certain conventions have been used

In the translation: r5 is used as the local stack frame pointer, external variables

are referenced by name, local (automatic) storage for blocks Is allocated from the

stack and referenced using the local stack frame pointer, and so on. These

conventions are established orIginally by the desIgner and Implemented by

transformations in a straightforward fashion.

Although It is possible to interpretively apply the transformations and derive

a translation, the reader should be reminded that the main goal of the

transformations is to be descriptive. Many of the transformations below employ

attributes and conditions that represent a reasonable description of the Information

and constraints involved in a transformatIon — these transformations are not the

most elegant expression of the necessary syntactic transformation. in the final

analysis, a transformation should be Judged on the information It conveys and not

how close it comes to “the way it should really be done.”

The approach adopted for the organization of the transformations Is as

follows: the Initial IL program Is first tran&ated into instructions for a stack

archItecture, then the updated program Is translated Into target machine

Instructions. Optlmizatlons exist for each level of Intermediate program — sample

high-level optimizations are described In §4.3, stack optimizations in §4.1, and

peephole machine optlmizations in §4.2.

The first group of transformations describes the process of storage

allocation. An 0offset’ attribute Is introduced for each automatic variable declared

In the block, givIng the variable’s offset from the base of the local stack frame; the
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highest offset assigned is used in calculating the storage to be allocated for the

block when It Is entered.

Label Operator Operands Attributes
begin ?name
enter ?name:storage
comment offset”O

in this transformation, the “begin” statement Is translated to instructions that

allocate a stack frame of the appropriate size — the size (?name:storage) Is known

to be a constant but its value has not yet been determIned. The last statement in

the replacement initialIzes the offset for later transformations — its Initial value

Indicates that storage is allocated anew for each block. The comment operator Is

ignored by assembler and will be used in the transformations as an operator in

statements where only the attribute fields are used. Comment statements could be

eliminated altogether and their assocIated attribute definitions placed in attribute

fields of other statements; they are used here to improve the readability of the IL

program examples.

Label Operator Operands Attributes
comment offset~?off
$*stat

?name declaration ?name:type3automatic
comment ?name:offset~?off

______ _____________________ 

oftset=add(?off,<?name>:size]
conditions: not(attrlbute(”offset ?”,$”stat]]

not[operand[”deciaratlon”,$”stat]J

L Label Operator Operands Attributes
?name declaration ?name:type~externai

I global ?name

The two transformations above handle declaration processing — automatic variables

are assigned offsets, external variables are declared global. In the first

transformation, offsets are propagated with the aid of a comment statement that
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Label Operator Operands Attributes
enter PROG:storage
comment ofi’set.O

regiot.rss(RO Ri R2 R3 R4}
comment A:type..utomatlc A:offsst ~O

(A>:type.int.ger <A>:size~2
offse ta2

global B B:type.extema i
(B):type .Integer <B>:slze 2

comment C:typesautomatl~ C:offs et~2
<C):typeainteger <C):sizea2
offseta4

A assign “1”
B assign “2”
Ti plus <A> <B> Ti :type~temporary <Ti >:type integer
T2 plus (Ti) “0” T2:type .tempo rary (T2):type integer
C assign <T2>

exit PROG:storage
____ 

comment PROG:storage.04

Figure 4.1: Sample program after declaration transformations

gives the current offset. The $‘stat wild card will match only statement

sequences that do not contain an “offset” attribute definition or “declaration”

operator In any statement (this restriction is embodied in the condition). Note that

attributes defined for the declared variables will be automatIcally copied over to

some replacement statement (in these cases, there is only one).

[Label Operator Operands Attributes
comment offset~?off
$“atat

I
_____ 

end ?name 
__________________

exit ?name:storaga
comment ?name:storage #?off

conditions: not(attrlbute(~’offset=?~1,$*stat]]
not[operator[”declaration”,$”stat]]

This transformation handles block exit after all declarations have been processed,

deallocating storage for the block and defining the storage size attribute

(?name:s tor age) for use during block entry. The condItion is similar to that for

automatic variable declarations. FIgure 4.1 shows the IL program after these
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Label Operator Operands Attributes
enter PROG:storage
comment ofPset~0

registers=(RO Ri R2 R3 R4)
comment A:type*automatic A:offseP0

<A>:type integer <A>:sIze~2
offset =2

global B B:type:external
(B>:type lnteger <B>:sIze~2

comment C:type~automatic C:offset~2
<C>:type~integer <C>:s[ze~2
offsetz4

push “i”
pop <A>
push “2”
pop <B>
push <A>
push <B>
add Ti :type temporary (Ti >:type~Integer
push “0”
add
pop <C> T2:type temporary <T2>:typezinteger
exit PROG:Storage

_____ 
comment PROG:storage~#4

Figure 4.2: Sample program after translation to stack machine

transformations have been applied.

The next two transformations translate “plus” and “assign” to stack

operations. The Information in the label field Is incorporated Into the operand field

of the new Instructions and the three-address “plus” operation is expanded into a

series of one-address stack operations. Type considerations are ignored; in this

case, propagation of the “integer” type attrIbutes would not change the code

generated.

J~~ beI Operator Operands Attribute~]
(I?~dest assign ?source
I push ?source
L pop (?dest>
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Label Operator Operands Attributes
?deat plus ?opl ?op2 

_________

push ?opl
push ?op2
add

_____ 
pop <?dest) 

_________

The following two transformations perform simple optimlzations on the stack

machine code generated so far. Both transformations improve on pop/push

instruction pairs that have identIcal operands: the first transformation eliminates

pairs whose arguments are temporaries; the second transformation converts pairs

whose arguments are variables to a copy from the top of the stack. Since

temporaries were generated by the compiler and do not represent user-visible

quantities, they may be eliminated during optimization. Figure 4.2 shows the

example IL program after translation to stack instructions.

Label Operator Operands Attributes
pop ?arg
push ?arg

conditions: equat[?arg:type,”temporary”]

Label Operator Operands Attr ibutes
pop ?arg
push ?erg
copy ?arg

condItions: not[egual[?arg:type,”temporary”]]

§4.2 CompIling past the machine Interface

In this section , we deal with translating stack machine programs to target

machine programs. The first set of transformations are a straightforward translation

of “push”, “pop”, “copy”, and “add” to PDP1 i-like instructions. The size In bytes

and number of storage references required for each machine instruction are

Indicated by the “size” and “refa” attributes respectively.
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Label Operator Operands Attributes
push ?arg
mov ?arg -(sp) size~2 refs=2

[Label Operator Operands Attributes
U pop ?arg
I mov (sp )+ ?arg size~2 refs~2

Ji~bel Operator Operands Attributes
I copy ?erg

mov (sp) ?arg sizez2 refs 2

[Label Operator Operands Attributes
add
add (sp)+ (sp) slze.2 refsa3

Label Operator Operands Attributes
_____ 

enter ?size 
_____________

mov ep r6 sIze~2 refs l
_____ 

sub ?size sp size~4 refs 2

[Label Operator Operands Attributes
L exit ?size 

____________

_____ 
add ?slze sp size=4 refs.2

InitIal values for the MsIz.N and “refs” attributes do not take operands into account

— the operand’ s contributions will be Included when they are translated to legal

assembly language constructs .

The next group of transformations translates indIvidual operands Into the

appropriate machine addresses. Recall that r6 is used as the base of frame

pointer and that external operands are addressed by name.

Label Operator Operands Attributes
_____ 

?rator ?*before <?rand> ?“after sizea ?aize refs.?refs
?rator ?“before ?rand:offset(r5) ?“after size.add(?size,”2”]

_____ 
refs.addf?refs,”2”l

conditions: egual[?rand:type,”automattc”]
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Label Operator Operands Attributes
?rator ?*before <?rand> ?*after slze=?slze refs=?refa
?rator ?“before ?rand ?“after sizezadd(?size,”2”)

refsaadd(?refs,”2’Il
conditions: equalf?rand:type,”extarnal”]

Label Operator Operands Attributes 
-?rator ?rand ?dest slze~?slze ref s~?refs

?rator #?rand ?dest size=add[?size,”2”]
refs=addf?refs ,” 1”]

conditions: ccnstant[?rand]

?“before and ?*after are ambiguous wild cards used to select any component in

the operand field that has the correct form (specified by the remaining component

In the pattern’s operand field). Note that the specification of “size” and “refs”
attributes in the patterns ensures that the transformations will only be applied to

machine Instructions. Figure 4.3 shows the IL program after application of these

transformations (unused attributes have been eliminated for brevity).

The most obvious optimIzation opportunity Involves a push onto the stack (a

“mOV” Instruction with a second argument of “-(sp)”) followed by an InstructIon that

pops the stack to get its source operand (an Instruction - with a first argument of

“ (sp)+” ). Since an “add” can take the same source operands as a “ mov ”

Instruction, the push/pop sequenres can be reduced to a single Instruction:

Label Operator Operands Attributes
mov ?source -(sp) size~?si~e 1 refs~?refs 1

_____ 
(sp)+ ?dest size=?size2 refs.1refs2

?op ?source ?dest size=subtract[add[?slzel ,?slze2],”l “]
_____ ________________________ 

refs~subtract[add[?refs 1 ,?refs2],”2]

Figure 4.4 shows the effect of this single optimization.

Many other machine level optimizations are possible at this point; several

optImizing transformations are listed below. These include removing superfluous

zeroes in Index express ions, elIminating additions wIth a zero operand , and
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Label Operator Operands AttrIbutes
mov ap r6 size 2 refs=1
sub PROG:storage sp sIze 4 refs=2
global B
mov #i -(sp) size~4 refs=3
may (sp)+ O(r6) •Ize 4 refs 4
mov #2 -(sp) slze=4 refsz3
mov (sp)+ B size.4 refs=4
may 0(r5) -(sp ) size 4 refs=4
mov B -(ap) size 4 refa=4
add (sp)+ (sp) sIzez2 refs=3
mov #0 -(sp) slze=4 refs=3
add (sp)+ (sp) si~e 2  refsz3
mov (sp)+ 2(r5) size~4 refs=4
add PROG:storage sp size 4 refs=2

_____ 
comment PROG:storage=#4

Figure 4.3: Sample program after translation to machine instructions

Label Operator Operands Attributes
mov sp r6 slze~2 refs~1
sub PROG:storage sp slze=4 refs=2
global B
mov #1 O(r6) size~8 refs34
mov #2 B sIze~0 refs=4
may 0(r5) -(sp) size~4 refs.4
add B Cap) size24 refs54
add #0 (sp) sIze~4 refss3
~noy (sp)+ 2(r5) size 4 refs=4
add PROG:storage sp size-4 refs=2

_____ 
comment PROG:storage #4

FIgure 4.4: Sample program after push/pop optimization
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eliminating unnecessary moves.

[Label Operator Operands Attributes
(I~ ?rator ?*before O(r6) ?*after size~?sIze refs~?refs

?rator ?*before (r5) ?“after size~subtract[?size,”2”]
refsasubtract[?re~s,” 1”]

[Label Operator Operands Attributes
add #0 ?dest size=?slze refs=?refs

LLLabel Operator Operands Attributes
II mov (?source> <?source> slze ?slze refs=?refs

Figure 4.6 shows the IL program after application of these final transformations —

comment and attrIbutes have been omitted and attribute references resolved.

Obviously, additional transformations would be needed to handle optimization

opportunities that arise from the translation of other programs; however, the bulk of

the translation can be accomplished with these few transformations.

§4.3 interacting with the metainterpreter

The transformatIons In the previ ous section dealt wIth the translation of the

Input program to a target machine program with little attention to the semantics of

the inItIal IL program. For the most part, the metalnterpreter had only to choose

which transformations to apply — this task was made fairly simple for, in almost

every case, If the transformation’s pattern and conditions were met, It was

approp riate to apply the transformation. This section explores how the capabilities

of the metainterpreter can be called Into play to Improve the qualty of the

resulting translation.

The lbst example exploits the metainterpreter’s ability to perform certain

computations at compile time. Consider the addition of the following transformations

to the catalogue:
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Label Operator Operands Attributes
mov sp r6 size 2 refs=1
sub #4 sp size~4 refs~2
global B
mov #1 Cr5) size—4 rets 3
may #2 B sizeaO refs~4
mov Cr5) -(sp) size-2 refs=3
add B (sp) size~4 refs.4
may (sp)+ 2(r5) sIze~4 refs=4

_____ 
add #4 sp sIze 4 refs~2

Figure 4.5: Sample program after final optimizations

Label Operator Operands Attributes
?dest assign ?source
?dest assign ?source I <?dest) ?source

[Label Operator Operands Attributes
~?dest plus ?opl ?op2
I?dest I assign add(?opl ,?op2] I <?dest>=add[?opl ,?op2]

These transformations tell how the rvalue of the result cell is affected by the

“assign” and “plus” operators. Using the definition of “add” given in §3.2.2, the

second transformation will only succeed if ?opl and ?op2 are numeric ilterals. By

extencing the metainterpreter to support symbolic computation, both the

transformations above would be useful even for non-literal operands (although the

second transformation should not eliminate the explicit plus operation unless the

add would succeed at compile time). The primary benefit of such an extension

would be a corresponding extension in the metainterpreter’s ability to detect

redundant computations.

Applying these transformations to the sample program in the first section,

the metairterpreter can acquire the following rvalue information:

(A>.”l” (8>.”2” (T1>.<C>—”3”.

As a resut of this new information, the initial program can be modified as shown In

FIgure 4.6 (update of Figure 4.2). By adding a transformation to eliminate assigns
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Label Operator Operands Attributes
enter PROG:storage
comment offsetz0
comment A:type automatic A:offset O

<A>:type~integer <A>:sizea2
ofl’set:2

global B B:type~external
<B>:typeminteger <B>:sizez2

comment C:type automatlc C:ofl’set 2
<C>:typexinteger <C>:slze~2
offsetz4

A assign “1”
B assign “2”
Ti assign “3” Ti :type*temporary <Ti >:type integer
T2 assign “3” T2:type temporary <T2):typezinteger
C assign “3”

exit PROG:storage
_____ 

comment PROG:storage~#4

Figure 4.6: Sample program after declaration transformations

Label Operator Operands Attributes
mov sp r5 size 2 refs~1
sub PROG:storage sp sIzez4 refs 2
global B
may #1 (r5) size*4 refs~3
mov #2 B size~C refs~4
mov #3 2(r5) size~6 refsz4
add PROG:storage sp size 4 refs~2

_____ 
comment PROG:storage #4

Figure 4.7: Sample program after optimizatlons of §4.3

to subsequently unused temporaries, the transformations of §4.2 can produce a

program Identical to the assembly language program given in §4.1 (see Figure 4.7).
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CHAPTER FIVE

§6.1 Summa ry

The emphasis of this thesis has been on develo ping a framework that can

be used In the specification of a code generator. The major desIgn goal for this

framework was to segregate language and machine dependencies from the

remainder of the code generation process while maIntaining the ability to produce

optimized code. A three component system was developed that makes a significant

step towards reaching this goal. Although many features provided by the system

are in need of polishing to remove their rough edges, the specification that

emerges seems to satisfy the Initial design goal. The proposed system is simple

compared to many of the available alternatives; there are no severe restrictions on

the class of languages or machInes that can be accommodated.

Chapter 2 describes a general purpose intermediate language based on a

semantics common to a wide class of programs: the only primitives concern flow of

oentroi end management of names and values. The syntax has been designed to
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allows it to be referenced by the transformations, permItting the translation of

statements to be tailored In response to special properties of the operands or

opportunities presented by the context.

In Chapter 3, the transformation catalogue Is discussed and the

metalanguage in which the Individual transformations are written is presented. The

metalanguage provides the ability to describe classes of IL program fragments,

leaving statements and components unspecified through the use of wild cards.

Each transformation contains two ML program fragments (templates): a pattern that,

along with a set of conditions, specifies the IL program fragments to which the

transformation can be applied, and a replacement that tells how to construct an

updated IL program. Built-In functions that allow access to some of the

metalnterpreter’s knowledge about IL programs and perform some simple

computations on literais are provided — these functions are used in constructing

the replacement and conditions. The conditions associated with a transformation

specify contextual constraints that are not related to the syntactic form of the

matched fragment. The wide range of Information available to a transformation

enables the semantics of code generation to be expressed as step-by-step

syntactic transformations of the Intermediate language program.

Chapter 4 presents a set of example transformations as a specification for

translating a rudimentary source language to PDP1 1-like assembly language. As

suggested In §1.3.1, the transformations are organized about the use of an

abstract m chlne (in this case, with a stack architecture). The initIal translation to

s t c~ meciWne InstruCtionS slows several optimization, to be accomplsh.d that
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optimize the resulting code are Included In the catalogue, performing several

operations at compile time that had previously appeared in the final assembly

program. Although the example Is fairly simple, it demonstrates the feasibility of

the proposed approach to cods generation.

The final component of the proposed framework — the metainterpreter — has

only been alluded to in the previous chapters. The next section provides a brief

overview of the capabilities the metainterpreter needs to supply. The final section

of this chapter poInts out several dIrections in which subsequent research might

head.

The most important contribution made by this research is the design of an

intermediate language that caters to the need for the careful data flow analysis

that Is the foundation of many optimizations. in contrast, many so called portable

code generation schemes sacrifice the ability to do any substantial processIng

during code generation to achieve their portability. The type of processing needed

to be done by an optimizing code generator is becoming more systematized: recent

advances in the theory of code generation have provided algorithms where only

heuristics existed previously and there Is promise that these advances can be

extended to the problems of real languages. The approach to code generation

proposed by this thesis would allow these advances to be incorporated without

extensive editing of existing specifications.

§6.2 An ovsrvlew of the metainterpretsr

Throughout earlier port ions of this thesis the metainterpreter has been

assigned tasks whenever they can be divorced from the semantics of the soi~c.

isngu. I. and tar .t asNne; this section summarizes these t i~i. The
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• translation of attribute references to their corresponding values
wherever possible. if any unresolved attribute references remain
after completion of the transformation process, the metainterpreter
should abort, indicatIng an Inconsistent IL program.

• evaluation of built-in functions. If a function application aborts (e.g.,
because of domain errors), it I. saved for reevaluation later In the
translation.

• propagation of rvalue Information, in combination with data from flow
analysis, it Is possible to replace rvalue operands with ilterals
representing the known value of the rvalue.

e application of a chosen transformatIon. Information obtained during
the match of the pattern is incorporated In the replacement
specification (along with any generated symbols) to create a
replacement for the target statements In the pattern. During the
construction of the replacement, many of the other bookkeepIng
functions can be performed then and there, eliminating the need for
extra passes over the IL program.

Two other tasks fall in this area: checking for termination conditions and choosing

whIch transformation to apply next.

§1.3.2 outlines how to tell when the translation is complete: a measure of

the programs optimality is computed using a formula (in this case, invotving the

values of attributes associated with every statement) supplied by the user — if the

calculation aborts because some statement does not have the appropriate

attributes, the application of more transformations is called for; If no more

transformations are applicable, backtracking Is called for. if the measure can be

computed, it is used to remember the best translation found to date and the

metainterpreter backtracks to find other translations. Backtracking involves

undoing the last successful transformation and applying some other transformation

(repeating for another level If all the applicable transformations have been applied

at this level). Exhaustive search of the transformation tree can be avoided If the

user supplie. a “trigger5 value for the measure - any program whose mesiurs is

iee ien the trigger value Is oonsld.rsd en scespt~~e translation and becomes
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fi rst successful translation will be acceptable (an infinite trigger value).

There are many ways In which to choose the next transformation to apply:

the simpiest is to search th• transformation catalogue for a transformation that is

applicable to some portion of the current IL program. A more satisfactory scheme

involves completing the translation of the beginlng portions of the IL program before

moving on to later portions In the hope that optlmizations will eliminate the need to

translate some parts of The program. Cycles in the flow graph may require

translation (at least in part) of portions of the program that will eventually be

ellelnated. Sophisticated use of the transformation catalogue requires a good

understanding of the effect of each transformation, an understanding that may be

difficult to achieve (see the comments on metacompllatlon at the end of §6.3).

Flow analysis is necessary for many of the optlmizatlons Incorporated In the

m.tainterpretsr and is doubly important as these optimizatlons form the basis for

rsplacing the manual analysis conventional ly applied to determine special code

generation oases. it is common for transformations to do a “sloppy” Job of

translation Incorporating explicit tests In the expanded code rather than iterating

transformations with different contexts, The optimizatlons listed below are capable

of Improving such code to the quality ‘of code produced by human programmers

writing in low-level languages [Carter ]. The optimization. Include

• constant propagation. This optimIzation assumes lesser Importance In
the IL/ML system since attributes provide much of the Information
commonly embodied as constants In other general purpose optimizing
compilers.

• dead code elimination — cod. that can no longer be reached during
execution can be removed from the ii program (remembering to save
any attrlbut. delh ltiøns somewhere else).

• redundant e*we.e~on sliminatlon. IS~~$s determination of the
redi~ndansy .1 a s~~t i t  can be scoo*plleh.d by a stra~~Uori,s~dIssisel sam srleon of statements ka~~~ le p~~~~~ (
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possIble when rvalue information is considered.

There are other related optimizatlons requiring the same data flow Information.

The required flow analysis could be done anew at the completion of every

transformat ion application but this would be incredibly Inefficient — prohibitIve for

large programs. The bit vector methods outlIned by [Schatz] and [UlIman) offer an

efficient representation of the data flow Information that can be Incrementally

updated as long as the underlying how graph Is not changed (except to add/delete

more straight-line code or loops completely contained in the added code). Thus,

the more time consuming Iterative calculation required when the flow graph is not

known need only be performed whe n a transformation affects the branches and

Joins of the graph. A large percentage of transformations do not affect the graph

Itself — all of the transformations In Chapter 3 could be accommodated by

incremental analysis.

in a dtflerent vein, code motion out of loops, elimination of induction

variables, etc. (see (AhoTlb] for a large sample) represent other optimizations that

could be Incorporated in the metainterpreter. As algorithms are developed for

register ailocatlon and optimal orderIng of expression execution, these will also be

prime candidates for inclusion. Our shopping list can easily grow must faster than

our ability to implement the algorithms effectively within the framework provided by

the metainterpreter. Fortunately, some transformations are much more important

that others; the lot given under flow analysis is a good start towards an excellent

code generator.

§6.3 DirectIons for future research

Two avenues of r.se.rch are natural extensions of the work reported here.

The examples of Chggtsrs $ and 4 indIcate that such ~~ lrousasnt could be made
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code generation (allocation of storage, register assignment, etc.) could benefit from

direct support In ML, eliminating the need for hard-to-decipher transformations.

Several suggest ions are:

• the Inclusion of a structure mechanism for laying out storage.
Providing a general purpose allocation scheme would allow the
metainterpreter to shoulder the responsIbility for assigning
successive offsets and summIng the storage requirements. if the
syntax Is modeled after provided by modern hIgh-level languages for
variable declarations , there would be provision for variable size
components and alignment constraints .

• support for the notion of temporary locations. Many machines have
some special storage facilities that are particularly appropriate for
use as temporary locations — registers, stacks, etc.; for machines
with no such facilities, temporary locations could be assigned from a
pool In ordInary storage managed at compile time by the
metalnterpreter. It should be possible to separately describe the
allocation, use, and deallocation of temporary locations; a distinct
syntax couid then be used In the ML program to bring this mechanism
into play.

• adding the abilIty to expand user-defined procedures in line. This
capability is related to the current Inability In ML to deal with groups
of statements (procedures, subtrees, etc.) that do not follow one
another during execution. The ability to perform compile time
substitution of actual arguments for formal parameters is also missing
— such an addition would allow partial evaluation of procedures at
compile time.

Accumulating a variety of such optional features would greatly enhance the

capabilities of ML without restricting Its generality.

The second major area for future research is the implementation of a

metalnterpreter and/or metacompiier. The Experimental Compiler Group at the IBM

Thomas J. Watson Research Center (Harrison] has Implemented, with some success,

a complier (the GPO compiler) based on a similar , although more restricted, scheme.

The GPO complier alternately applies transformations to remaining high-level

operations and optimize. the current intermediate program. A simliar
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program could lead to a very competent compiler that is easily maintained and

modified to produce code for different target machines.

Many other implementat ion approaches lie further off the beaten path. One

of the most Interesting Is the prospect of creating a Ncompiledu code generator

based on an analysis of the specification. Such compilation would require

extensive information on the Interaction between components of the specification;

the metacompiler would have to MunderstandN the effect of each transformation in a

much more fundamental way than is needed from an Interpretive approach.

Compiling the specification would eliminate much of the searchIng and backtracking

described in the beginning of §6.2 wIth the result of a vast improvement in the

performance of the coda generator. The metacompllatlon phase will almost

certainly be necessary If the performance of our code generator is to approach

that of conventional ad hoc code generators.

Metacompilatlon is closely related to current work in the field of automatic

program synthesis. The specification provided by the lL/ML system has many of

the same characteristics as descriptions used in these synthesis systems (Green]:

a pattern-based transformation system Is used as the knowledge base by both

systems. This commonality promises to allow many of the same techniques to be

used in the analysis of the specification. This area of research is still virgin

territory with the same promises of success and failure offered by any frontier.
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