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Foreword

ETAPS’99 is the second instance of the European Joint Conferences on The-
ory and Practice of Software. ETAPS is an annual federated conference that
was established in 1998 by combining a number of existing and new conferences.
This year it comprises five conferences (FOSSACS, FASE, ESOP, CC, TACAS),
four satellite workshops (CMCS, AS, WAGA, CoFI), seven invited lectures, two
invited tutorials, and six contributed tutorials.
The events that comprise ETAPS address various aspects of the system de-

velopment process, including specification, design, implementation, analysis and
improvement. The languages, methodologies and tools which support these ac-
tivities are all well within its scope. Different blends of theory and practice are
represented, with an inclination towards theory with a practical motivation on
one hand and soundly-based practice on the other. Many of the issues involved
in software design apply to systems in general, including hardware systems, and
the emphasis on software is not intended to be exclusive.
ETAPS is a loose confederation in which each event retains its own identity,

with a separate programme committee and independent proceedings. Its format
is open-ended, allowing it to grow and evolve as time goes by. Contributed talks
and system demonstrations are in synchronized parallel sessions, with invited
lectures in plenary sessions. Two of the invited lectures are reserved for “unify-
ing” talks on topics of interest to the whole range of ETAPS attendees. As an
experiment, ETAPS’99 also includes two invited tutorials on topics of special
interest. The aim of cramming all this activity into a single one-week meeting
is to create a strong magnet for academic and industrial researchers working on
topics within its scope, giving them the opportunity to learn about research in
related areas, and thereby to foster new and existing links between work in areas
that have hitherto been addressed in separate meetings.
ETAPS’99 has been organized by Jan Bergstra of CWI and the University of

Amsterdam together with Frans Snijders of CWI. Overall planning for ETAPS’99
was the responsibility of the ETAPS Steering Committee, whose current mem-
bership is:

André Arnold (Bordeaux), Egidio Astesiano (Genoa), Jan Bergstra (Am-
sterdam), Ed Brinksma (Enschede), Rance Cleaveland (Stony
Brook), Pierpaolo Degano (Pisa), Hartmut Ehrig (Berlin), José Fiadeiro
(Lisbon), Jean-Pierre Finance (Nancy), Marie-Claude Gaudel (Paris),
Susanne Graf (Grenoble), Stefan Jähnichen (Berlin), Paul Klint (Ams-
terdam), Kai Koskimies (Tampere), Tom Maibaum (London), Ugo
Montanari (Pisa), Hanne Riis Nielson (Aarhus), Fernando Orejas
(Barcelona), Don Sannella (Edinburgh), Gert Smolka (Saarbrücken),
Doaitse Swierstra (Utrecht), Wolfgang Thomas (Aachen), Jerzy Tiuryn
(Warsaw), David Watt (Glasgow)
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ETAPS’98 has received generous sponsorship from:

– KPN Research
– Philips Research
– The EU programme “Training and Mobility of Researchers”
– CWI
– The University of Amsterdam
– The European Association for Programming Languages and Systems
– The European Association for Theoretical Computer Science

I would like to express my sincere gratitude to all of these people and orga-
nizations, the programme committee members of the ETAPS conferences, the
organizers of the satellite events, the speakers themselves, and finally Springer-
Verlag for agreeing to publish the ETAPS proceedings.

Edinburgh, January 1999 Donald Sannella
ETAPS Steering Committee Chairman



Preface

The present proceedings of the 1999 Compiler Construction Conference are,
quite apart from the highly topical nature of the subjects addressed, remarkable
for two reasons. First, I feel they illustrate very well the fact that this is still
one of the most interesting research areas in computer science, and that it is
possible to push the boundaries of knowledge here even further, thanks in large
part to the growing theoretical penetration of the subject-matter. Second, both
the quantity and quality of the contributions are a clear indication that the
Compiler Compiler Conference has become firmly established not only as a part
of ETAPS, but in its own right and with its own “regular” and highly motivated
group of participants.
The number of papers submitted has remained roughly the same compared

with previous years, as has the number of papers selected for presentation. Al-
though, to begin with, I had – in my capacity as Program Committee Chair –
favored a physical meeting of PC members and had practically called for such a
meeting in my letter of invitation, I soon decided to first wait and see how the
selection process and electronic discussion went – with the result that we were,
ultimately, able to dispense with the meeting.
This proved possible thanks not only to the use of an electronic conference

system, provided courtesy of Vladimiro Sassone, but also and in particular to
Jochen Burghardt’s willingness to assist me in the PC work and to take full
charge of technical support for the installation and use of the relevant software.
And I think all PC members will join me in saying he did a great job and
is owed our thanks for ensuring that the submission, selection and publication
procedures went so smoothly.
I am also indebted, though, to my colleagues in the Program Committee

for their willingness to cooperate so closely in these procedures and to offer
their technical expertise in the refereeing and discussion process, thus making
a major contribution to the successful production of the present volume. My
thanks also go to Don Sanella, who was in charge of the ETAPS organization,
for his many practical suggestions on how to improve procedures and for his
strict but necessary demands that deadlines be met.
Last but not least, I wish to thank all those who submitted papers for the

conference. Even if your paper was not accepted this time, I would like to express
my appreciation for the time and effort you invested and hope to be able to
welcome you to the conference in Amsterdam all the same.
Finally, a last word of thanks to the team at Springer-Verlag for their excel-

lent work and cooperation in preparing the present volume. I hope you will all
enjoy reading it!

Berlin, January 1999 Stefan Jähnichen
CC Program Committee Chairman
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Data Structure Free Compilation

João Saraiva1,2 and Doaitse Swierstra1

1 Department of Computer Science
University of Utrecht, The Netherlands

2 Department of Computer Science
University of Minho, Braga, Portugal

{saraiva,swierstra}@cs.uu.nl

Abstract. This paper presents a technique to construct compilers ex-
pressed in a strict, purely functional setting. The compilers do not rely
on any explicit data structures, like trees, stacks or queues, to efficiently
perform the compilation task. They are constructed as a set of func-
tions which are directly called by the parser. An abstract syntax tree is
neither constructed nor traversed. Such deforestated compilers are auto-
matically derived from an attribute grammar specification. Furthermore
this technique can be used to efficiently implement any multiple traversal
algorithm.

1 Introduction

Traditionally, compilers are organized in two main phases: the parsing phase and
the attribute evaluation phase, with an abstract syntax tree as the intermediate
data structure. The parser constructs the abstract syntax tree and the attribute
evaluator decorates that tree, i.e., it computes attribute values associated to the
nodes of the tree. In most implementations the attribute evaluator walks up and
down in the tree, while in the mean time decorating it with attribute values. The
abstract syntax tree guides the evaluator and stores attributes that are needed
on different traversals of the compiler.

This paper presents a new technique for constructing compilers as a set of
strict, side-effect free functions. Furthermore the compilers are completely defor-
estated, i.e., no explicit intermediate data structure (e.g., abstract syntax tree)
has to be defined, constructed, nor traversed. The parser directly calls attribute
evaluation functions, the so-called visit-functions. Moreover all the attributes
are handled in a canonical way: they just show up as arguments and results of
visit-functions.

Because our attribute evaluators are independent of any particular data
structure definition, they are more generic than classical attribute evaluators.
They are highly reusable and new semantics can easily be added to the attribute
evaluators, even when separate analysis of compiler components is considered.
For example, new productions can be incorporated to an existent compiler with-
out changing its attribute evaluator. The visit-functions which implement the
new productions are simply added to the compiler.

S. Jähnichen (Ed.): CC’99, LNCS 1575, pp. 1–17, 1999.
c© Springer-Verlag Berlin Heidelberg 1999



2 João Saraiva and Doaitse Swierstra

Although it is possible to apply these techniques in hand-written compil-
ers, it is much easier to generate them from an Attribute Grammar [Knu68].
Our techniques were developed in the context of the incremental evaluation of
(Higher-order) attribute grammars: efficient incremental behaviour is achieved
by memoization of visit-function calls [PSV92].

In Section 2 we briefly introduce attribute grammars, present a simple at-
tribute grammar and describe attribute evaluators based on the visit-sequence
paradigm. In Section 3 λ-attribute evaluators are introduced. Section 4 deals
with parse-time attribute evaluation. Section 5 discusses other applications of
our techniques and section 6 briefly discusses the current implementation. Sec-
tion 7 contains the conclusions.

2 Attribute Grammars

The compilers considered in this paper are specified through an Attribute Gram-
mar (AG) [Knu68] which belong to the class of Ordered Attribute
Grammars [Kas80]. These AGs have proven to be a suitable formalism for de-
scribing programming languages and their associated tools, like compilers, lan-
guage based editors, etc. From an AG a parser and an Attribute Evaluator (AE)
can automatically be derived.

This section introduces an attribute grammar which acts as the running ex-
ample throughout this paper. Using it, we present the concept of visit-
sequences [Kas80] which are the basis of our techniques.

2.1 The Block Language Example

This section presents a analyser for an extremely small language, called Block,
which deals with the scope of variables in a block structured language. An example
Block program is:

blk main : ( use y;
blk (dcl w;use y;use w);
dcl x;dcl x;dcl y;use w;

);

This language does not require that declarations of identifiers occur before
their first use. Furthermore an identifier from a global scope is visible in a local
scope only if is not hidden by an a declarations with a same identifier in a more
local scope. In a block an identifier may be declared at most once. The above
program contains two errors: at the outer level the variable x has been declared
twice and the use of the variable w has no binding occurrence at all.

Because we allow a use-before-declare discipline, a conventional implementa-
tion of the required analysis naturally leads to a program that traverses each
block twice: once for processing the declarations of identifiers and constructing
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an environment and once for processing the uses of identifiers using the com-
puted environment to check for the use of non-declared names. The uniqueness
of names is checked in the first traversal: for each newly encountered declaration
it is checked whether that identifier has already been declared in this block. In
that case an error message is computed. Since we need to distinguish between
identifiers declared at different levels, we introduce an inherited attribute lev
indicating the nesting level of a block. The environment is a list of bindings of
the form (name, lev).

In order to make the problem more interesting, and to demonstrate our tech-
niques, we require that the error messages produced in both traversals are to be
merged in order to generate a list of errors which follows the sequential structure
of the program.

Figure 1 presents the attribute grammar defining the Block language. We
use a standard AG notation: Productions are labelled with a name for future
references. Within the attribution rules of a production, different occurrences
of the same symbol are denoted by distinct subscripts. Inherited (synthesized)
attributes are denoted with the down (up) arrow ↓ (↑). As usual in AGs we
distinguish two classes of terminals: the literal symbols (e.g., ’:’, ’decl’, etc)
which do not play a role in the attribution rules and the pseudo terminal symbols
(e.g., name), which are non-terminal symbols for which the productions are im-
plicit (traditionally provided by an external lexical analyser). Pseudo terminal
symbols are syntactically referenced in the AG, i.e., they are used directly as
values in the attribution rules. The attribution rules are written as Haskell-
like expressions. The semantic functions mustbein and mustnotbein define usual
symbol table lookup operations.

root Prog

Prog <↑ errors >
Prog → RootP (Its)

Its.lev = 0

Its.dcli = []

Its.env = Its.dclo
Prog.errors = Its.errors

Its <↓ lev, ↓ dcli, ↓ env, ↑ dclo, ↑ errors >
Its → NilIts ()

Its.dclo = Its.dcli
Its.errors = []

| ConsIts (It ’;’ Its)
It.lev = Its1.lev
Its2.lev = Its1.lev
It.dcli = Its1.dcli
Its2.dcli = It.dclo
It.env = Its1.env
Its2.env = Its1.env
Its1.errors = It.errors++Its2.errors

It <↓ lev,↓ dcli,↓ env,↑ dclo,↑ errors >
It → Use (’use’ name)

It.dclo = It.dcli
It.errors = name ‘mustbein‘ It.env

| Decl (’dcl’ name)
It.dclo = (name,It.lev)
: It.dcli
It.errors = (name,It.lev)
‘mustnotbein‘ It.dcli

| Block (’blk’ ’(’ Its ’)’)
Its.lev = It.lev + 1
Its.dcli = It.env
Its.env = Its.dclo
It.dclo = It.dcli
It.error = Its.errors

Fig. 1. The Block Attribute Grammar.
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2.2 Structured Visit-Sequences

The attribute evaluators considered in this paper are based on the visit-sequence
paradigm [Kas80].

A visit-sequence describes, for a node in the tree, the sequence of states the
node will go through when the abstract syntax tree is decorated. The essential
property is that this sequence depends solely on the production at the node,
and not on the context in which it occurs, hence we denote vis(p) to denote
the visit-sequence associated to production p. In a visit-sequence evaluator, the
number of visits to a non-terminal is fixed, and independent of the production.
We denote the number of visits of non-terminal X by v(X). Each visit i to a
node labelled with a production for a non-terminal X has a fixed interface. This
interface consists of a set of inherited attributes of X that are available to visit i
and another set of synthesized attributes that are guaranteed to be computed
by visit i. We denote these two sets by Ainh(X, i) and Asyn(X, i), respectively.

Visit-sequences are the outcome of attribute evaluation scheduling
algorithms. They can be directly used to guide the decoration of a classical
attribute evaluator [Kas91]. Visit-sequences, however, are the input of our gen-
erating process. It is then convenient to use a more structured representation
of the visit-sequences. Thus, they are divided into visit-sub-sequences vss(p, i),
containing the instructions to be performed on visit i to the production p.

In order to simplify the presentation of our algorithm, visit-sub-sequences are
annotated with define and usage attribute directives. Every visit-sub-sequence
vss(p, i) is annotated with the interface of visit i to X: inh(α) and syn(β),
where α (β) is the list of the elements of Ainh(X, i) (Asyn(X, i)). Every in-
struction eval(a) is annotated with the directive uses(bs) which specifies the
attribute occurrences used to evaluate a, i.e., the occurrences that a depends
on. The instruction visit(c, i) causes child c of production p to be visited for
the ith time. We denote child c of p by pc and the father (i.e. the left-hand side
symbol of p) by p0. The visit uses the attribute occurrences of Ainh(pc, i) as
arguments and returns the attribute occurrences of Asyn(pc, i). Thus visit(c, i)
is annotated with inp(is) and out(os) where is (os) is the list of the elements
of Ainh(pc, i) (Asyn(pc, i)).

Figure 2 presents the structured and annotated visit-sub-sequences1 for the
productions RootP and Block.

1 The visit-sequences were obtained using the Chained Scheduling Algorithm [Pen94].
Chained scheduling is a variant of Kastens’ Ordered Scheduling Algorithm [Kas80].
It was designed with the aim at minimizing the number of attributes that must be
passed between traversals and, in this way, improving the behaviour of functional
attribute evaluators. Chained scheduling chooses the attribute evaluation order such
that every attribute is computed as early as possible. The visit-sequences of fig-
ure 2 are similar to the ones produced by Kastens’ algorithm. The only exception
is the schedule of the instructions eval(Its.lev). Kastens’ algorithm schedules this
instruction to the second visit-sub-sequence of production Block. In that case, the
occurrence It.lev must be retained for the second sub-sequence. A detailed analysis
of both scheduling algorithms can be found in [Pen94] (chapter 5).
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plan RootP
begin 1 inh() ,
eval (Its.lev)

uses(),
eval (Its.dcli)

uses(),
visit (Its, 1)

inp(Its.lev, Its.dcli)
out(Its.dclo),

eval (Its.env)
uses(Its.dclo),

visit (Its, 2)
inp(Its.env)
out(Its.errors),

eval (Prog.errors)
uses(Its.errors)

end 1 syn(Prog.errors)

plan Block
begin 1 inh(It.lev, It.dcli)

eval ( Its.lev )

uses(It.lev),
eval (It.dclo)

uses(It.dcli)
end 1 syn(It.dclo)
begin 2 inh(It.env)
eval (Its.dcli)

uses(It.env),
visit (Its, 1)

inp(Its.dcli, Its.lev )

out(Its.dclo),
eval (Its.env)

uses(Its.dclo),
visit (Its, 2)

inp(Its.env)
out(Its.errors),

eval (It.errors)
uses(Its.errors)

end 2 syn(It.errors)

Fig. 2. Structured Visit-Sequences: the attribute occurrence Its.lev is defined
in the first traversal of Block and is used in the next one.

3 Deriving λ-Attribute Evaluators

This section shows how to derive purely functional and strict attribute evaluators,
starting from an available set of visit-sequences. The derived attribute evaluators
are presented in Haskell. We use Haskell because it is a compact, well-
defined and executable representation for our λ-attribute evaluators. We start
by describing our techniques informally and by analysing a simple example. After
that, we present the formal derivation of λ-attribute evaluators and we derive
the evaluator for the Block language.

The λ-attribute evaluators consist of a set of partial parameterized visit-
functions, each performing the computations of one traversal of the evaluator.
Those functions return, as one of their results, the visit-functions for the next
traversal. Performing the visit corresponds to totally parameterising the visit-
functions and, once again returning the function for the next traversal. The
main idea is that for each visit-sub-sequence we construct a function that, be-
sides mapping inherited to synthesized attributes, also returns the function that
represents the next visit. Any state information needed in future visits is passed
on by partially parameterising a more general function. The only exception is
the final visit-function which returns synthesized attributes.
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Consider the following simplified visit-sub-sequences for production X →
Prod (Y Z) (the annotations inp and out of the visit instructions are
omitted since they are not relevant for this example):

plan Prod
begin 1 inh(X.inh1)
visit (Y, 1)
eval · · ·

uses(X.inh1 , · · ·),
visit (Y, 2)
eval (X.syn1)

uses(· · ·),
end 1 syn(X.syn1)

begin 2 inh(X.inh2)
visit (Z, 1)
eval (X.syn2)

uses(X.inh1 , · · ·)
end 2 syn(X.syn2)

Observe that, the inherited attribute X.inh1 must be explicitly passed from the
first visit of X (where it is defined) to the second one (where it is used). The non-
terminal Y is visited twice in the first visit to X. These two visit-sub-sequences
above are implemented by the following two visit-functions:

λProd1 λY 1 λZ1 inh1 = ((λProd2 inh1 λZ1), syn1)

where ( λY 2 , . . .) = λY 1 . . .

(. . .) = λY 2 . . .

syn1 = · · ·

λProd2 inh1 λZ1 inh2 = (syn2)

where (. . .) = λZ1 . . .

syn2 = f( inh1 , . . .)

inh1 defined in λProd1

used in λProd2

λY 2 partial parameterized in the

first traversal and totally
parameterized in the second one.

The visit-functions λY 1 and λZ1 define the computations of the first traversal
of non-terminal symbols Y and Z. The attribute occurrence X.x is passed from
the first to the second traversal as a hidden result of λProd1 in the form of
an extra argument to λProd2 . Note that no reference to visits for non-terminal
symbol Y is included in λProd2 since all the visits to Y occur in the first visit
to P. Observe also that the function λZ1 is directly passed to the second visit
to X, where the first visit to Z is performed.

The λ-attribute evaluators can be automatically derived from the visit-sub-
sequences, by performing an attribute lifetime analysis: for each attribute occur-
rence it is known in which visit it is defined and in which visit(s) it is used. Thus,
let us introduce two predicates def and use. The predicate def(p, a, v) denotes
whether attribute a of production p is defined in visit v. Likewise, use(p, a, v)
denotes whether attribute a of production p is used in visit v:

def(p, a, v) = eval(a) ∈ vss(p, v) ∨ inh(. . . , a, . . .) ∈ vss(p, v)
∨ out(. . . , a, . . .) ∈ vss(p, v)

use(p, a, v) = uses(. . . , a, . . .) ∈ vss(p, v) ∨ syn(. . . , a, . . .) ∈ vss(p, v)
∨ inp(. . . , a, . . .) ∈ vss(p, v)
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Pseudo terminal symbols may also be used as normal attribute occurrences
within the attribute equations of the AG (like the symbol name of the
Block AG). Consequently, we need to perform a lifetime analysis of those sym-
bols too. Thus, we extend the above predicates to work on terminal symbols too.
The terminal symbols, denoted by Σ, are not defined in the attribute equations,
but at parse-time. So, we assign visit number 0 to the parser. The predicate
def is extended as follows:

def(p, a, 0) = a ∈ Σ

An attribute or pseudo terminal symbol of a production p is alive at visit i,
if it is defined in a previous visit and it is used in visit i or later. For each
production p and for each of its visits i, with 1 ≤ i ≤ v(p0), we define the set
alive(p, i) which contains the live occurrences on visit i. It is defined as follows:

alive(p, i) = { a | def(p, a, k) ∧ use(p, a, j) ∧ k < i ≤ j}

Let us concentrate now on the analysis of the visits to the non-terminal
symbols of the grammar. Let alive visits(p, c, v) denote the list of visits to child c
of production p, which have to be performed in visit-sub-sequence v to p or in
later ones. This list is defined as follows:

alive visits(p, c, v) = [ visit(c, i) | visit(c, i) ∈ vss(p, j) , v ≤ j ≤ v(p0)]

Consider the visit-sub-sequences of production Prod. For the first sub-
sequence we have the following visits: alive visits(Prod, 1, 1) = [visit(p1, 1),
visit(p1, 2)] and alive visits(Prod, 2, 1) = [visit(p2, 1)]. That is, in the first
visit to Prod or later ones the non-terminal symbol Y is visited twice and the
symbol Z is visited once. Note that according to the visit-sub-sequences the
single visit to Z is performed in the second visit of Prod. Consider now the
visit-function λProd1 . Observe that its arguments contain the reference to the
first traversal of Y only (argument λY 1). The function for the second traversal
is obtained as a result of λY 1 . Observe also that the reference to the visit to Z
is passed on to the second traversal of Prod, where it is called. That is, the ar-
guments of the visit-function contain a reference to the earliest visit (function)
which has to be performed for all alive non-terminal symbols.

In order to derive our visit-functions we need references (the visits-functions)
to the earliest visit-function: all following references are returned by evaluating
the previous ones. Thus, we define the function inspect(p, v) which takes the
head of the list returned by nt vis (i.e., the following visit), for all non-terminal
symbols of production p. This is a partial function, since the list returned by
nt vis may be empty. This occurs when no further visits to a non-terminal
symbol are performed. This function is defined as follows:

inspect(p, v)= { hd alive visits(p, c, v) : alive visits(p, c, v) �= [] ∧ pc∈N }

where hd is the usual operation that returns the head of a list and N denotes
the set of non-terminal symbols.
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We describe now the derivation of the λ-attribute evaluator. For each pro-
duction p and for each traversal i of non-terminal symbol p0 a visit-function λpi

is derived. The arguments of this visit-function are:

1. The attribute occurrences which are alive at visit i, alive(p, i),
2. The deforestated visit-functions derived for the right-hand side symbols of p

which are inspected in traversal i or later, inspect(p, i), and
3. The inherited attributes of traversal i, i.e., Ainh(p0, i).

The result is a tuple of which the first element is the partial parameterized
function for the next traversal and the other elements are the synthesized at-
tributes, i.e., Asyn(p0, i). Thus, the visit-functions have the following signature:

λpi :: ¡type pp args(p, i)¿ T (inh 1) → · · · → T (inh k) →
(T (λpi+1 ), T (syn 1), . . . , T (syn l))

with {inh 1, . . . , inh k} = Ainh(p0, i), {syn 1, . . . , syn l} = Asyn(p0, i). T (a)
should be interpreted as the derived type for element a. The fragment
mat<type pp args(p, i)¿ denotes the type of the elements in alive(p, i) and in
inspect(p, i). This fragment is defined as follows:

¡type pp args(p, i)¿ = T (a1) → · · · → T (am) → T (λvt1
) → T (λvtn

) →

for all ai such that ai ∈ alive(p, i) and for all vti such that vti ∈ inspect(p, i).
The visit-function which performs the last traversal of a non-terminal does

not return any partial parameterized visit-function. Its signature is:

λpn :: ¡type pp args(p, i)¿ T (inh 1) → · · · → T (inh k) →
(T (syn 1), . . . , T (syn l))

Let us now derive the code of the visit-function λpi . It looks as follows:

λpi ¡par par(p, i)¿ ¡inherited(i)¿ =
((λpi+1 ¡par par(p, i+ 1)¿), ¡synthesized(i)¿)

where ¡body(i)¿

and the visit-functions which performs the last traversal is:

λpn ¡par par(p, n)¿ ¡inherited(i)¿ = (¡synthesized(i)¿)
where ¡body(n)¿

where the code fragments defining the inherited and synthesized attributes look
as follows:

¡inherited(i)¿ = inh 1 inh 2 . . . inh k
¡synthesized(i)¿ = syn 1, syn 2, . . . , inh l
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The code fragment ¡par par(p, j)¿ denotes the partial parameterisation of the
next visit-function.

¡par par(p, j)¿ = a1 . . . am λvt1
. . . λvtn

The body ¡body(i)¿ of each visit-function λpi is generated according to the
instructions of the visit-sub-sequence vss(p, i). Every attribute equation of the
form

eval (pq.a)
uses(attroccs)

defining an attribute occurrence pq.a = f (attroccs) of production p, generates
an equation

(aq) = f (attroccs)

Attribute pr.a occurring in attroccs is replaced by ar. Local attribute oc-
currences of productions are copied literally to the body of the respective visit-
functions.

Every instruction visit(c, i) defining the visit i to non-terminal occurrence pc

introduces a call. Two cases have to be distinguished:

If i < v(pc) then the call returns the partial parameterized function for the next
traversal. The following equation is generated:

(λpi+1
c
, syn 1c, . . . , syn jc) = λpi

c
inh 1c . . . inh lc

If i = v(pc) then only the synthesized attributes are computed by the function
call.

(syn 1c, . . . , syn jc) = λpi
c
inh 1c . . . inh lc

with {inh 1, . . . , inh j} = Ainh(pc, i) and {syn 1, . . . , syn l} = Asyn(pc, i).

Let us return to the Block AG and derive the visit-function for the most
intricate production: the production Block. First we compute the set alive and
the visit-trees for each visit to that production.

alive(Block, 1) = { }
alive(Block, 2) = { lev2 }
inspect(Block, 1) = { Its1 }
inspect(Block, 2) = { Its1 }

As expected, the attribute occurrence It.lev must be passed from the first
to the second traversal. The two visit-functions derived for this production are:

λBlock1 ¡par par(Block, 1)¿ lev1 dcli1 = ((λBlock2 ¡par par(Block, 2)¿, dclo1)
where ¡body(1)¿
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λBlock2 ¡par par(Block, 2)¿ env1 = (errors1)
where ¡body(2)¿

where the fragments ¡par par¿ are:

¡par par(Block, 1)¿ = λIts1

¡par par(Block, 2)¿ = lev2 λIts1

The body of the visit-functions is trivially derived from the corresponding
visit-sub-sequences (see figure 2): we present only the body of the visit-function
for the second traversal to the production Block.

¡body(2)¿ = dcli2 = env1
(λIts2 , dclo2) = λIts1 dcli2 lev2
errors2 = λIts2 dclo2
errors1 = errors2

The complete λ-attribute evaluator derived from the Block attribute gram-
mar is presented in figure 3 (some copy rules were trivially removed from the
AE code).

λRootP1 λIts1 = errors2
where lev2 = 1

dcli2 = []

(λIts2 , dclo2) = λIts1 dcli2 lev2

errors2 = λIts2 dclo2

λConsIts1 λIt1 λIts1
2
dcli lev =

((λConsIts2 λIt2 λIts2
2
), dclo3)

where (λIt2 , dclo2) = λIt1 dcli lev

(λIts2
2
, dclo3) = λIts1

2
dclo2 lev

λNilIts1 dcli lev = ((λNilIts2), dcli)

λConsIts2 λIt2 λIts2
2
env = errors

where errors2 = λIt2 env

errors3 = λIts2
2
env

errors = errors2 ++ errors3

λNilIts2 env = []

λBlock1 λIts1 dcli lev =

((λBlock2 lev2 λIts1), dcli)

where lev2 = lev + 1

λDecl1 name dcli lev =
((λDecl2 ! errors),dclo)

where dclo = (!name,lev):dcli
errors = (name, lev)

‘mustnotbein‘ dcli

λUse1 name dcli lev =
((λUse2 name), dcli)

λBlock2 lev2 λIts1 env = errors2
where (λIts2 , dclo2) = λIts1 env lev2

errors2 = λIts2 dclo2

λDecl2 errors env = errors

λUse2 name env = errors
where errors = name ‘mustbein‘ env

Fig. 3. The complete λ-attribute evaluator for the Block Language.
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As a result of our techniques all visit-functions have become combinators,
i.e., they do not refer to global variables. The type of the λ-attribute evaluator
is the type of the visit-function of the root symbol:

λRootP 1 :: ([a] → Int → ([a] → b, [a])) → b

This evaluator returns the attribute errors (type b) and it has one function as
argument: the visit-function which performs the first visit to the non-terminal
symbol Its. This function has the initial environment (type [a]) and the level
(type Int) as arguments and it returns a pair: the function for the second visit
to Its (with type [a] → b) and the total environment.

As a result of generating Haskell code we inherit many useful properties of
this language. The λ-attribute evaluator of figure 3, for example, is completely
polymorphic. In this evaluator nothing is defined about the type of the identifiers
of the language. The identifiers are provided by an external lexical analyser. They
can be a sequence of characters, a single character or even a numeral. The AE
can be reused in all those cases, provided that the semantic functions mustbein
and mustnotbein are defined on that type too.

This approach has the following properties:

– The λ-attribute evaluators have the tendency to be more polymorphic.
– The evaluators are data type independent and, thus, new semantics can be

easily added: for example, new productions can be incorporated to a compiler
without having to change the evaluator. This property will be explained in
section 4.

– Attribute instances needed in different traversals of the evaluator are passed
between traversals as results/arguments of partial parameterized visit-
functions. No additional data structure is required to handle them, like
trees [Kas91,PSV92,SKS97] or stacks and queues [AS91].

– The resulting evaluators are higher-order attribute evaluators. The argu-
ments of the evaluators visit-functions are other AE visit-functions.

– The visit-functions find all the values they need in their arguments.
– No pattern matching is needed to detect the production applied at the node

the evaluator is visiting.
– The visit-functions are strict in all their arguments, as a result of the order

computed by the AG ordered scheduling algorithm.
– Efficient memory usage: data not needed is no longer referenced. References

to grammar symbols and attribute instances can efficiently be discarded as
soon as they have played their semantic role.

– The code of the attribute evaluator is shorter because no data structures are
defined.

4 Parse-Time Attribute Evaluation

Traditional attribute grammar systems construct an abstract syntax tree during
the parsing of the source text. This tree is used later to guide the attribute eval-
uator. For some classes of attribute grammars the construction of the abstract
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syntax tree may be avoided and the attribute evaluation may be performed in
conjunction with the parsing (L-attributed grammars). In this case, it is the
parser which guides the attribute evaluation. Such a model has several advan-
tages, namely speed and space requirements. Methods exist which make one-pass
attribute evaluation during parsing possible [ASU86].

Parse-time attribute evaluation is achieved as a by-product of our AG imple-
mentation: the parser directly calls the visit-functions which perform the first
traversal of the λ-attribute evaluator.

Consider again the production Block. The classic fragment of the parser
derived from the AG which defines this production and constructs the corre-
sponding tree node looks as follows2:

It : blk ’(’ Its ’)’
{ Block $3 }

The type of the parser derived from this specification is a function from a
string (i.e., the source text) to the type of the term defined by the production.

parser It :: [Char] → It

where It is a declared data type.
Using our techniques the parser derived from the AG generates a call to the

attribute evaluator visit-functions which perform its first traversal. Our parser
looks as follows:

It : blk ’(’ Its ’)’
{ λBlock1 $3 }

The deforestated visit-functions are partially parameterized with the argu-
ments available at parse-time. Those arguments are the other visit-functions
which are partially parameterized when parsing the grammar symbols of right-
hand side of the production. No explicit abstract syntax tree is constructed.

Consider the visit-function λNilIts1 which returns the visit-function λNilIts2 .
The function λNilIts2 is a constant function: it does not depends on its argu-
ments. That is, it does not use the inherited attribute env and always returns an
empty list (i.e., it evaluates the synthesized attribute errors). As result, λNilIts2

can be computed at parse-time.
Generally, every visit-function, derived from a visit-sub-sequence i which does

not have inherited attributes (annotation inh) or which does not use its inher-
ited attributes, can be evaluated in visit i− 1. It has all the arguments it needs
available on the previous visit. Observe that the visit-functions derived for pro-
ductions applied to non-terminal symbols which only have synthesized attributes
can be evaluated at parse-time. This is particularly important when implement-
ing processors that produce code as the the input is being processed, i.e., for
implementing online algorithms.
2 We use Happy [Mar97] notation, an Yacc equivalent for Haskell.
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Suppose that we want to extend the Block language with named blocks.
That is, the Block AG is extended with the following production:

It → NamedBlk (’blk’ name ’:’ ’(’ Its ’)’)

In traditional AG implementations, the attribute evaluator would have to
be modified, since the type of the abstract syntax tree changes. Our implemen-
tation, however, is independent of the abstract tree data type. The attribute
evaluator of figure 3 can be reused, without any modification, to implement
the AG extension. The only part of the compiler that has to be modified is
the parser: the new production must be included, obviously. Furthermore the
visit-functions λNamedBlki which implement the different visits to the produc-
tion have to be added to the compiler as a separate module. The new parser
fragment looks as follows:

It : blk name ’:’ ’(’ Its ’)’
{ λNamedBlk1 $2 $5 }

The signature of the visit-functions λNamedBlki must follow the partitions
of the non-terminal symbol It (i.e., the symbol on the left-hand side of the
production).

This property of our AG implementation is particularly important when de-
signing language processors, in a component based style: AG components and
the respective evaluators can be easily reused and updated, even when separate
analysis and compilation of such components is considered [Sar].

5 Applications

This section describes how our techniques are used in the context of Higher-
Order Attribute Grammars, Incremental Attribute Evaluation, Composition of
Attribute Grammars and Lazy Attribute Evaluation.

Higher-Order Attribute Grammars (HAG) [VSK89]: the techniques de-
scribed in this paper were developed in the context of the (incremental) evalua-
tion of HAGs. HAGs are an important extension to the classical AG formalism:
attribute grammars are augmented with higher-order attributes. Higher-order at-
tributes are attributes whose value is a tree with which we associate attributes
again. Attributes of these so-called higher-order trees, may be higher-order at-
tributes again. Higher-order attribute grammars have two main characteristics:
first, when a computation can not easily be expressed in terms of the inductive
structure of a tree, a better suited structure can be computed first, and secondly,
every computation (i.e., inductive semantic function) can be modeled through
attribute evaluation. Typical examples of the use of higher-order attributes are
mapping a concrete syntax tree into an abstract one and modelling symbol table
lookups.

A higher-order attribute grammar may have several higher-order attributes
(i.e., higher-order trees). Thus, an attribute evaluator for HAG may contain
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a possibly large number of higher-order trees. As a result the efficiency of the
attribute evaluator may be affected by the construction and destruction of those
trees. The technique described in this paper can be used to implement higher-
order attribute grammars [Sar]. The higher-order attributes are represented by
their initial visit-functions.

Incremental Attribute Evaluation: one of the key features of our AG imple-
mentation is that the attribute evaluators are constructed as a set of strict func-
tions. Consequently, an incremental attribute evaluator can be obtained through
standard function caching techniques [PSV92]. The incremental behaviour is
achieved by storing in a cache calls to the attribute evaluator functions and
by reusing their results when such functions are later applied to the same ar-
guments. This is the most efficient and elegant approach for the incremental
evaluation of HAGs [Pen94,CP96]. Previous techniques, however, rely on addi-
tional data structures, e.g., a binding tree, to handle attribute instances needed
in different traversals of the evaluator [Pen94]. A large number of calls to tree
constructor functions may have to be cached since the number of binding trees
is quadratic in the number of traversals. Such an approach, albeit optimal in the
number of reevaluations, can result in a substantial decrease of performance of
the incremental evaluator due to the fast growth, and consequent overhead, of
the cache [SKS96]. Using λ-attribute evaluators no constructor functions exist
(i.e., abstract tree nor binding tree constructor functions) and thus no construc-
tor functions have to be cached! The calls to the visit-functions are the only calls
actually cached. The incremental evaluators have less cache overhead [Sar].

Composition of Attribute Grammars: consider a compiler organized as
follows: it has two AGs of the form ag1 :: T1 → T2 and ag2 :: T2 → T3. That is,
it has two AGs which are glued by the intermediate tree T2. Using traditional
AG techniques the tree T2 would have to be constructed. Using our techniques
the attribute evaluator of ag1 directly calls the deforestated visit-functions of
the ag2 attribute evaluator, like in a normal multiple traversal AE. As result, no
intermediate tree is constructed. This strategy holds even when separate analysis
(compilation) of both AGs is considered. In [Sar] this composition of attribute
grammar components is presented.

Lazy Attribute Evaluation: attribute grammars can be easily and elegantly
implemented in a programming language with lazy
semantics [KS87,Joh87,SA98]. The techniques described here are orthogonal to
the lazy mapping of attribute grammars. See [Sar] for the formal derivation of
deforestated and lazily implementation of attribute grammars.

6 Implementation

The techniques described in this paper have been implemented in the Lrc sys-
tem [KS98], a purely functional attribute grammar system. The Lrc processes
Higher-Order Attribute Grammars, written in a super-set of Ssl, the synthesizer
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specification language [RT89], and produces purely functional attribute evalua-
tors.

We have developed a new back-end to the Lrc in order to generate Haskell
based attribute evaluators. A (coloured) LATEX version of such attribute evalua-
tors is also generated by the Lrc system. Actually the Haskell code presented
in this paper (including the AE of figure 3) was automatically produced by Lrc
from a Ssl specification. The deforestation of HAGs and the lazy implementation
of attribute grammars, discussed in section 5, have also been implemented.

Several small and medium size λ-attribute evaluators have been translated
into C in order to use the caching mechanism of the Lrc system and to achieve
incremental evaluation. The automatic generation of λ-attribute evaluators in
the C language is currently being incorporated to Lrc.

7 Conclusions

This paper introduced a new technique for compiler construction. The compilers
are constructed as a set of strict and purely functional visit-functions. All explicit
data structure definition, construction and traversals have been removed. As a
result of our technique the λ-attribute evaluators are totally generic and can
easily be reused and updated across different applications. Because constructor
funtions are never used, and all case statements have been “compiled way”,
one might in general expect better performance, since the flow of information
is now clearly represented in the structure of the paremeters and results of the
visit-functions. Thus, many compiler optimization techniques become enabled.
Furthermore parse-time attribute evaluation is achieved as a by-product: the
parser directly calls the visit-functions.

A simple language was analysed and the respective compiler was automati-
cally derived from an attribute grammar. A mapping from attribute grammars
into strict and purely functional attribute evaluator was defined. This mapping
has been implemented in the Lrc system.

The technique described in this paper is not restricted to the context of
compiler construction only. It can be used to efficiently implement any algorithm
which performs multiple traversals over a recursive data structure. It was used,
for example, to implement a pretty printing combinator library [SAS98], which
is a four traversal algorithm and that would have been extremely complicated
to construct by hand.
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Abstract. Source-level tools are not adequate for debugging generated
compilers because they operate at the level of the generated implementa-
tion. It is inappropriate to expect compiler writers to be familiar with the
implementation techniques used by the generation system. A higher-level
approach presents debugging in terms of an abstract model of the im-
plementation. For example, finite-state machines might be shown while
debugging a scanner. This approach is inappropriate for developers who
are not compiler experts and even for experts may present more infor-
mation than is desirable.
An even higher-level approach is used by the Noosa graphical debugger
for the Eli compiler generation system. The compiler writer is required
to understand a simple execution model that involves concepts that they
already have to understand to write Eli specifications. Noosa allows high-
level data examination in terms of the input to the compiler and the
abstract trees upon which attribution is performed. An event system
allows fine-tuned control of program execution. The result is a debugging
system that enables developers to diagnose bugs without having to have
any knowledge of the underlying mechanisms used by their compiler.

1 Introduction

A variety of methods have been developed for automatically producing compilers
from specifications. Using these techniques, a compiler writer can write a high-
level specification of compiler functionality and a generation system will produce
an implementation that conforms to that specification. Compiler generation has
been successful mainly due to the existence of a range of specification notations
covering important sub-problems, and the development of efficient methods for
implementing these notations (for example, see [4,9,12,14,19]).

The major advantage of generation systems is that they enable a compiler
writer to concentrate on the important issues while the responsibility for produc-
ing a correct implementation rests with the system. A generation system that
is functioning correctly is no guarantee of a correct compiler, however, because
the specification may have bugs.

Compiler generation systems typically provide very little in the way of de-
bugging facilities. Source-level debuggers such as Dbx [8] or GDB [16] can be
applied to generated compiler implementations, but this approach is largely un-
satisfactory because it requires compiler writers to have specific knowledge about
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the implementation methods used by the generator. Requiring such knowledge
defeats the main purpose of a generation system.

This paper describes the Noosa debugger for programs generated by the Eli
compiler generation system. Eli generates compilers using a collection of specifi-
cation notations including regular expressions for token description, context-free
grammars for concrete and abstract syntax, and attribute grammars for semantic
analysis and later phases.

Noosa presents a graphical view of the execution of a generated compiler in
terms of the input being processed by it. The compiler writer can examine how
their regular expressions and grammar productions were used to structure the
input. Access is also provided to major compiler data structures such as the ab-
stract trees upon which attribution takes place, environment structures and the
definition table. Attribute values of any tree node can be examined in a flexible
browsing system that is easily extended to new data types. The developer also
has access to an abstract event stream produced by the running compiler. User-
specified event handlers can be written in the Tcl language. This facility enables
the specification of complex debugging operations such as semantic breakpoints
and correlation of information from disparate sources.

The goal of Noosa is to provide debugging facilities that operate at the spec-
ification level, hiding the implementation details as much as possible. The aim
is to achieve a level of implementation-hiding similar to source-level debuggers
operating on programs compiled to machine language. In those debuggers the
developer is able to interact with their program’s execution in terms with which
they are familiar. For example, data can be accessed via variable names and the
control state is presented in terms of a stack of active routines and the statement
about to be executed. Knowledge of all of these aspects can be expected of any
programmer familiar with the source language.

Noosa does not present details of the implementation of compiler compo-
nents. According to this philosophy, if the specification of the compiler includes
regular expressions to describe token types then it is appropriate to present infor-
mation in terms of tokens, where they were located in the input, and the regular
expressions that matched them. Detail about the functioning of the finite-state
machine that implements the scanner is not suitable because it relies on knowl-
edge that the compiler writer may not have. This approach contrasts with other
debuggers for generated components that present a large amount of internal
detail.

Noosa can also work in combination with source-level tools. Eli allows arbi-
trary C code to be included in the generated compiler to implement abstract
data types or to code a part of the functionality that is hard to specify. To
accommodate debugging of this code, Noosa can be used in conjunction with
a source-level debugger. Thus specification-level and source-level debugging can
be undertaken at the same time.

Section 2 considers the execution model that should form the basis of a de-
bugger for generated compilers and describes the model used by Noosa. Section 3
describes the basic elements of the Noosa design with reference to the execution
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model. Section 4 illustrates the Noosa style of debugging by describing typical
compiler bugs and how Noosa would be used to diagnose them.

2 Execution Model

The functionality of a debugger is grounded in the facilities it provides for con-
trolling execution of the program and the methods by which the program’s state
can be examined. For example, in most source-level debuggers breakpoints allow
execution to be stopped when specific points in the code are reached. When
execution is stopped, the values of program variables can be printed. Some de-
buggers have more advanced features such as conditional and data-dependent
breakpoints or graphical displays of data structures, but the basic features are
common to all source-level debuggers.

The kind of execution control and data access provided by a debugger de-
pends intimately on an execution model that the debugger shares with its user.
An execution model is a description of the structure of a program execution in
terms of elementary actions and data items. An understanding of the program
code and the execution model used by a debugger is necessary for the user to be
able to operate debugger facilities and understand the output from debugging
operations. For example, to use breakpoints in a debugger for an imperative lan-
guage a user must understand the basic units of execution (e.g., statements) and
the way execution proceeds (e.g., step-wise execution of statements plus routine
calls). The state displayed by the debugger might also rely on the execution
model (e.g., a stack of currently active routine calls).

Different debuggers for the same language can have different execution mod-
els that reflect the outcomes of design decisions about the kind of debugging that
is to be permitted. For example, some source-level debuggers provide facilities
for debugging at the machine level such as instruction stepping or the ability to
examine the contents of registers. Other debuggers might omit such features on
the grounds that machine level details are not relevant for a user of a high-level
language. In general, the execution model to be used by a debugger depends on
the view of execution that the debugger is trying to present.

In the compiler generation domain there are choices of execution model. If
a source-level debugger is used to debug a generated compiler, the execution
model is one appropriate to the implementation language. Even if the compiler
writer is familiar with that language, they will in general not be experts in the
generated code. Thus the use of an implementation language execution model is
inappropriate.

At a higher level of abstraction lies a class of execution models based on
the methods used to implement compiler components. For example, a generated
scanner might use a finite-state machine implementation. An execution model
for a debugger operating at this level might include concepts such as finite-
machine states, input characters, and legal state transitions. Execution could be
presented in terms of the actual transitions performed during scanning, perhaps
with a visual representation of the machine.
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Some compiler tools offer tracing facilities at this level. For example, parsers
generated by YACC [7] and derivatives like Bison [3], can produce a trace of the
parsing process. The trace consists of events such as getting a token, shifting a
symbol, reducing via a rule, and changing parser state.

More user-friendly alternatives at this level exist in the form of debuggers that
present the same kind of information as a trace, but in a graphical, browsable
form. For example, Visual Parse++ from SandStone Technology Inc. [6] presents
the developer with an extremely detailed view of the operation of generated
parsers. Information presented includes depictions of the parse stack, lookahead
tokens and three-dimensional views of parse trees . The recently released Par-
seView debugger bundled with the latest version of the ANTLR tool [13] seems
to offer similar features.

The design of Noosa follows a higher-level approach. The execution model
used by Noosa does not include anything to do with the implementation of gener-
ated components. Of course, compiler writers may well need to know something
about component implementations in order to use Eli. For example, writing an
Eli grammar may require some knowledge of the LALR parsing method since
both of Eli’s parser generators use that method and the system will reject non-
LALR(1) grammars. Similarly, using Eli’s attribute grammar notations may re-
quire some knowledge of allowable patterns of attribute dependences and the
methods used by generated evaluators. The philosophy behind Noosa is that
knowledge of this kind is not needed during debugging.

Some anecdotal support for this position was obtained recently when Noosa
was used by final year students in an introductory compiler unit at Macquarie
University. The students were able to use Noosa to debug Eli specifications con-
taining regular expressions and context-free grammars. In this unit the students
are acquainted with the compilation phases and their purposes, but the imple-
mentation techniques used by the tools are only covered in outline form. Thus
there is some evidence that such knowledge is not necessary for debugging.

Justification for the Noosa position as a goal can also be obtained from
a recognition that the widespread availability of compiler generation systems
has resulted in many non-compiler experts attempting to develop compilers (or
compiler-like programs). For these users it is important that the debugging sys-
tem not rely on knowledge that they do not have.

It should be noted that the more advanced features in the debuggers men-
tioned above are presumably at least partly inspired by the more complex speci-
fication notations and implementation methods used in those systems compared
to Eli. For example, the ANTLR parsers use multiple symbol lookahead and more
advanced debugger support may well be necessary for the user to understand
what is happening. Whether this situation is an argument for more complex
debuggers or less complex specification notations and implementation methods
is unclear. In any event, Noosa operates within the environment provided by the
Eli notations and methods.

Figure 1 shows the execution model used by Noosa expressed in pseudo-
code. An Eli-generated program under the control of Noosa will scan the input
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attempting to locate tokens and trying to group those tokens into syntactic
phrases. When a complete phrase is recognised an abstract tree fragment will
be built to represent it and its components. Once the complete input has been
recognised the tree is then decorated with attribute values. Usually a side-effect
of one or more attribute evaluations will be to produce the compiler output. (To
simplify the discussion we ignore the fact that attribution can occur during tree
construction and that attribution can produce further trees which are in turn
attributed. Both of these aspects are also supported by Noosa.)

while there is more input do

get the next token

if a complete syntactic phrase has been recognised then

build an abstract tree fragment for the new phrase

while there are more tree attributes to evaluate do

perform an attribute evaluation

Fig. 1. Noosa’s execution model.

The concepts in the Noosa execution model are ones with which an Eli user
can be expected to be familiar. The form of tokens is specified by the user
using regular expressions or literals in the context-free grammar. The context-
free grammar also specifies the valid phrases. The user’s attribute grammar
describes the abstract tree structure and the attribute computations that must
be evaluated. These specification notations and their underlying concepts must
be understood before a compiler can be specified using Eli.

3 Noosa

Noosa’s design is based on the execution model presented in the previous sec-
tion. The input and the abstract tree play a central role in the user interface
appropriate to their prominence in the model. Other data items can be accessed
via a flexible browsing system designed to be easy to use and extensible to new
data types. An event mechanism is used to allow both the debugger and the user
to determine which actions are performed by the compiler being debugged and
when they occur.

The rest of this section describes the main elements of the Noosa design.
The discussion of features is structured according to the relevant elements of the
execution model. Some mundane features such as menu invocations, searching
in text windows, saving the context of text windows, file editing, on-line help,
etc. are omitted. Example screenshots are taken from a debugging session for an
Eli-generated C processor.
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3.1 Input

The starting point of a compilation is the input that is to be analysed and
translated. Thus the main user interface of Noosa features the input (Figure 2).

Fig. 2. Main Noosa window. The upper text window shows the compiler input (a
C word counting program). The lower text window is a transcript of debugging
output showing the phrase structure at the equality operator in the highlighted
if statement and the tokens in that if statement.

Noosa correctly accounts for input processing that obtains text from multiple
sources. For example, if the language has an “include” facility and the compiler
expands includes during parsing, the input text window will show the complete
input seen by the compiler. This removes any need for the user to guess what
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the compiler is working with or pre-process the input specially before debugging.
The user can ask Noosa for the original source of any part of the input.

3.2 Phrases and Tokens

Syntactic phrases and lexical tokens play a central role in the user’s understand-
ing of their compiler. Noosa enables the user to determine which phrases and
tokens are recognised by the compiler. Each one is associated with a region of the
input text. Thus Noosa’s “Phrase” and “Token” commands are invoked relative
to coordinates in the input text.

To see the phrases recognised at a particular location in the input the user
selects the location with the mouse and invokes “Phrase.” This action produces
a list of the concrete grammar productions that have been recognised whose
coordinate ranges overlap the indicated location. For example, the transcript
(bottom text window) in Figure 2 shows productions involved in recognising the
equality operator in the highlighted if statement. The productions are listed in
order from the axiom of the grammar (not shown) to the most specific. The
coordinate range beside each instance indicates the input recognised by that
instance.

The coordinate display for phrases is an instance of a “browsable value”
(indicated by the underline). Browsable values can be clicked to obtain behaviour
dependent on the kind of value. Clicking on a coordinate or coordinate ranges
causes the indicated input to be highlighted in the input text window. Thus
it is easy to see the input corresponding to a particular recognised production
instance.

The “Token” command operates in a similar fashion to “Phrase.” To see the
tokens scanned in a particular region the user selects the region in the input text
window with the mouse and invokes “Token.” The transcript lists the relevant
tokens (if any). For example, the transcript in Figure 2 shows the tokens from
the highlighted if statement. The coordinate range of each token is shown along
with the token code, intrinsic value1, length and lexeme. Tokens which are non-
literals and hence specified using regular expressions are also labelled with the
regular expression name from the user’s specification.

3.3 Abstract Tree

Once the input has been processed, focus switches to the abstract tree con-
structed during parsing. Noosa has two basic forms of tree display shown in
Figure 3. The displays show the region of the tree around the while condition
on line six of the input. Each node consists of the non-terminal it represents and
the (user-specified) name of the abstract production applied at the node. Nodes
are numbered for identification.
1 The intrinsic value distinguishes different instances of general token classes. For

example, the intrinsic value of an integer token might be the numeric value of the
integer. For identifiers it might be the index of the identifier string in a global string
table.
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Fig. 3. Abstract tree displays: “complete” tree above and “expandable” tree
below. Both windows are focussed on the node representing the getchar token
in the word counting program.

The upper version of the tree shows every node in a “traditional” tree style.
The lower version lays out nodes in an indented style which takes up less space
and allows subtrees to be selectively hidden. Siblings are connected by verti-
cal lines. Internal nodes are indicated by squares: white if the node’s children
are visible, black otherwise. Leaves are indicated by small black rectangles. In
both displays the node corresponding to the getchar identifier occurrence is
highlighted (indicated by the outline around the node).

Clicking on a node in a tree display causes the coordinate range of the node
and the abstract production applied at the node to be displayed in the transcript.
The coordinate range is also highlighted in the input window. Thus it is easy
to relate tree nodes to the input text. Browsing in the opposite direction is
also supported. Clicking on a location in the input window and invoking the
“Node” command in a tree window causes that tree display to focus on the node
farthest from the root whose coordinate range contains the selected location.
This mechanism is commonly used to quickly focus attention on relevant parts
of the tree.

3.4 Attributes

Each node in the abstract tree has a set of attributes associated with it. The
user’s attribute grammar specifies how the values of these attributes are to be
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calculated. Eli takes care of traversing the tree and calculating the attributes in
an order consistent with the dependences between them.

Using a tree display the user can express an interest in the value of one or
more attribute values. The right mouse button on a node brings up a menu of
attributes and their types. Each attribute has a setting with options “Show”,
“Show, stop” and “Ignore” (default). Selecting “Show” or “Show, stop” causes
Noosa to display the value of the attribute in the transcript when it is next
calculated. If “Show, stop” is selected, the execution of the compiler will also
stop when the attribute is evaluated. The state of the compiler can be examined
and a “Continue” command used to resume execution.

Figure 4 shows the transcript window after the user has selected “Show” for
all of the attributes of the identifier node representing the occurrence of nl in the
statement ++nl;. The Key attribute is a definition table key which the compiler
is using to represent the variable entity. The FunctionId attribute is a Boolean
value which is one if and only if this identifier represents a function.

Fig. 4. Attribute value display and browsing. Attribute values are displayed with
their node number, name and type. Structured values such as definition table
keys can be browsed. Here the first key represents a variable. It has been browsed
to reveal the properties of the variable, including the key representing its type.
The properties of the type have also been displayed.

In the attribute display some values will be browsable. The node number can
be clicked to cause the tree display to focus on that node. This feature is used to
switch attention quickly between nodes of interest. Also, the Key attribute value
is browsable. Since it is a definition table key clicking on it causes the values of
its properties to be displayed (middle part of Figure 4). In this case it has four
integer properties and a key property that represents the type of the variable.
In turn, clicking on that key brings up the properties of the type (bottom part
of the figure). Browsing in this way makes it easy to examine the relationships
between definition table keys which form the major representational mechanism
for information such as the compiler’s type system.
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Incidentally, the “unknown” value for the OilType property in Figure 4 indi-
cates that Noosa doesn’t currently know how to display values of this type. The
Eli library module exporting this type can be easily augmented with routines
for Noosa to use to obtain a textual representation. It is also straight-forward
to make values of new types browsable. This strategy keeps the knowledge of
data types with the modules that define them and allows the user to extend the
debugging system to support their own types.

3.5 Messages

Often bugs involve the compiler detecting errors when it should not. For ex-
ample, erroneous regular expressions or context-free grammar productions will
usually result in lexical or syntax errors during testing. In Eli each error mes-
sage is associated with a particular input coordinate. To aid in tracking down
this kind of error Noosa displays compiler messages and their coordinates in the
transcript. Clicking on the coordinate takes the user directly to the site of the
error from which tokens or phrases can be examined as described above. Sim-
ilarly, a semantic error message can be easily traced back to the relevant tree
nodes using the “Node” command.

3.6 Events

The capabilities discussed so far have been concerned with data viewing, with
one exception. The “Show, stop” command enables execution to be stopped
when a particular attribute is evaluated. Noosa also provides a more general
event mechanism that allows complex control of the execution. Noosa’s use of
events is similar to the way they are used in algorithm animation and monitor-
ing systems [1,2,15,17,18]. Abstract event systems have also been used in other
debuggers [5,10].

As the compiler executes, it generates a stream of abstract events. Each
event represents an action in the execution model. For example, there is an
event type to indicate that a token has been scanned. Other events represent
the recognition of a concrete production, the construction of the abstract tree,
and the evaluation of an attribute. Each event has parameters that distinguish
the event instances. For example, a token event had parameters that describe
the type of token, source coordinate, lexeme, and so on. Care is taken to ensure
that event types and their parameters refer only to user-level concepts.

Noosa uses the event stream to implement the facilities described previously.
The stream is also available to the user for more specific control. Event handlers
can be specified via the window shown in Figure 5. The left list shows the event
types and the right list the parameters of the currently selected event type. In
the middle are the names of user-specified handlers.

User-specified event handlers are written in the Tcl language [11]. Tcl is
a full-featured, imperative scripting language. Thus an event handler can per-
form arbitrary actions including querying event parameters, storing data for use
by other handlers, and displaying information in the Noosa transcript window.
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Fig. 5. Event handler window. The user is writing a handler for token events
so that the compiler will stop each time an else token is scanned. Calling the
n break procedure achieves this effect.

Space limitations prevent presentation of a complex example, but as a simple
illustration, the lower text window of Figure 5 shows a handler for token events
which will stop execution each time an else keyword is recognised. The handler
employs a conventional conditional statement checking the value of the lexeme
parameter of the event (available via a Tcl variable). The n_break procedure is
the published interface to Noosa’s execution control mechanism.

4 Debugging Situations

To illustrate the use of Noosa’s features, this section briefly considers a variety of
typical debugging situations. The situations chosen are intended to be represen-
tative of the sorts of bugs that are encountered by Eli users, but are not meant
to be exhaustive. In all cases it is assumed that the compiler input is correct; all
bugs reside in the user-supplied specifications.

4.1 Lexical Bugs

A lexical error occurs when the lexical analyser is not able to assign a token type
to some portion of the input. In the Eli context this means that an error exists
in either the concrete grammar literals or the regular expressions describing the
non-literal tokens. Eli-generated compilers report lexical errors by pointing to
the characters that cannot be scanned.

To diagnose a lexical error with Noosa the user would first browse the error
message coordinate to go to the problematic input location. Errors in literals are
usually obvious at this point. Otherwise, the “Token” command would be used
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to examine the token stream around the error location. Usually the erroneous
input should belong to one of the tokens surrounding the error and an insuffi-
ciently general regular expression is to blame. Less commonly, a non-literal token
specification has simply been omitted. Both of these cases are readily diagnosed
from the token stream.

4.2 Syntactic Bugs

Syntactic bugs arise in two ways. First, the concrete grammar may not describe
the right language. Often focussing in on the problem area will make the reason
obvious. Sometimes more information is needed. Eli-generated parsers incorpo-
rate error recovery strategies that will possibly insert or delete symbols in an
attempt to continue the parse. When this occurs the parser generates a mes-
sage noting the location from which parsing was continued. Thus the user can
easily determine the extent of the problem. In an error situation the “Phrase”
command will show the productions that were recognised as part of the error
recovery. This information may show that a portion of the input was recog-
nised using a production other than the intended one (leading to the syntax
error later). The ability to match production instances to input coordinates is
extremely useful in this type of situation.

Alternatively, a syntax error may be reported when the grammar is correct
but the scanner is returning the wrong type of token for some portion of the
input. For example, a real number may be scanned as three tokens: an integer, a
period, and another integer. This may occur because the regular expression for
a real number literal erroneously requires an exponent. The “Token” command
can be used to diagnose this kind of problem.

4.3 Semantic Bugs

In Eli-generated compilers semantic processing is largely specified using an at-
tribute grammar. Semantic bugs arise if the value of an attribute is incorrectly
computed. Thus localising these sorts of errors is a matter of observing the
value of attributes. Noosa’s attribute value display capabilities are suitable for
this purpose.

A semantic bug may be exhibited by an error message or the absence of an
error message. For example, a bug in the compiler’s handling of type rules may
result in an error message for a correctly-typed construct or a missing message
for an incorrectly-typed one. In either case the user needs to localise the problem
to the portion of the tree that represents the concerned construct. If a message
was produced, the coordinate provides access to the appropriate area of the
input. If a message is missing, presumably the user knows which part of the
input should have produced it. Once the relevant input location is known, the
“Node” command can be used to focus attention on the appropriate part of the
tree.

Attribute values of tree nodes around the error can be examined to diagnose
the problem. This may require multiple executions to focus in on an attribute
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whose value is incorrect. (Note that attribute storage may be reused, so the
value of an attribute computed earlier in the execution might not still exist to
be examined at the current execution point.) Usually when this has been done,
the user will have narrowed the problem down to a particular computation that
is producing the wrong value and the cause of the bug has been located.

Sometimes a semantic bug results from attribute computations being per-
formed in the wrong order. For example, the definition of an applied identifier
occurrence might be looked up before relevant defining occurrences have been
processed. This kind of error is often due to missing dependencies between at-
tribute computations. It is usually sufficient to display the values of the attributes
and to hand verify whether the order is satisfied by the order in which the val-
ues are printed. Once this kind of problem has been diagnosed, a fix must be
devised in the form of additional dependencies. Noosa does not assist with static
dependence analysis because its emphasis is on dynamic information. A similar
design decision arises for imperative language debuggers when facilities such as
static call graph display are considered.

Complex bugs can be diagnosed with the use of special-purpose event han-
dlers. Since Noosa event handlers are Tcl code they can perform arbitrary com-
putations. In particular, they can store information in global variables for access
by other handlers and display information in Noosa’s transcript.

For example, Eli’s name analysis modules represent scopes as environments
holding mappings from identifier names to definition table keys. Suppose that the
user wishes to know the tree nodes corresponding to scopes that have at least one
identifier defined in them. This can be achieved by three cooperating handlers:
1) one on “an attribute of type Environment has been evaluated” events to
record the nodes which have environment attributes, 2) one on “a mapping has
been added to an environment” events to increment a per-environment count,
and 3) one on the “finalisation” event to print the list of nodes when execution
is complete. (For the purposes of this example, it is assumed that only nodes
representing scopes have environment attributes.)

Handlers can be saved in files and loaded into other Noosa sessions. Thus
high-level debugging functionality can be reused and shared between users.

4.4 Source-Level Bugs

An Eli-generated compiler may have user-supplied code to implement function-
ality not present in the Eli libraries. For example, abstract data type (ADT)
implementations can be provided. Values of user-defined data types can be used
in attribute computations.

Problems in user-supplied code can be diagnosed using a source-level de-
bugger. While a debugger can be used independently of Noosa, a cooperative
strategy is an advantage because it allows source-level behaviour to be examined
in concert with high-level behaviour. For example, attributes of tree nodes may
have types which are defined by a user-supplied module. It is useful to be able
to examine the values of the attributes in their tree context while debugging the
module.
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Noosa allows source-level debugging to interoperate with specification-level
debugging. In this case the source-level debugger runs as a child process of Noosa
and the compiler is a child of that process. The event stream implementation
“bypasses” the intermediate process so that Noosa is largely unaffected by the
presence of the other debugger. The only complication from the user perspective
is a need to be aware of which debugger has control at a given moment. For
example, while the compiler is stopped at a source-level breakpoint Noosa has
no access to the process, and vice versa. In practice this potential confusion is
easily handled.

5 Conclusion

Noosa provides debugging functionality that operates at the level of the user’s
Eli specifications. Thus the execution of a generated compiler can be understood
without knowledge of its internals. The focus is on the main compiler data items:
the input and the abstract tree. A text-based browsing facility makes display of
other data convenient and extensible. An abstract event stream enables the user
to formulate sophisticated queries about the execution. While Noosa is targetted
to Eli and its notations, the same general approach should be applicable to other
compiler generation systems and specification methods.

Future work will concentrate on extending Noosa to incorporate specification
views. This development will aid in the use of Noosa for execution-based specifi-
cation understanding. Also, it will enable additional debugging capabilities to be
triggered from the specifications rather than via the tree. For example, the user
might express interest in the value of an attribute in a particular rule context by
clicking on an attribute occurrence in that context. Other work is investigating
debugging facilities based on the use of program slicing techniques at both the
specification-level and on compiler intermediate forms.

Acknowledgements

Much of the functionality and style of Noosa has been influenced by past and
current members of the Eli project. In particular, Bill Waite, Bob Gray, Uwe
Kastens, Basim Kadhim and Matthias Jung have all contributed valuable sug-
gestions, insights, comments and, in most cases, code to enable Eli and Noosa
to interoperate. Thanks to them all. Noosa was implemented by the author with
assistance from Tony Vanderlinden and Marianne Brown. The referees also made
useful suggestions that improved the presentation of this paper.

References

1. Marc H. Brown. Algorithm Animation. The MIT Press, Boston, MA, 1988. 26
2. Marc H. Brown. Zeus: a system for algorithm animation and multi-view editing.

Research Report No.75, Digital Equipment Corporation Systems Research Center,
February 1992. 26



Debugging Eli-Generated Compilers with Noosa 31

3. Charles Donnelly and Richard Stallman. Bison—the YACC-compatible parser gen-
erator. Free Software Foundation, 1.25 edition, November 1995. 20

4. Robert W. Gray, Vincent P. Heuring, Steven P. Levi, Anthony M. Sloane, and
William M. Waite. Eli: A complete, flexible compiler construction system. Com-
mun. ACM, 35(2):121–131, February 1992. 17

5. David R. Hanson. Event associations in SNOBOL4 for program debugging. Softw.
Pract. Exper., 8:115–129, 1978. 26

6. SandStone Technology Inc. Visual parse++. http://www.sand-stone.com. 20
7. S. C. Johnson. YACC – Yet another compiler-compiler. Computer Science Tech.

Rep. 32, Bell Telephone Laboratories, Murray Hill, N.J., 1975. 20
8. Mark A. Linton. The evolution of Dbx. In USENIX Summer Conference, pages

211–220, June 1990. 17
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Abstract. Tomita devised a method of generalized LR (GLR) parsing
to parse ambiguous grammars efficiently. A GLR parser uses linear-time
LR parsing techniques as long as possible, falling back on more expensive
general techniques when necessary.

Much research has addressed speeding up LR parsers. However, we
argue that this previous work is not transferable to GLR parsers. Instead,
we speed up LR parsers by building larger pushdown automata, trading
space for time. A variant of the GLR algorithm then incorporates our
faster LR parsers.

Our timings show that our new method for GLR parsing can parse
highly ambiguous grammars significantly faster than a standard GLR
parser.

1 Introduction

Generalized LR (GLR) parsing was developed by Tomita to parse natural lan-
guages efficiently [21]. Tomita observed that grammars for natural languages
were mostly LR, with occasional ambiguities; the same can be said of C++
declaration syntax. Grammars for Graham-Glanville code generation are highly
ambiguous.

Not surprisingly, parsers which deal strictly with unambiguous grammars
can operate much faster than parsers for ambiguous grammars. This is crucial
when one considers that the speed of input recognition is often highly visible
to users. As a result, most artificial languages have unambiguous grammars by
design, and much research has targeted speeding up parsers for unambiguous
grammars. However, applications such as natural language understanding are
rarely able to choose a convenient grammar, so there is still a need for fast
parsers for ambiguous grammars.

Our work begins to address this problem. In this paper, we present an alter-
native method for constructing pushdown automata for use in LR parsing. We
then show how these pushdown automata can be used to drive a GLR parser,
giving a substantial speed increase.

S. Jähnichen (Ed.): CC’99, LNCS 1575, pp. 32–46, 1999.
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2 LR and GLR Parsing

Space limitations prevent us from providing definitions for all notations and
conventions used in this paper. Unless stated otherwise, we are using conventions
similar to those used in compiler texts, such as [1].

Recall that a LR parser operates by “shifting” its input onto a stack, and
“reducing” the stack when a handle is recognized on top of the stack. A handle
is the right-hand side of a grammar rule, but only when reduction to the rule’s
left-hand side would correspond to a rightmost derivation step of the input [1].

Formally, if A → α is a grammar rule and S
∗

=⇒
rm βAw

=⇒
rm βαw, then α is

a handle at β. Under these circumstances, any prefix of βα is called a viable
prefix. We use the term “viable string” to refer to βα in its entirety. (α and β
symbolize strings of terminal and nonterminal symbols.)

Most current LR parsers are table-driven. They employ an automaton to
find handles; this automaton’s transitions and the parser actions are encoded
into tables. A short generic algorithm is then sufficient to drive the LR parser.

GLR parsing builds on LR parsing. As we mentioned, Tomita observed that
a number of ambiguous grammars were mostly LR. With that in mind, Tomita’s
algorithm behaves as a normal LR parser until it reaches a LR parser state
where there is a conflict — the LR parser has a set of conflicting actions it could
perform, and is unable to choose between them. A Tomita parser is not able to
choose the correct action either, and instead simulates nondeterminism by doing
a breadth-first search over all the possibilities [6].

Conceptually, one can think of the Tomita parser reaching a conflict, and
starting up a new parser running in parallel for every possible action; each new
parser “process” would have a copy of the original stack. A parser process that
finds what seems to be erroneous input may assume that the action it took from
the conflict point was the wrong one, and can terminate.

This cycle of a parser process starting others yields a wholly impractical
algorithm. The time spent making copies of parser stacks could be enormous, not
to mention the potentially exponential growth of the number of processes [23].
To address this, Tomita made two important optimizations:

1. A new process need not have a copy of its parent’s stack. N processes can
share a common prefix of a stack. From an implementation perspective,
elements of the stack can all contain pointers to point to the previous element
of the stack. Then, multiple stack elements can point to a common prefix.

2. There are a finite number of automaton states the parser can be in. Several
processes may be in the same state, albeit they may have different stack
contents. A set of processes that are in the same state can merge their stacks
together, leaving one resulting process. This places an upper bound on the
number of parsing processes that can exist.

In a LR parser, its current state is the topmost state on the stack. So
to merge N stacks, one would remove the top node from each — they must
all have the same state number s — and create one node with state s that
points to the remainder of the N stacks.
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The result of these optimizations is called a graph-structured stack. (A slight
misnomer, since the stacks actually form a directed acyclic graph.) The graph-
structured stack in Fig. 1, for instance, corresponds to four processes and five
conceptual stacks (the stack tops are the leaf nodes on the left-hand side).

Fig. 1. A graph-structured stack

3 Faster LR Parsing

Much attention has been devoted to speeding up LR parsers, and the majority
of this research pertains to implementation techniques. The argument is that in-
terpreted, table-driven programs are inherently slower than hardcoded, directly-
executable programs; given that, the best way to speed up a table-driven LR
parser is to convert it into a directly-executable form that needs no tables.

[16,8,17,3] all start with a LR parser’s handle-finding automaton and trans-
late it directly into source code — this source code can then be compiled1 to
create an executable LR parser. Basically, each state of the automaton is directly
translated into source form using boilerplate code. This process tends to produce
inefficient code, so these papers expend effort optimizing the source code output.

Several other papers [18,19,13,14,7] have taken a slightly different approach,
introducing a technique called recursive ascent parsing. Here, a LR parser is
implemented with a set of mutually recursive functions, one for each state2 in a
table-driven LR parser’s handle-finding automaton.

Unfortunately, all of the above work is of limited use when applied to a GLR
parser. LR parsers produce a single derivation for an input string. In terms of
implementation, a LR parser only needs to keep track of a single set of informa-
tion: the current parser state — what the parser is doing right now, and what
it’s done in the past. In a table-driven LR parser, this information is kept on an
explicit stack; in a directly-executable LR parser, the information exists through
a combination of the CPU’s execution stack and program counter.
1 Or assembled, as is the case in [16].
2 Two functions per state are reputed to be required in [14].
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In contrast, a GLR parser produces all derivations for an input string. This
means that a GLR parser may need to keep track of multiple parser states
concurrently. To construct a directly-executable GLR parser, one would need to
maintain multiple CPU stacks and program counters. Certainly this is possible,
but the overhead in doing so and switching between them frequently would be
prohibitive, at least on a uniprocessor architecture.

Once direct execution of GLR parsers is ruled out, the obvious approach is to
speed up table-driven LR (and thereby GLR) parsers. Looking at the LR parsing
algorithm and its operation, one source of improvement would be to reduce the
reliance on the stack. Fewer stack operations would mean less overhead, resulting
in a faster parser.

The ideal situation, of course, is to have no stack at all! This would mean us-
ing finite automata to parse context-free languages, which is theoretically impos-
sible [15]. Instead, we approximate the ideal situation. Our LR parsing method
is an analogue to the GLR algorithm: it uses efficient finite automata as long as
possible, falling back on the stack when necessary.

3.1 Limit Points

Our first step is to modify the grammar. When using a LR parser, the usual
heuristic is to prefer left recursion in the grammar when possible; left recursion
yields a shallow stack, because a handle is accumulated atop the stack and is
reduced away immediately.

Non-left recursion may be ill-advised in regular LR parsers, but it is anathema
to our method. For reasons discussed in the next section, we set “limit points” in
the grammar where non-left recursion appears. A limit point is set by replacing a
nonterminal A in the right-hand side of a grammar rule — a nonterminal causing
recursion — with the terminal symbol ⊥A.

Figure 2 shows a simplified grammar for arithmetic expressions and the limit
point that is set in it. The rules of the resulting grammar are numbered for later
reference.

The process of finding limit points is admittedly not always straightforward.
In general, there can be many places that limit points can be placed to break
a cycle of recursion in a grammar. We will eventually be resorting to use of the
stack when we reach a limit point during parsing, so it is important to try and
find a solution which minimizes the number of limit points, both statically and
dynamically.

For large grammars, it becomes difficult to select appropriate limit points by
hand. The problem of finding limit points automatically can be modelled using
the feedback arc set (FAS) problem [20]. Unfortunately, the FAS decision prob-
lem is NP-complete [9], and the corresponding optimization problem — finding
the minimal FAS — is NP-hard [5]. There are, however, heuristic algorithms for
the problem. We have used the algorithm from [4] due to its relative simplicity.

The number of limit points obtained for various programming language gram-
mars is shown in Table 1. It is important to remember that these results were
computed using a heuristic algorithm, and that the actual number of limit points
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S′ → E $
E → E + F
E → F
F → ( E )
F → n

❅❅
��

0 S′ → E $
1 E → E + F
2 E → F
3 F → ( ⊥E )
4 F → n

Fig. 2. Expression grammar and limit points

required may be lower. For example, starting with the computed limit points,
hand experimentation revealed that no more than twelve limit points are needed
for the Modula-2 grammar.

Table 1. Limit points derived heuristically

Ada 42
ANSI C 38
Java 23
Modula-2 23

3.2 Finite Automata

What we want to construct is a finite automaton which recognizes a viable string
and remembers it. In other words, when a final automaton state is reached, the
exact viable string is known. Simply recognizing a viable string with a finite
automaton is unremarkable — standard LR parsers do this. The key point is
being able to remember the viable string that was seen.

This means that the entire set of viable strings for a grammar must be
enumerated, and a unique path must exist in our finite automata for each one.
Unfortunately, while viable prefixes can be described by regular languages [11],
most nontrivial grammars have an infinite number of viable prefixes, making
enumeration of viable strings challenging.

This is where the limit points in the grammar come in. By choosing appropri-
ate limit points, the set of viable strings for a grammar can be made finite and
enumerable. Since viable strings can be generated by finding all paths through
a LR parser’s handle-finding automaton, this is the same as saying that the LR
parser’s automaton must have no cycles.

Once we have a finite set of viable strings, we build a finite automaton in
three steps:

1. Construct a trie [12] from the viable strings, omitting any ε transitions. The
trie structure ensures that each viable string has a unique path.
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2. Add “reduction transitions,” which indicate reduction by a particular gram-
mar rule. Take all viable strings βα, where α is a handle of the rule A → α.
Let s be the start state; q0 is the state at the end of the path βα starting
with s; q1 is the end state of the path βA, also starting with s. Assuming the
rule A → α is numbered k, add a transition from q0 to q1 labelled reduce k.
As a special case, the final automaton state is the state at the end of the
path S$.

3. Delete transitions labelled with a nonterminal symbol, since these can never
be read from an input string.

For example, the expression grammar in Fig. 2 has the set of viable strings
{E$, E+F,E+n,E+(⊥E), F, n, (⊥E)}. Its finite automaton is shown in Fig. 3.
(We use a shaded circle to indicate the start state.)

3.3 Pushdown Automata

At this point, we have a finite automaton which only recognizes a subset of
the original language. To remedy this, we add a stack and create a pushdown
automaton.

How can a stack be incorporated? Intuitively, the ⊥ transitions in the finite
automaton are the natural places to push information onto a stack. When a ⊥
transition appears, essentially the finite automaton is stating that it no longer
has a sufficient number of states to remember any more. By pushing information
at those points, a pushdown automaton is able to remember that which the finite
automaton cannot.

To construct a pushdown automaton for a grammar G, we first build a finite
automaton for G, FAG, as described in the last section. Then, while there are ⊥
transitions in FAG, we perform the following steps:

1. Choose a transition ⊥A.
2. Create a new grammar G⊥ from G. Initially, all rules in G are placed in G⊥.

Then set the start symbol for G⊥ to be A, and remove all rules from G⊥
that are unreachable from this new start symbol. Augment G⊥ with the rule
A′ → A pop.

3. Construct a finite automaton for G⊥ using the method in the last section;
call it FA⊥. FA⊥ will act as a “subroutine” for FAG in the sense that when
FAG reaches the ⊥A transition, it will push a “return state” onto a stack,
then go to FA⊥’s start state. When FA⊥ reaches a pop transition, it goes to
a state which is popped off the stack.

4. Say that the transition on ⊥A in FAG was made from state q0 to state q1.
Delete that transition from FAG, replace it with a transition from q0 to the
start state of FA⊥, and label the new transition push q1.

5. Merge FA⊥ into FAG. Since these construction steps continue while there
are ⊥ symbols in FAG, this means that all ⊥ symbols in FA⊥ eventually get
replaced.
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Fig. 3. Finite automaton for the expression grammar
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The result of the above steps is a pushdown automaton for G; the pushdown
automaton for our running example is shown in Fig. 4. As all the FA⊥ “sub-
routines” are built independently of any left context seen by their “caller,” they
can be re-used in other contexts. So the maximum number of FA⊥ that will be
created for G is bounded by the number of limit points.

Figure 5 shows how the input string ((n + n)) is recognized by the push-
down automaton in Fig. 4. This example demonstrates that our pushdown au-
tomaton requires much fewer stack operations than a conventional LR parser.

4 Faster GLR Parsing

4.1 Algorithm

To use a pushdown automata from the last section as the engine for a GLR
parser, we have devised a modified algorithm which is based on the work of
Tomita [21,22,23].

Our algorithm uses two major types of structures: one for processes, the other
for stack nodes.

1. Processes. Each process structure has a automaton state number and a
pointer to a stack top associated with it.

Process structures are linked into one of two lists. The current process
list contains the processes that still require processing for the current input
symbol; the pending process list contains processes that will need processing
when the next input symbol is read. Every time a new input symbol is read,
the pending process list becomes the current process list.

2. Stack nodes. There are two types of stack nodes:
(a) Data nodes. This type of node contains the actual data of a process’

stack. Each data node holds a single automaton state number, and a
pointer to a previous stack node (i.e. pointing away from the stack top).
If we used only this type of stack node, then we would have a tree-
structured stack.

(b) Fan-in nodes. These nodes are used to make the graph-structured stack;
each one contains a set of pointers to previous stack nodes. When two
process’ stacks are merged, a fan-in node is created which holds pointers
to both stacks. In our implementation, to bound the amount of effort
required to find a data node, we add the constraint that a fan-in node
may only point to data nodes.

The pseudocode for the modified GLR algorithm is shown in Figs. 6–7.

4.2 Results

We performed some timing experiments to compare a standard GLR parser with
our modified GLR parser. As a basis for comparison, we used the public domain
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Fig. 4. Pushdown automaton for the expression grammar
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Stack State Input Action

0 ((n + n))$ shift 9
9 (n + n))$ push 10, goto 14

10 14 (n + n))$ shift 21
10 21 n + n))$ push 22, goto 14
10 22 14 n + n))$ shift 25
10 22 25 + n))$ reduce 4, goto 27
10 22 27 + n))$ reduce 2, goto 15
10 22 15 + n))$ shift 17
10 22 17 n))$ shift 24
10 22 24 ))$ reduce 4, goto 26
10 22 26 ))$ reduce 1, goto 15
10 22 15 ))$ pop, goto popped state
10 22 ))$ shift 23
10 23 )$ reduce 3, goto 27
10 27 )$ reduce 2, goto 15
10 15 )$ pop, goto popped state

10 )$ shift 11
11 $ reduce 3, goto 5
5 $ reduce 2, goto 1
1 $ shift 2, accept

Fig. 5. Example parser trace

GLR parser available from the comp.compilers Usenet newsgroup archive.3 It
uses LR(0) parse tables internally which are computed at startup. Both it and
our modified GLR parser are implemented in C.

To ensure a fair comparison, we have modified our parser so that it incurs the
same startup penalty and lexical analysis overhead as the public domain parser.

All tests were run on a Sun SPARCsystem 300 with 32M of RAM. Both
parsers were compiled using gcc with compiler optimization (-O) enabled. To
try and mitigate the effect of unpredictable system conditions on our timings,
we ran the tests five times on each input; the results we report are the arithmetic
mean of those times.

Our results are shown in Figs. 8–9 along with the grammars used, which we
have numbered for convenience of reference. Each grammar is shown both with
and without limit points.

Grammar 1 is an ambiguous grammar derived from one in [10]. Reductions
in ambiguous grammars by rules with longer and longer right-hand sides are
exponentially more expensive for GLR parsers. This is because GLR parsers,
upon reduction by a rule A→ α, must find all paths of length |α| from a stack top
in the graph-structured stack. On the other hand, our modified GLR algorithm
always takes a negligible time for reductions, as reflected in the results.

3 http://www.iecc.com as of this writing.
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function process(P, input) {
foreach a ∈ action(input, P.state) {

switch (a) {
case SHIFT n:

mergeInto(pending, n, P.stack)
case REDUCE A → α, GOTO n:

mergeInto(current, n, P.stack)
case PUSH m, GOTO n:

mergeInto(current, n, push(m, P.stack))
case POP:

let S be the set of stack data nodes atop P.stack
foreach node (state, stack) ∈ S {

mergeInto(current, state, stack)

}
}

}
}

initialize pending process list to be empty

initialize current process list to be a single process,

at the automaton’s start state with an empty stack

while (current process list is nonempty) {
input = getNextInputSymbol()

while (current process list is nonempty) {
remove a process P from the list

process(P, input)

}
exchange the current and pending process lists

if (input == EOF) {
if (process in current process list is in accept state)

accept input

else

reject input

}
}
reject input

Fig. 6. Faster GLR parsing algorithm
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function mergeInto(list, state, stack) {
Looks in the specified process list for a process with

a matching state as that passed in. If it finds such

a process, it simply merges its stack with the one

passed in; if not, it creates a new process structure

with the given state number and stack pointer, and adds

it to the specified process list.

}

function push(state, stack) {
Returns a new stack data node containing the given

state and stack pointer.

}

function action(inputSymbol, state) {
Based on its parameters, returns a set containing

zero or more of:

SHIFT n

REDUCE A → α, GOTO n

PUSH m, GOTO n

POP

}

Fig. 7. Faster GLR parsing algorithm (continued)

Grammar 2 is another ambiguous grammar from [10]. It is one of the worst
cases for our modified GLR algorithm, requiring it to perform numerous stack
operations on multiple stacks. This test is also interesting because it underscores
the importance of memory management in GLR parsers. Profiling of our parser
has shown that over 40% of total run time can be spent doing memory allocation
and deallocation when parsing ambiguous grammars. Figure 9 shows our parser
having an adversarial relationship with the standard C memory allocator, and
the result of adding a custom-built memory allocator.

5 Future Work and Conclusion

There are a number of avenues for further work. Our GLR algorithm should be
extended to take lookahead into account, and semantic actions should be sup-
ported. In terms of the grammar, the notion of limit points can be generalized
so that recursion in the grammar is “unrolled” much as an optimizing compiler
might unroll a loop; we have done some preliminary work on this possibility [2].
We would also like to conduct more experiments against other GLR parser im-
plementations, to determine if the results we have obtained are typical.

In this paper, we have presented an alternative way to construct pushdown
automata for use in LR parsers. These automata, when used in our modified GLR
parsing algorithm, have substantially lowered parsing time when compared to a
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regular GLR parser. Our timings show an improvement by up to a factor of ten
for highly-ambiguous grammars.

By trading space for time — a larger LR parser in exchange for faster exe-
cution times — we are able to build GLR parsers which are faster and better
suited to more widespread application outside the natural language domain.
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Abstract. In path profiling, a program is instrumented with code that
counts the number of times particular path fragments of the program are
executed. This paper extends the intraprocedural path-profiling tech-
nique of Ball and Larus to collect information about interprocedural
paths (i.e., paths that may cross procedure boundaries).

1 Introduction

In path profiling, a program is instrumented with code that counts the number
of times particular finite-length path fragments of the program’s control-flow
graph — or observable paths — are executed. A path profile for a given run of a
program consists of a count of how often each observable path was executed. This
paper extends the intraprocedural path-profiling technique of Ball and Larus [3]
to collect information about interprocedural paths (i.e., paths that may cross
procedure boundaries).
Interprocedural path profiling is complicated by the need to account for a

procedure’s calling context. There are really two issues:

– What is meant by a procedure’s “calling context”? Previous work by Ammons
et al. [1] investigated a hybrid intra-/interprocedural scheme that collects
separate intraprocedural profiles for a procedure’s different calling contexts.
In their work, the “calling context” of procedure P consists of the sequence
of call sites pending on entry to P . In general, the sequence of pending call
sites is an abstraction of any of the paths ending at the call on P .
The path-profiling technique presented in this paper profiles true
interprocedural paths, which may include call and return edges between pro-
cedures, paths through pending procedures, and paths through procedures
that were called in the past and completed execution. This means that, in
general, our technique maintains finer distinctions than those maintained by
the profiling technique of Ammons et al.

– How does the calling-context problem impact the profiling machinery? In
the method presented in this paper, the “naming” of paths is carried out
via an edge-labeling scheme that is in much the same spirit as the path-
naming scheme of the Ball-Larus technique, where each edge is labeled with
a number, and the “name” of a path is the sum of the numbers on the
path’s edges. However, to handle the calling-context problem, in our method

S. Jähnichen (Ed.): CC’99, LNCS 1575, pp. 47–63, 1999.
c© Springer-Verlag Berlin Heidelberg 1999
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edges are labeled with functions instead of values. In effect, the use of edge-
functions allows edges to be numbered differently depending on the calling
context.
At runtime, as each edge e is traversed, the profiling machinery uses the edge
function associated with e to compute a value that is added to the quantity
pathNum. At the appropriate program points, the profile is updated with the
value of pathNum.
Because edge functions are always of a particularly simple form (i.e., linear
functions), they do not complicate the runtime-instrumentation code greatly:
• The Ball-Larus instrumentation code performs 0 or 1 additions in each
basic block; a hash-table lookup and 1 addition for each control-flow-
graph backedge; 1 assignment for each procedure call; and a hash-table
lookup and 1 addition for each return from a procedure.

• The technique presented in this paper performs 0 or 2 additions in each
basic block; a hash-table lookup, 1 multiplication, and 4 additions for
each control-flow-graph backedge; 2 multiplications and 2 additions for
each procedure call; and 1 multiplication and 1 addition for each return
from a procedure.

(The frequency with which our technique and the Ball-Larus technique can
avoid performing any additions in a basic block should be about the same.)
Thus, while interprocedural path profiling will involve more overhead than
intraprocedural path profiling via the Ball-Larus technique, the overheads
should not be prohibitive.

The specific technical contributions of this paper include:

– In the Ball-Larus scheme, a cycle-elimination transformation of the (in gen-
eral, cyclic) control-flow graph is introduced for the purpose of numbering
paths. We present the interprocedural analog of this transformation.

– In the case of intraprocedural path profiling, the Ball-Larus scheme produces
a dense numbering of the observable paths within a given procedure: That
is, in the transformed (i.e., acyclic) version of the control-flow graph for a
procedure P , the sum of the edge labels along each path from P ’s entry
vertex to P ’s exit vertex falls in the range [0..number of paths in P ], and
each number in the range [0..number of paths in P ] corresponds to exactly
one such path.
The techniques presented in this paper produce a dense numbering of inter-
procedural observable paths. The significance of the dense-numbering prop-
erty is that it ensures that the numbers manipulated by the instrumentation
code have the minimal number of bits possible.

Our work encompasses two main algorithms for interprocedural path profil-
ing, which we call context path profiling and piecewise path profiling, as well as
several hybrid algorithms that blend aspects of the two main algorithms. Con-
text path profiling is best suited for software-maintenance applications, whereas
piecewise path profiling is better suited for providing information about inter-
procedural hot paths, and hence is more appropriate for optimization applica-
tions [4].
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This paper focuses on context path profiling, and, except where noted, the
term “interprocedural path profiling” means “context path profiling”. We chose
to discuss the context-path-profiling algorithm because the method is simpler to
present than the algorithm for piecewise path profiling. However, the same basic
machinery is at the heart of both algorithms (see [4]).
The remainder of the paper is organized into four sections: Section 2 presents

background material and defines terminology needed to describe our results.
Section 3 gives an overview of interprocedural context path profiling. Section 4
describes the technical details of this approach. Section 5 discusses future work.

2 Background

2.1 Supergraph

As in many interprocedural program-analysis problems, we work with an in-
terprocedural control-flow graph called a supergraph. Specifically, a program’s
supergraph G∗ consists of a unique entry vertex Entryglobal , a unique exit vertex
Exitglobal , and a collection of control-flow graphs (one for each procedure), one
of which represents the program’s main procedure. For each procedure P , the
flowgraph for P has a unique entry vertex, EntryP , and a unique exit vertex,
ExitP . The other vertices of the flowgraph represent statements and predicates
of the program in the usual way,1 except that each procedure call in the pro-
gram is represented in G∗ by two vertices, a call vertex and a return-site vertex.
In addition to the ordinary intraprocedural edges that connect the vertices of
the individual control-flow graphs, for each procedure call (represented, say, by
call vertex c and return-site vertex r) to procedure P , G∗ contains a call-edge,
c → EntryP , and a return-edge, ExitP → r. The supergraph also contains the
edges Entryglobal → Entrymain and Exitmain → Exitglobal . An example of a
supergraph is shown in Fig. 1(a).
For purposes of profiling, we assume that all branches are logically indepen-

dent, i.e., the result of one branch does not affect the ability to take any other
branch. However, we do not wish to consider paths in G∗ that violate the nature
of procedure calls (as the path in Fig. 1(b) does). We now develop a language
for describing the set of paths in G∗ that we wish to consider valid. To do this,
let each call site be assigned a unique index between 1 and NumCallSites, where
NumCallSites is the total number of call sites in the program. Then, for each call
site with index i, let the call-edge from the call site be labeled with the symbol
“(i”, and let the return-edge to the call site be labeled with the symbol “)i”.
Let each edge of the form Entryglobal → EntryP be labeled with the symbol
“(P ” and each edge of the form ExitP → Exitglobal be labeled with the symbol
“)P ”. Let all other edges be labeled with the symbol e. Then a path p in G∗ is a
same-level valid path if and only if the string formed by concatenating the labels

1 The vertices of a flowgraph can represent individual statements and predicates; al-
ternatively, they can represent basic blocks.
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pow

main

Entryglobal Exitglobal

Entrypow Exitpow

c1 r1 c2 r2

Entrymain Exitmain

pow

main

Entryglobal Exitglobal

pow

main

Entryglobal Exitglobal

(a) (b) (c)

Fig. 1. (a) Schematic of the supergraph of a program in which main has two
call sites on the procedure pow . (b) Example of an invalid path in a supergraph.
(c) Example of a cycle that may occur in a valid path.

of p’s edges is derived from the non-terminal SLVP in the following context-free
grammar:

SLVP ::= e SLVP SLVP ::= (i SLVP )i SLVP for 1 ≤ i ≤ NumCallSites
SLVP ::= ε SLVP ::= (P SLVP )P SLVP for each procedure P

Here, ε denotes the empty string. A same-level valid path p represents an exe-
cution sequence where every call-edge is properly matched with a corresponding
return-edge and vice versa.
We also need to describe paths that correspond to incomplete execution

sequences in which not all of the procedure calls have been completed. (For ex-
ample, a path that begins in a procedure P , crosses a call-edge to a procedure Q,
and ends in Q.) Such a path p is called an unbalanced-left path. The string formed
by concatenating the labels on p’s edges must be derived from the non-terminal
UnbalLeft in the following context-free grammar:

UnbalLeft ::= UnbalLeft (i UnbalLeft for 1 ≤ i ≤ NumCallSites
UnbalLeft ::= UnbalLeft (P UnbalLeft for each procedure P
UnbalLeft ::= SLVP
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2.2 Modifying G∗ to Eliminate Backedges and Handle Recursion

For purposes of numbering paths, the Ball-Larus technique modifies a proce-
dure’s control-flow graph to remove cycles. This section describes the analogous
step for interprocedural context profiling. Specifically, this section describes mod-
ifications to G∗ that remove cycles from each procedure and from the call graph
associated with G∗. The resulting graph is called G∗

fin . Each unbalanced-left path
through G∗

fin defines an “observable path” that can be logged in an interprocedu-
ral profile. The number of unbalanced-left paths through G∗

fin is finite [4], which
is the reason for the subscript “fin”.
In total, there are three transformations that are performed to create G∗

fin .
Fig. 3 shows the transformed graph G∗

fin that is constructed for the example
program in Fig. 2 (the labels on the vertices and edges of this graph are explained
in Section 3.1).

Transformation 1: For each procedure P , add a special vertex GExitP . In
addition, add an edge GExitP → Exitglobal .

The second transformation removes cycles in each procedure’s flow graph. As
in the Ball-Larus technique, the procedure’s control-flow graph does not need
to be reducible; backedges can be determined by a depth-first search of the
control-flow graph.

Transformation 2: For each procedure P , perform the following steps:
1. For each backedge target v in P , add a surrogate edge EntryP → v.
2. For each backedge source w in P , add a surrogate edge w → GExitP .
3. Remove all of P ’s backedges.

The third transformation “short-circuits” paths around recursive call sites,
effectively removing cycles in the call graph. First, each call site is classified as
recursive or nonrecursive. This can be done by identifying backedges in the call
graph using depth-first search; the call graph need not be reducible.

Transformation 3: The following modifications are made:
1. For each procedure R called from a recursive call site, add the edges
Entryglobal → EntryR and ExitR → Exitglobal .

2. For each pair of vertices c and r representing a recursive call site that
calls procedure R, remove the edges c → EntryR and ExitR → r, and
add the summary edge c → r. (Note that c → r is called a “summary”
edge, but not a “surrogate” edge.)

As was mentioned above, the reason we are interested in these transfor-
mations is that each observable path—an item we log in an interprocedural
path profile—corresponds to an unbalanced-left path through G∗

fin . Note that
the observable paths should not correspond to just the same-level valid paths
through G∗

fin : as a result of Transformation 2, an observable path p may end
with . . . → GExitP → Exitglobal , leaving unclosed left parentheses. Further-
more, a path in G∗

finthat is not unbalanced-left cannot represent any feasible
execution path in the original graph G∗.
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double pow(double base, long exp) f
double power = 1.0;

while( exp > 0 ) f
power *= base;

exp--;

g
return power;

g

Fig. 2. Example program used to il-
lustrate the path-profiling technique.
(The program computes the quantity
(
∑9

j=1(2 · j)2)) + (
∑6

k=1(3 · k)2).)

int main() f
double t, result = 0.0;

int i = 1;

while( i <= 18 ) f
if( (i%2) == 0 ) f

t = pow( i, 2 );

result += t;

g
if( (i%3) == 0 ) f

t = pow( i, 2 );

result += t;

g
i++;

g
return 0;

g

Indirect Procedure Calls The easiest way to handle indirect procedure
calls is to treat them as recursive procedure calls, and not allow interprocedural
paths that cross through an indirect procedure call. Another possibility does
allow interprocedural paths to cross through an indirect procedure call: For
purposes of numbering the paths in G∗

fin , each indirect procedure call through
a procedure variable fp is turned into an if-then-else chain that has a separate
(direct) procedure call for each possible value of fp. Well-known techniques
(e.g., such as flow insensitive points-to analysis [2,6]) can be used to obtain a
reasonable (but still conservative) estimate of the values that fp may take on.

3 Overview

In this section, we illustrate, by means of the example shown in Fig. 2, some of
the difficulties that arise in collecting an interprocedural path profile. Fig. 1(a)
shows a schematic of the supergraph G∗ for this program. One difficulty that
arises in interprocedural path profiling comes from interprocedural cycles. Even
after the transformations described in Section 2.2 are performed (which break
intraprocedural cycles and cycles due to recursion), G∗ will still contain cyclic
paths, namely, those paths that enter a procedure from distinct call sites (see
Fig. 1(c)). This complicates any interprocedural extension to the Ball-Larus
technique, because the Ball-Larus numbering scheme works on acyclic graphs.
There are several possible approaches to overcoming this difficulty:

– One possible approach is to create a unique copy of each procedure for each
nonrecursive call site and remove all recursive call and return edges. In our
example program, we would create the copies pow1 and pow2 of the pow
function, as shown in Fig. 4. pow1 can be instrumented as if it had been
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Fig. 3. G∗
fin for the code in Fig. 2. Dashed edges represent surrogate edges; the

supergraph for the program in Fig. 2 includes the backedges v13 → v4 and u5 →
u3, which have been removed here by Transformation 2. Here the ordered pair
〈a, b〉 represents the linear function λx.a · x + b. Each vertex v is assigned the
linear function ψv, which is shown in a rounded box. Each intraprocedural edge e
is assigned the linear function ρe, which is shown in a doubled, rounded box.
Unlabeled intraprocedural edges have the function 〈0, 0〉. Interprocedural edges
do not have ρ functions.

inlined in main, and likewise for pow2. In many cases, this approach is im-
practical because of the resulting code explosion.

– A second approach—which is the one developed in this paper—is to pa-
rameterize the instrumentation in each procedure to behave differently for
different calling contexts. In our example, pow is changed to take an extra
parameter. When pow is called from the first call site in main, the value of
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Fig. 4. Modified version of G∗
fin from Fig. 3 with two copies of pow. Labels on

the vertices and edges show the results of applying the Ball-Larus numbering
technique to the graph. Each vertex label is shown in a circle, and each edge
label are shown in a double circle. Unlabeled edges are given the value 0 by the
Ball-Larus numbering scheme.
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the new parameter causes the instrumentation of pow to mimic the behav-
ior of the instrumentation of pow1 in the first approach above; when pow
is called from the second call site in main, the value of the new parameter
causes pow ’s instrumentation to mimic the behavior of the instrumentation
of pow2. Thus, by means of an appropriate parameterization, we gain the
advantages of the first approach without duplicating code.

Section 3.1 gives a high-level description of our path-numbering technique and
Section 4 gives a detailed description of the profiling algorithm.

3.1 Numbering Unbalanced-Left Paths

Extending the Ball-Larus technique to number unbalanced-left paths in G∗
fin is

complicated by the following facts:

1. While the number of unbalanced-left paths is finite, an unbalanced-left path
may contain cycles (such as those in Fig. 1(c)).

2. The number of paths that may be taken from a vertex v is dependent on
the path taken to reach v: for a given path p to vertex v, not every path q
from v forms an unbalanced-left path when concatenated with p.

These facts mean that it is not possible to assign a single integer value to each
vertex and edge of G∗

fin as the Ball-Larus technique does. Instead, each occur-
rence of an edge e in a path p will contribute a value to the path number of p, but
the value that an occurrence of e contributes will be dependent on the part of p
that precedes that occurrence of e. In particular, e’s contribution is determined
by the sequence of unmatched left parentheses that precede the occurrence of e
in p. (The sequence of unmatched left parentheses represents a calling context
of the procedure containing e.)
Consider the example shown in Figs. 2 and 3. Notice that G∗

fin in Fig. 3
contains cyclic, unbalanced-left paths. For example, the following path is a cycle
from u1 to u1 that may appear as a subpath of an unbalanced-left path:

u1 → u3 → u7 → u8 → v7 → v8 → v9 → v10 → u1.

Fig. 4 shows a modified version of G∗
fin with two copies of the procedure

pow, one for each call site to pow in main. This modified graph is acyclic and
therefore amenable to the Ball-Larus numbering scheme: Each vertex v in Fig. 4
is labeled with numPaths [v], the number of paths from v to Exitglobal ; each
edge e is labeled with its Ball-Larus increment [3]. Note that there is a one-to-
one and onto mapping between the paths through the graph in Fig. 4 and the
unbalanced-left paths through the graph in Fig. 3. This correspondence can be
used to number the unbalanced-left paths in Fig. 3: each unbalanced-left path p
in Fig. 3 is assigned the path number of the corresponding path q in Fig. 4.
The following two observations capture the essence of our technique:
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– Because the labeling passes of the Ball-Larus scheme work in reverse topolog-
ical order, the values assigned to the vertices and edges of a procedure are de-
pendent upon the values assigned to the exit vertices of the procedure. For in-
stance, in Fig. 4, the values assigned to the vertices and edges of pow1 are de-
termined by the values assigned to Exitpow1 and GExitpow1 (i.e., the values 5
and 1, respectively), while the values assigned to the vertices and edges of
pow2 are determined by the values assigned to Exitpow2 and GExitpow2 (i.e.,
the values 1 and 1, respectively). Note that numPaths[GExitP ] = 1 for any
procedure P (since the only path from GExitP to Exitglobal is the path con-
sisting of the edge GExitP → Exitglobal). Thus, the values on the edges and
the vertices of pow1 differ from some of the values on the corresponding edges
and vertices of pow2 because numPaths [Exitpow1 ] �= numPaths [Exitpow2 ].

– Given that a program transformation based on duplicating procedures is
undesirable, a mechanism is needed that assigns vertices and edges different
numbers depending on the calling context. To accomplish this, each vertex u
of each procedure P is assigned a linear function ψu that, when given a
value for numPaths [ExitP ], returns the value of numPaths [u]. Similarly, each
edge e of each procedure P is assigned a linear function ρe that, when given
a value for numPaths [ExitP ], returns the Ball-Larus value for e.

Fig. 3 shows G∗
fin labeled with the appropriate ψ and ρ functions. Note that

we have the desired correspondence between the linear functions in Fig. 3 and the
integer values in Fig. 4. For example, in Fig. 3 vertex u1 has the function ψu1 =
λx.2 ·x+2. This function, when supplied with the value numPaths [Exitpow1 ] = 5
from Fig. 4 evaluates to 12, which is equal to numPaths [u′1] in Fig. 4. However,
when λx.2 · x + 2 is given the value numPaths [Exitpow2 ] = 1, it evaluates to 4,
which is equal to numPaths[u′′1 ] in Fig. 4.
To collect the number associated with an unbalanced-left path p in G∗

fin , as p
is traversed, each edge e contributes a value to p’s path number. As illustrated
below, the value that e contributes is dependent on the path taken to e:

Example 1. Consider the edge u1 → u3 in G∗
fin , and an unbalanced-left path s

that begins with the following path prefix:

Entryglobal → v1 → v4 → v5 → v6 → u1 → u3 (1)

In this case, the edge u1 → u3 contributes a value of 6 to s’s path number. To see
that this is the correct value, consider the path prefix in Fig. 4 that corresponds
to (1):

Entryglobal → v1 → v4 → v5 → v6 → u′1 → u′3

In Fig. 4, the value on the edge u′1 → u′3 is 6.
In contrast, in an unbalanced-left path t that begins with the path prefix

Entryglobal → v1 → v4 → v5 → v9 → v10 → u1 → u3 (2)

the edge u1 → u3 will contribute a value of 2 to t’s path number. (To see that this
is the correct value, consider the path prefix in Fig. 4 that corresponds to (2).)
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It can even be the case that an edge e occurs more than once in a path p, with
each occurrence contributing a different value to p’s path number. For example,
there are some unbalanced-left paths in G∗

fin in which the edge u1 → u3 appears
twice, contributing a value of 6 for the first occurrence and a value of 2 for the
second occurrence.
To determine the value that an occurrence of the edge e should contribute

to a path number, the profiling instrumentation will use the function ρe and the
appropriate value for numPaths [ExitP ], where P is the procedure containing e.
Thus, as noted above, an occurrence of the edge u1 → u3 may contribute the
value (λx.x + 1)(1) = 2 or the value (λx.x + 1)(5) = 6 to a path number,
depending on the path prior to the occurrence of u1 → u3.

unsigned int profile[36]; /* 36 possible paths in total */

double pow(double base, long exp,

unsigned int &pathNum, unsigned int numValidCompsFromExit)f
unsigned int pathNumOnEntry = pathNum; /* Save the calling context */

double power = 1.0;

while( exp > 0 ) f
power *= base;

exp--;

profile[pathNum]++;

/* From surrogate edge u1->u3: */

pathNum = 1 * numValidCompsFromExit + 1 + pathNumOnEntry;

g
pathNum += 0 * numValidCompsFromExit + 1; /* From edge u3->u7 */

return power;

g

Fig. 5. Part of the instrumented version of the program from Fig. 2. Instru-
mentation code is shown in italics. (See also Fig. 6.)

Figs. 5 and 6 show the program from Fig. 2 with additional instrumentation
code — based on the linear functions in Fig. 3 — that collects an interprocedural
path profile. The output from the instrumented program is as follows:

0: 0 1: 0 2: 0 3: 0 4: 0 5: 0 6: 0 7: 0 8: 0

9: 0 10: 0 11: 0 12: 0 13: 0 14: 0 15: 0 16: 1 17: 0

18: 9 19: 0 20: 0 21: 0 22: 0 23: 0 24: 9 25: 3 26: 0

27: 3 28: 3 29: 6 30: 3 31: 0 32: 3 33: 3 34: 5 35: 1

Section 4 presents an algorithm that assigns linear functions to the vertices
and edges of G∗

fin directly, without referring to a modified version of G
∗
fin , like

the one shown in Fig. 4, in which procedures are duplicated.
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int main() f
unsigned int pathNum = 0;

unsigned int pathNumOnEntry = 0;

unsigned int numValidCompsFromExit = 1;

double t, result = 0.0;

int i = 1;

while( i <= 18 ) f
if( (i%2) == 0 ) f

t = pow( i, 2, pathNum, 0 * numValidCompsFromExit + 5 );

/* On entry to pow: pathNum is 0 or 18; fourth arg. always 5 */

/* On exit from pow: pathNum is 1, 7, 19, or 25 */

result += t;

g else

pathNum += 0 * numValidCompsFromExit + 12;

if( (i%3) == 0 ) f
t = pow( i, 2, pathNum, 0 * numValidCompsFromExit + 1 );

/* On entry to pow: pathNum is 1, 7, 12, 19, 25, or 30; 4th arg. always 1 */

/* On exit from pow: pathNum is 2, 3, 8, 9, 13, 14, 20, 21, 26, 27, 31, or 32 */

result += t;

g else

pathNum += 0 * numValidCompsFromExit + 4; /* From edge v9->v13 */

i++;

profile[pathNum]++;

/* From surrogate edge v1->v4: */

pathNum = 1 * numValidCompsFromExit + 17 + pathNumOnEntry;

g
pathNum += 0 * numValidCompsFromExit + 17; /* From edge v4->v15 */

profile[pathNum]++;

for (i = 0; i < 36; i++) f
cout.width(3); cout << i << ":"; cout.width(2); cout << profile[i] << " ";

if ((i+1) % 9 == 0) cout << endl;

g
return 0;

g

Fig. 6. Part of the instrumented version of the program from Fig. 2. Instru-
mentation code is shown in italics. (See also Fig. 5.)

3.2 What Do You Learn From a Profile of Unbalanced-Left Paths?

Before examining the details of interprocedural path profiling, it is useful to
understand the information that is gathered in this approach:

– Each unbalanced-left path p through G∗
fin from Entryglobal to Exitglobal can

be thought of as consisting of a context-prefix and an active-suffix. The
active-suffix q′′ of p is a maximal-size, surrogate-free subpath at the tail
of p (though the active-suffix may contain summary edges of the form c→ r,
where c and r represent a recursive call site). The context-prefix q′ of p is the
prefix of p that ends at the last surrogate edge before p’s active suffix. (The
context-prefix q′ can be the empty path from Entryglobal to Entryglobal .)

– The counter associated with the unbalanced-left path p counts the number
of times during a program’s execution that the active-suffix of p occurs in
the context summarized by p’s context-prefix.
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Example 2. Consider the path in Fig. 3 with path number 24:

24 :Entryglobal →v1→v4→v5 → v6 → u1 → u3 → u4 → u5 → u6 → Exitglobal

This path consists of the context-prefix Entryglobal → v1 → v4 → v5 → v6 → u1

and the active-suffix u3 → u4 → u5. The output obtained from running the
program shown in Figs. 5 and 6 indicates that the active suffix was executed 9
times in the context summarized by the context-prefix. Note that the context-
prefix not only summarizes the call site in main from which pow was called, but
also the path within main that led to that call site. In general, a context-prefix
(in an interprocedural technique) summarizes not only a sequence of procedure
calls (i.e., the calling context), but also the intraprocedural paths taken within
each procedure in the sequence.

4 Interprocedural Path Profiling

In this section, we discuss the ψ and ρ functions that serve as replacements for
the vertex and edge values of the Ball-Larus technique.

4.1 Assigning ψ and ρ Functions

Solving for ψ Functions For a vertex v in procedure P , the function ψv

takes the number of valid completions from ExitP (for an unbalanced-left path p
to EntryP concatenated with any same-level valid path to ExitP ) and returns
the number of valid completions from v (for the path p concatenated with any
same-level valid path to v).
We can find the ψ functions by setting up and solving a collection of equa-

tions. For an exit vertex ExitP , ψExitP
is the identity function: ψExitP

= id .
For a vertex of the form GExitP , we have the equation ψGExitP

= λx.1. This
equation reflects the fact that the number of valid completions from GExitP is
always 1, regardless of the number of valid completions from ExitP . For a call
vertex c to a procedure Q associated with the return-site vertex r, where c and r
represent a non-recursive call site, we have the equation ψc = ψEntryQ

◦ ψr. For
all other cases, for a vertex m, we have the equation ψm =

∑
n∈succ(m)ψn, where

succ(m) denotes the successors of m, and the addition f +g of function values f
and g is defined to be the function λx.f(x) + g(x).2

Because id(= λx.x) and λx.1 are both linear functions of one variable, and
the space of linear functions of one variable is closed under function composi-
tion and function addition, each ψ function is a linear function of one variable.
Furthermore, each ψ function λx.a · x + b can be represented as an ordered
pair 〈a, b〉.
To find ψ functions that satisfy the above equations, each procedure P is

visited in reverse topological order of the call graph, and each vertex v in P is
2 The equations for the ψ functions closely resemble the φ functions of Sharir and
Pnueli’s functional approach to interprocedural data-flow analysis [4,5].
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visited in reverse topological order of P ’s control-flow graph. (For purposes of
ordering the vertices of a procedure P , a return-site vertex r is considered to
be a successor of its associated call vertex c.) As each vertex v is visited, the
appropriate equation given above is used to determine the function ψv.
The order of traversal guarantees that when vertex v is visited, all of the

functions that are needed to determine ψv will be available. This follows from
the fact that the call graph associated with G∗

fin is acyclic and the fact that the
flow graph of each procedure in G∗

fin is acyclic. (The fact that the call graph and
flow graphs are acyclic also explains why each vertex needs to be visited only
once.)

Solving for ρ functions Each intraprocedural edge e in procedure P is
assigned a linear function ρe. The function ρe, when supplied with the number
of valid completions from ExitP (for an unbalanced-left path p to EntryP con-
catenated with any same-level valid path from EntryP to ExitP ), returns the
value that e contributes (to the path number of the path p concatenated with
any same-level valid path to e).
Let v be an intraprocedural vertex that is the source of one or more in-

traprocedural edges. (Note that v cannot be a call vertex for a nonrecursive call
site, nor have the form ExitP , nor have the form GExitP .) Let w1 . . . wk be the
successors of v. Then we make the following definition:

ρv→wi =
{
λx.0 if i = 1∑

j<i ψwj otherwise (3)

Clearly, each ρ function is a linear function of one variable. Furthermore, (3)
can be used to find each ρ function when the ψ functions are known.

4.2 Computing Values for Interprocedural Edges

Unlike intraprocedural edges, an interprocedural edge e always contributes the
same value, independent of the path taken to e [4]. For interprocedural edges
that are not of the form Entryglobal → EntryP , this value is always 0.
For each edge Entryglobal → EntryP and each unbalanced-left path p that

starts with this edge, we define the integer value
edgeValue[Entryglobal → EntryP ] to be the value that Entryglobal → EntryP con-
tributes to p’s path number. To find the edgeValue values, it is necessary to use
a fixed (but arbitrary) ordering of the edges of the form Entryglobal → EntryP .
For convenience, we number each edge Entryglobal → EntryP according to this
ordering, and use the notation Qi to refer to the procedure that is the target of
the ith edge. We have the following:

edgeValue[Entryglobal → EntryQi
] =

{
0 if i = 0∑

j<i ψEntryQj
(1) otherwise

4.3 Calculating the Path Number of an Unbalanced-Left Path

In this section, we show how to calculate the path number of an unbalanced-
left path p through G∗

fin from Entryglobal to Exitglobal . This is be done during
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a single traversal of p that sums the values contributed by each edge e for each
path prefix p′ such that [p′ ‖ e] is a prefix of p.
For an interprocedural edge e, the value edgeValue[e] contributed by e is cal-

culated as described in Section 4.2. For an intraprocedural edge e in procedure P ,
the value contributed by e (for the path p′ leading to e) is calculated by applying
the function ρe to the number of valid completions from ExitP . (The number
of valid completions from ExitP is determined by the path taken to EntryP—in
this case a prefix of p′.)
We now come to the crux of the matter: how to determine the contribution of

an edge e when the edge is traversed without incurring a cost for inspecting the
path p′ taken to e. The trick is that, as p is traversed, we maintain a variable,
numValidCompsFromExit, that holds the number of valid completions from the
exit vertex ExitQ of the procedure Q that is currently being visited. The number
of valid completions from ExitQ is uniquely determined by p′—specifically, the se-
quence of unmatched left parentheses in p′. The value numValidCompsFromExit
is maintained by the use of a stack, NVCStack, and the ψ functions for return-site
vertices. The following steps describe the algorithm to compute the path number
for a path p (this number is accumulated in the variable pathNum):

– When the traversal of p is begun, numValidCompsFromExit is set to 1. This
indicates that there is only one valid completion from ExitR, where R is
the first procedure that p enters: if p reaches the exit of the first procedure
it enters, then it must follow the edge ExitP → Exitglobal . The value of
pathNum is initialized to the value edgeValue[e] on the first edge e of p (see
Section 4.2).

– As the traversal of p crosses a call-edge c → EntryT from a procedure S
to a procedure T , the value of numValidCompsFromExit is pushed on the
stack, and is updated to ψr(numValidCompsFromExit), where r is the return-
vertex in S that corresponds to the call-vertex c. This reflects the fact that
the number of valid completions from ExitT is equal to the number of valid
completions from r.

– As the traversal of p crosses a return-edge ExitT → r from a procedure T
to a procedure S, the value of numValidCompsFromExit is popped from the
top of the stack. This reflects the fact that the number of valid completions
from the exit of the calling procedure S is unaffected by the same-level valid
path through the called procedure T .

– As the traversal of p crosses an intraprocedural edge e, the value of pathNum
is incremented by ρe(numValidCompsFromExit).

– At the end of the traversal of p, pathNum holds the path number of p.

4.4 Runtime Environment for Collecting a Profile

We are now ready to describe the instrumentation code that is introduced to col-
lect an interprocedural path profile. In essence, the instrumentation code threads
the algorithm described in Section 4.3 into the code of the instrumented pro-
gram. Thus, the variables pathNum and numValidCompsFromExit become pro-
gram variables. There is no explicit stack variable corresponding to NVCstack;
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instead, numValidCompsFromExit is passed as a value-parameter to each pro-
cedure and the program’s execution stack is used in place of NVCstack. The
instrumentation also makes use of two local variables in each procedure:

pathNumOnEntry stores the value of pathNum on entry to a procedure. When an
intraprocedural backedge is traversed in a procedure P , the instrumentation
code increments the count associated with the current observable path and
begins recording a new observable path that has the context-prefix indicated
by the value of pathNumOnEntry.

pathNumBeforeCall stores the value of pathNum before a recursive procedure
call is made. When the recursive procedure call is made, the instrumentation
begins recording a new observable path. When the recursive call returns, the
instrumentation uses the value in pathNumBeforeCall to resume recording
the observable path that was executing before the call was made.

Figs. 5 and 6 show an instrumented version of the code in Fig. 2. Reference [4]
gives a detailed description of the instrumentation used to collect an interpro-
cedural path profile and describes how the intrumentation can be made more
efficient than the code shown in Figs. 5 and 6.

5 Future Work

We are currently in the process of implementing the algorithm described in the
paper, and thus do not yet have performance figures to report. The main reasons
for believing that the technique described (or a variation on it) will prove to be
practical are:

– The Ball-Larus technique for intraprocedural profiling has very low overhead
(31% on the SPEC benchmarks [3]). As discussed in the Introduction, al-
though interprocedural path profiling involves more overhead than the Ball-
Larus technique, the additional overhead should not be prohibitive.

– In the worst case, the number of paths through a program is exponential in
the number of branch statements b, and thus the number of bits required to
represent paths is linear in b. However, as in the Ball-Larus approach, it is
possible to control the explosion in the number of paths by altering G∗

fin to
remove paths from it (and adjusting the instrumentation code accordingly).
There are a variety of techniques that can be applied without having to fall
back on pure intraprocedural profiling [4].
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Abstract. The techniques used to implement (non-trivial) interproce-
dural data flow analyzers can be generally divided into two subsets: the
call string approach and the functional approach as presented
in [Sharir and Pnueli, 1981]. Both differ in time and space complexity
as well as in precision due to properties of the abstract domains and
transfer functions. We have developed a data flow analyzer generator
PAG which is able to produce interprocedural analyzers for both tech-
niques. We specified two variants of constant propagation working in
an ANSI-C compiler; a copy constant propagation that uses distribu-
tive transfer function and can be solved precisely, even interprocedu-
rally [Sagiv et al., 1995], and a full constant propagator which includes
an interpreter for expressions of the language. We present the practical
relevant results applying both analyzers to a fair set of real-world pro-
grams and compare the space/time consumption of the analyzers versus
their precision.

1 Introduction

The need for interprocedural analyses results from a conflict between the goals
of software engineering and performance [Metzger and Stroud, 1993]. The us-
age of procedural and functional abstraction generalizes the code and makes it
more extensible and maintainable. Optimizing compilers try to compute infor-
mation about program points that can be used for code improvements. Intrapro-
cedural analysis assumes the worst case (loss of all information) at procedure
boundaries, whereas interprocedural analysis propagates information across pro-
cedure/function boundaries or eliminates the calls by inline expansions for non-
recursive calls. There exist two different approaches to interprocedural analysis
which have been discussed in [Sharir and Pnueli, 1981]: the call string and the
functional approach. The call string approach separates call chains (and the re-
lated data flow information) to a procedure differing in a suffix of a fixed length.
Thus precision may increase with longer call strings. The maximally useful length
for non-recursive programs is the height of the call DAG. For recursive programs
the number of possible call strings is infinite. If there are no recursive procedures
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the number of call strings can be exponential in the number of procedures. Thus
the call string length has to be limited in any practical implementation to some
constant K.

The functional approach, on the other side, computes a function for each pro-
cedure describing the “abstract” effect of the procedure. These functions are then
used in a standard (intraprocedural-like) algorithm. However, the computation
of the abstract functions may not terminate for lattices of infinite cardinality,
even if they are of bounded height.

We designed and implemented an interprocedural data flow analyzer gen-
erator PAG [Martin, 1998], that produces analyzers using either the call string
approach with a length parameter or the functional approach. Using this an-
alyzer generator we generated two analyzers, which have been included in a
ANSI-C compiler, and measured the efficiency and precision for practical rele-
vant applications.

By creating PAG we hope to close the gap between the theory of abstract
interpretation and practical useful analyzers. PAG is available under a free aca-
demic license on request from the author or in form of a simplified WWW
interface (www.cs.uni-sb.de/~martin/pag).

The paper is organized as follows: a brief introduction to the framework
of dataflow analysis is followed by the discussion of the two interprocedural
approaches. Then these are compared based on experimental data for two data
flow problems.

2 Techniques

The data flow analysis practiced nowadays is based on the work described
in [Kam and Ullman, 1977]. It is uses a control flow graph CFG=(V,E) that
contains a node for every statement or basic block in a procedure and an edge
for a possible flow of control. The set of vertices V is a disjoint union of the set
of nodes Vi for each subroutine pi in the program1. Furthermore unique entry
nodes si and exit nodes ei for each procedure pi are added. A data flow anal-
ysis problem (DFP) is a combination of such a graph with a complete lattice
of values, called the underlying lattice (L), and a family of functions (one for
each node). These functions express the local semantics and are called transfer
functions ([[•]] : L → L). If every transfer function is monotone (distributive) the
problem is called a monotone (distributive) problem. To describe the solution
of a data flow problem the semantics of a path π = n1, . . . , nk in the CFG is
defined as:

[[π]] =
{
id if π = ε2

[[(n2, · · · , nk)]] ◦ [[n1]] otherwise

1 The existence of a main routine p0 is assumed.
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The desired solution of the DFP is the union of the semantics of all paths
applied to bottom (⊥), called the merge over all paths solution:

MOP(n) =
⊔

{[[π]](⊥) | π is a path from s0 to n}

for every n ∈ V . As the set of all paths from s to n is usually infinite, this
solution is in general not computable. Therefore, the minimal fixed point solution
was introduced:

MFP(n) =
{

[[n]](⊥) if n = s0
[[n]] (

⊔
{MFP(m) | m predecessor n}) otherwise

If MFP(n) = MOP(n) for all n, then the MFP solution is called precise.
Kam has proved in [Kam and Ullman, 1977] that for every monotone data flow
problem the MFP is greater (with respect to the ordering of the lattice) than
the MOP solution, and is therefore a safe approximation. Moreover, if the DFP
is distributive the MFP solution is precise. The interprocedural version of this
theorem is presented in [Knoop and Steffen, 1992].

2.1 Call String Approach

This approach considers procedure calls and returns as ordinary transfers of
control, but avoids propagation along interprocedurally invalid paths. This can
be implemented by tagging the propagated data with a call string, which is a
sequence of call nodes, whose calls are still unfinished. As the number of call
strings may be infinite their length is bounded by a constant K. This results
in an approximate solution by merging the information belonging to call strings
with the sameK-suffix. For a more practical implementation a vector of data flow
elements is used. If a call site c has to be appended to a call string γ = c1c2 . . . cK
which already has length K the first element c1 of γ is removed, which results in
c2 . . . cKc. This method is turned into a vector based implementation by encoding
the call strings as numbers which will correspond to positions in the data flow
array: assign to every call site c a unique number between one and M −1, where
M is the number of call sites in the given program plus one. Then a call string
γ = ci1 . . . cin corresponds to a K digit number m to base M (m = i1 . . . in).
Converting this number to the decimal system is done in usual way: multiply
the n-th digit by Mn and add this for all digits (m′ =

∑
1≤j≤n ij ∗M j). This

results in a number between zero and MK where zero denotes the empty call
string ε. Fortunately not all of these call strings are valid for each procedure. So
all invalid numbers can be omitted for a fixed procedure and the array can be
compressed, so that every position is used.

As an example consider the flow graph from the left side of Fig. 1 with K = 1.
Valid call strings for proc are c1, c1c2, c1c2c2, . . .. If they are restricted to length
one c1 and c2 remain. For main the empty call string is the only valid call string.
So in the procedure main position zero of the data flow array of length three is
2 ε denotes the empty path.
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local local local

c1
c2 c2c1

local

RETURN

ENTRY
proc

CALL
proc

CALL
proc

ENTRY
main

CALL
proc

ENTRY
main

ENTRY
proc

CALL
proc

RETURN
proc

EXIT
proc

proc

EXIT
main

RETURN
proc

EXIT
main

EXIT
proc

RETURN
proc

Fig. 1. Example of the vector based call string approach with K=1

used and in procedure proc the positions one and two are used. This results in
the graph on the right side of Fig. 1.

If the underlying lattice L is finite a vector implementation can be con-
structed that results in the precise solution of the DFP. Call chains of length up
to |L|2 ∗M must be separated.

The vector based approach can also be used to implement more sophisticated
methods which can also be used for the analysis of loops [Martin et al., 1998].

2.2 Functional Approach

The functional approach computes for every procedure in the program a func-
tion which maps the data flow value at the entry of the procedure to the cor-
responding data flow value at the exit of the procedure. Because a procedure
can be simultaneously recursive it is necessary to do this computation for all
procedures in an interleaved fashion. The function is computed by tabulating
input/output pairs. This table is guaranteed to be finite if the lattice is of finite
cardinality. As an optimization only those input/output pairs are computed for
each procedure where the input value actually occurs.

Now a more formal description of this method is given: For each procedure
pi and each node n ∈ Vi we define an element Φ(si, n) : L → L which describes
the effects to elements of L when they are propagated from the start si of
procedure pi to n. These functions are defined by:

Φ(si, si) = [[si]]
Φ(si, n) = 
(m,n)∈E E(n) ◦ Φ(si,m)
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local local

RETURN

CALL
proc

ENTRY
main

ENTRY
proc

CALL
proc

Φproc Φproc

RETURN
proc

EXIT
main

EXIT
proc

proc

Fig. 2. Functional Approach

and E is defined as either the normal transfer function for intraprocedural edges
or Φ for interprocedural ones:

E(n) =
{

[[n]] if ∀j : n �= sj

Φ(sj , ej) if ∃j : n = sj

The results of the above equation system are used to compute the solution
of the data flow problem:

F(smain) = [[smain]](⊥)
F(si) = 
(c,si)∈EF(c)
F(n) = Φ(sj , n)(F(sj)) for n �= sj , n ∈ Vj

The iteration algorithm in PAG is implemented with some optimizations that
are specially developed to handle large equation systems with a dynamic num-
ber of variables (the elements in the abstract function tables correspond to the
variables, so their number is dynamic as the size of the tables is determined in
a demand driven way). These optimizations turned out to be very good for this
class of equation systems (cf. [Fecht, 1997,Nielson et al., 1998]).

2.3 Comparison

We briefly summarize the properties of both approaches (assuming a language
with recursive procedures and table based implementation of the functional ap-
proach) for a given lattice L. While the call string approach computes only
values of L, the functional approach computes values from L→ L. In order to
guarantee termination it is required that this function space is finite. Thus the
call string approach is always guaranteed to terminate, but may deliver worse
results. Additionally there is the problem of finding an appropriate length K.
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The functional approach is guaranteed to terminate for finite lattices, but may
be exponential in the size of the lattice. It delivers best results.

An other point for the reliable use in a compiler is the the speed of the
analysis. The speed for interprocedural analyses depends mainly on how often
the procedures of the programs are visited during the analysis. In the K call
string approach this is the number of K-paths to the procedure in the call
graph. In the functional approach it is the number of different data flow values
that occur at the beginning of the procedure. In order to keep this number small
one tries usually to benefit from the locality properties of the programming
language: if it is known that a procedure p can only read and write a certain
part of the data flow information, the rest of the data flow information is passed
directly from the call to the return of the procedure. This is modeled in PAG by
the local edge from Fig. 1 and 2.

But for a constant propagation in C one can not bypass any part of the data
flow information since any procedure can modify any other variable through
pointer accesses. This is different for other analyses and programming languages.
E.g. in Pascal all variables local to the caller can be passed by any call.

3 Practical Evaluation

We generated data flow analyzers for copy constant propagation (ccp) which
is a distributive problem and for full constant propagation (fp) which is not.
Lccp is finite and therefore of bounded height and the Lfp is infinite but has
bounded height. The ccp only processes assignments of the form x := y or x := c
where x, y are variables and c is a constant, whereas fp includes a full interpreter
for expressions. Furthermore, we use a simplified form of a technique called
downset completion [Cousot and Cousot, 1992]; instead of combining the data
flow information directly where two (or more) control flow edges come together,
we first apply the transfer function and combine the results: f(a
 b) is replaced
by f(a) 
 f(b). This results in better solutions for non distributive 
.

Figure 3 shows the structure and size of the used test programs in ANSI C,
where most of them are well known everyday life programs (a ‘∗’ indicates pro-
grams with procedural variables). The columns give from left to right: the name
of the program, a short description, the number of lines without comments, the
number of procedures, the number of control flow nodes, and the number of
variables.

For each of the programs the functional analyzer was applied. It finds the
precise solution for any program in case of the copy constant propagation. This is
also true for the full constant propagation, but the termination of the functional
analyzer is not guaranteed. Also the call string analyzers have been applied with
call strings up to length two or less if they find the same number of constants
as the functional approach.

For each program four mayor columns are printed in Fig. 4 for the copy
constant propagation and in Fig. 5 for the full constant propagation: three for
call string approach of length zero, one, and two (C0, C1, C2), and one for the
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program description lines flow nodes procedures variables

bison parser generator 6438 11722 155 3575

cdecl C++ compiler part 2831 2401 33 841

cloop benchmark 1488 2176 26 622

dhry dhrystone 446 319 14 240

ed editor 1506 2745 47 796

flex scanner generator 5985 8688 129 2314

flops benchmark 723 353 3 139

gzip∗ compress 4056 6043 47 796

linpack benchmark 821 796 13 278

twig code generator 2092 3198 81 1085

xmodem communication 2060 2965 31 1159

Fig. 3. The set of test programs

C0 C1 C2 F
Prog Prec Fold Time Prec Fold Time Prec Fold Time Prec Fold Time

cdecl 615 10 15,66 627 10 66,41 627 10 113,93
twig 756 6 6,83 865 6 45,13 891 6 308,22 993 6 1746,14
dhry 81 2 1,82 109 2 1,54 109 2 1,45 109 2 2,06
ed 1098 42 7,81 1175 44 26,04 1198 44 37,05 1198 44 27,25
cloop 9839 145 20,95 9865 145 200,30 19649 145 6309,13
flex 3362 22 16,40 3496 22 88,76 9714 22 378,66 9731 22 193,54
flops 6897 107 0,52 7973 119 0,50 7973 119 0,70
bison 2699 10 24,45 2974 10 157,12 2978 10 372,43 2978 10 303,74
linpack 355 78 5,17 355 78 17,60 355 78 24,36 355 78 5,72
gzip 2744 16 9,52 2822 16 91,68 2822 16 1122,28 ∞
xmodem 2716 6 88,77 3269 6 256,61 3269 6 326,55 4806 6 802,53

Fig. 4. Copy Constant Propagation

functional approach (F). For each analysis method tree numbers are given: as
a measurement of (theoretical) precision the number of available constants in
the program is used. This is the number of constant variables at all control flow
nodes, i.e.

∑
n∈V

|{var | (
i=1,...,Arity(n) flow(n)[i])(var) �= ⊥,�}|

As a measurement of the usability of the calculated information the number
of source code transformations is given that can be done with the information
obtained by the constant propagation. This is the number of replacements of
variables by their values. The last number is the runtime in seconds on a SUN
SPARCsystem-600 (Ross-RT625 cpu, 128Mb memory), running SunOS 4.1.4.

To compare the different analysis approaches for each analysis three bar
charts are used: Fig. 6, 7, 8 for the copy constant propagation and Fig. 9, 10, 11
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C0 C1 C2 F
Prog Prec Fold Time Prec Fold Time Prec Fold Time Prec Fold Time

cdecl 885 10 15,93 903 10 65,08 911 10 135,02 911 10 101,05
twig 995 6 8,31 1130 6 47,05 1156 6 230,13 1258 6 1813,02
dhry 87 3 1,26 141 15 1,49 141 15 1,43 141 15 1,49
ed 2503 50 6,99 2714 52 24,56 2763 52 30,63 2763 52 21,58
cloop 10367 149 21,90 10711 149 260,06 10803 149 728,21 21952 151 2402,53
flex 4329 22 16,82 4597 22 94,54 10890 24 397,14 10911 24 209,26
flops 7080 188 0,74 7306 217 0,58 7306 219 0,67
bison 5591 10 24,03 5960 10 152,13 55973 10 1674,14 ∞
linpack 385 80 4,57 385 80 10,15 385 80 16,64 385 80 5,31
gzip 4117 24 8,53 4916 24 83,00 5321 24 1604,51 ∞
xmodem 3870 12 94,23 4756 12 226,18 4756 12 323,80 7521 12 593,11

Fig. 5. Full Constant Propagation

Fig. 6. Copy Constant Propagation: Percentage of available constants compared
to the functional approach
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Fig. 7. Copy Constant Propagation: Percentage of constant foldings compared
to the functional approach

Fig. 8. Copy Constant Propagation: Runtimes
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Fig. 9. Full Constant Propagation: Percentage of available constants compared
to the functional approach

Fig. 10. Full Constant Propagation: Percentage of constant foldings compared
to the functional approach
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Fig. 11. Full Constant Propagation: Runtimes

for the full constant propagation. The first bar charts (Fig. 6, 9) show the relative
number of available constants of the call string approaches compared to the
functional approach, the second bar charts (Fig. 7, 10) show the same comparison
for the number of foldings, and the third bar charts (Fig. 8, 11) show the runtime
of the different approaches.

3.1 Results

As can be seen in (Fig. 4, 5) the functional analyzers find always the largest
number of constants, if they terminate. As termination is not guaranteed for the
full constant propagation and the functional approach, one would not use this in
a production compiler. One can also see that runtimes of the functional analyzer
are unsatisfying for programs like twig, cloop, bison, and gzip.

This can be understood by the discussion from Sect. 2.3, where it is stated,
that the runtime of the functional analyzer depends on the locality properties of
the analysis and the programs, as well as the programming language. And these
are very bad for full ANSI C and the constant propagation.

So one can deduce from the theoretical discussion that the functional analyzer
may have bad runtimes for some programs, and in fact this claim is supported
by the practical measurements.

On the other hand one does not expect runtime explosions for the call string
analyzer for K equals zero and one, since then the number of runs through a
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procedure is determined by one or the number of call sites to the procedure,
which is small, at least for hand written programs.

The shortcoming of the call string approach is that it may deliver potentially
worse analysis results than the functional approach. Also this claim can be veri-
fied by the measurements for the theoretical precision of the analyses (Fig. 6, 9).
But the practical use that can be gained from this higher precision is very low.
Only for cloop and flex in the full constant propagation the number of foldings
is higher for the functional approach than for the call string 1 approach (Fig. 10).

One can also see from the experiments that the full constant propagation
delivers more foldings than a copy constant propagation, and has only a minor
impact on the run times (Fig. 4, 5).

4 Conclusion and Further Work

Although no new ideas are presented in this paper, it presents a fair experimen-
tal evaluation of the two techniques, call string– and functional approach for
interprocedural data flow analysis applied to two data flow problems.

We have shown that a full constant propagation delivers better results than
a simple one (Fig. 4 and 5). Furthermore one can see that the set of call strings
which should be kept separately (1) is small for real programs, but leads to
similar results as the functional approach.

So we can draw the conclusion that an expensive functional approach can be
replaced by a cheaper call string approach, at least for constant propagation in
languages similar to C.
In the future we will test if these results also hold for other analyses.
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Abstract. Optimizing compilers typically limit the scope of their anal-
yses and optimizations to individual modules. This has two drawbacks:
first, library code cannot be optimized together with their callers, which
implies that reusing code through libraries incurs a penalty; and sec-
ond, the results of analysis and optimization cannot be propagated from
an application module written in one language to a module written in
another. A possible solution is to carry out (additional) program opti-
mization at link time. This paper describes our experiences with such op-
timization using two different optimizing Scheme compilers, and several
benchmark programs, via alto, a link-time optimizer we have developed
for the DEC Alpha architecture. Experiments indicate that significant
performance improvements are possible via link-time optimization even
when the input programs have already been subjected to high levels of
compile-time optimization.

1 Introduction

The traditional model of compilation usually limits the scope of analysis and
optimization to individual procedures, or possibly to modules. This model for
code optimization does not take things as far as they could be taken, in two
respects. The first is that code involving calls to library routines, or to functions
defined in separately compiled modules, cannot be effectively optimized; this is
unfortunate, because one expects programmers to rely more and more on code
reuse through libraries as the complexity of software systems grows, (there has
been some work recently on cross-module code optimization [4,13]: this works
for separately compiled user modules but not for libraries). The second problem
is that a compiler can only analyze and optimize code written in the language
it is designed to compile. Consider an application that investigates the synthesis
of chemical compounds using a top-level Scheme program to direct a heuristic
search of a space of various reaction sequences, and Fortran routines to compute
reaction rates and yields for individual reactions.1 With the traditional compiler
model, analyses and optimizations will not be able to cross the barrier between
� This work was supported in part by the National Science Foundation under grants

CCR-9502826 and CCR 9711166.
1 This is a slightly paraphrased account of a project in the Chemistry department at

the University of Arizona a few years ago: the project in question used Prolog rather
than Scheme, but that does not change the essential point here.

S. Jähnichen (Ed.): CC’99, LNCS 1575, pp. 76–91, 1999.
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program modules written in different languages. For example, it seems unlikely
that current compiler technology would allow Fortran routines in such an ap-
plication to be inlined into the Scheme code, or allow context information to
be propagated across language boundaries during interprocedural analysis of a
Scheme function calling a Fortran routine.

A possible solution is to carry out program optimization when the entire
program—library calls and all—is available for inspection: that is, at link time.
While this makes it possible to address the shortcomings of the traditional com-
pilation model, it gives rise to its own problems, for example:

– Machine code usually has much less semantic information than source code,
which makes it much more difficult to discover control flow or data flow infor-
mation (as an example, even for simple first-order programs, determining the
extent of a jump table in an executable file, and hence the possible targets
of the code derived from a case or switch statement, can be difficult when
dealing with executables; at the source level, by contrast, the corresponding
problem is straightforward).

– Compiler analyses are typically carried out on representations of source pro-
grams in terms of source language constructs, disregarding “nasty” features
such as pointer arithmetic and out-of-bounds array accesses. At the level
of executable code, on the other hand, all we have are the nasty features.
Nontrivial pointer arithmetic is ubiquitous, both for ordinary address com-
putations and for manipulating tagged pointers. If the number of arguments
to a function is large enough, some of the arguments may have to be passed
on the stack. In such a case, the arguments passed on the stack will typically
reside at the top of the caller’s stack frame, and the callee will “reach into”
the caller’s frame to access them: this is nothing but an out-of-bounds array
reference.

– Executable programs tend to be significantly larger than the source programs
they were derived from (e.g., see Figure 2). Coupled with the lack of semantic
information present in these programs, this means that sophisticated analy-
ses that are practical at the source level may be overly expensive at the level
of executable code because of exorbitant time or space requirements.

This paper describes our experiences with such optimization on a number of
Scheme benchmark programs, using a link-time optimizer, called alto (“a link-
time optimizer”), that we have built for the DEC Alpha architecture. Apart from
a variety of more or less “conventional” optimizations, alto implements several
optimizations, or variations on optimizations, that are geared specifically towards
programs that are rich in function calls—in particular, recursion—and indirect
jumps (resulting both from higher order constructs and tail call optimization).
Experiments indicate that significant performance improvements are possible
using link-time optimization, even for code generated using powerful optimizing
compilers.
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2 Scheme vs. C: Low Level Execution Characteristics

Programs in languages such as Scheme differ in many respects from those written
in imperative languages such as C, e.g., in their use of higher order functions and
recursion, control flow optimizations such as tail call optimization, and in their
relatively high frequency of function calls. However, it is not a priori clear that,
at the level of executable code, the dynamic characteristics of Scheme programs
are still significantly different from C code. To this end, we examined the runtime
distributions of different classes of operations for a number of Scheme programs
(those considered in Section 7) and compared the results with the corresponding
figures for the eight SPEC-95 integer benchmark programs. The results, shown
in Figure 1, show some interesting contrasts:

– The proportion of memory operations in Scheme code is 2.5 times larger
than that in C code; we believe that this is due to a combination of two
factors: the use of dynamic data structures such as lists that are harder to
keep in registers, and the presence of garbage collection.

– The proportion of conditional branches is significantly higher (by a factor of
almost 1.8) in Scheme code than in C code. This is due at least in part to
runtime dispatch operations on tag bits encoding type information.

– The proportion of indirect jumps in Scheme code is close to three times
as high as that in C code. This is due, in great part, to the way tail call
optimization is handled.

– The proportion of (direct and indirect) function calls is somewhat smaller in
the Scheme programs than in the C code. To a great extent, this is because
the Scheme compilers try hard to eliminate function calls wherever possible.

Code generated for programs in dynamically typed languages usually also car-
ries out pointer arithmetic to manipulate tagged pointers. We didn’t measure
the proportion of instructions devoted to tag manipulation (there didn’t seem
to be a simple and reliable way to do this in the context of our implementa-
tion), but we note that Steenkiste’s studies indicate that Lisp programs spend
between 11% and 24% of their time on tag checking [17]. We expect that the
overall conclusion—that programs spend a significant amount of time in tag
manipulation—holds for Scheme programs as well.

Most of the prior work on link-time optimization has focused on impera-
tive languages [7,12,15,16,19]. The differences in runtime characteristics between
Scheme and C programs, as discussed above, can have a significant effect on the
extent to which systems designed for executables resulting from (human-written)
C programs will be effective on code generated from Scheme programs. The rea-
sons for this are the following:

1. The pointer arithmetic resulting from tag manipulation tends to defeat most
alias analysis algorithms developed for languages such as C (see, for exam-
ple, [20]).

2. The higher proportion of memory operations in Scheme programs can in-
hibit optimizations because, in the absence of accurate alias information,
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Operation Scheme (%) C (%) Scheme/C

integer ops 44.81 35.70 1.25

memory ops 34.02 13.63 2.50

floating point ops 0.58 0.76 0.76

conditional branches 10.44 5.89 1.77

indirect jumps 2.89 0.99 2.92

direct calls 0.29 0.44 0.66

indirect calls 1.51 1.72 0.88

Fig. 1. Dynamic distributions for classes of common operations

they greatly limit the optimizer’s ability to move code around. The prob-
lem is compounded by the fact that pointer arithmetic resulting from tag
manipulation adversely affects the quality of alias information available.

3. The higher proportion of indirect branches in Scheme code can interfere
with low-level control flow analysis and inhibit optimizations such as profile-
directed code layout to improve instruction cache utilization [11].

Our experiments, described in Section 7, show that alto is able to achieve sig-
nificant speed improvements, even for Scheme programs that have been heavily
optimized at compile-time; in this regard it consistently outperforms the OM
link-time optimizer [15] from DEC.

3 System Organization

The execution of alto can be divided into five phases. In the first phase, an
executable file (containing relocation information for its objects) is read in, and
an initial, somewhat conservative, inter-procedural control flow graph is con-
structed. In the second phase, a suite of analyses and optimizations is then ap-
plied iteratively to the program. The activities during this phase can be broadly
divided into three categories:

Simplification : Program code is simplified in three ways: dead and unreach-
able code is eliminated; operations are normalized, so that different ways
of expressing the same operation (e.g., clearing a register) are rewritten,
where possible, to use the same operation; and no-ops, typically inserted for
scheduling and alignment purposes, are eliminated to reduce clutter.

Analysis : A number of analyses are carried out during this phase, including
register liveness analysis, constant propagation, and jump table analysis.

Optimization : Optimizations carried out during this phase include standard
compiler optimizations such as peephole optimization, branch forwarding,
copy propagation, and invariant code motion out of loops; machine-level op-
timizations such as elimination of unnecessary register saves and restores at
function call boundaries; architecture-specific optimizations such as the use
of conditional move instructions to simplify control flow; as well as improve-
ments to the control flow graph based on the results of jump table analysis.



80 Saumya Debray et al.

This is followed by a function inlining phase. The fourth phase repeats the op-
timizations carried out in the second phase to the code resulting from inlining.
Finally, the final phase carries out profile-directed code layout [11], instruction
scheduling, and insertion of no-ops for alignment purposes, after which the code
is written out.

4 Control Flow Analysis

Traditional compilers generally construct control flow graphs for individual func-
tions, based on some intermediate representation of the program. The determi-
nation of intra-procedural control flow is not too difficult; and since an interme-
diate representation is used, there is no need to deal with machine-level idioms
for control transfer. As a result, the construction of a control flow graph is a
fairly straightforward process [1]. Matters are somewhat more complex at link
time because machine code is harder to decompile. The algorithm used by alto
to construct a control flow graph for an input program is as follows:

1. The start address of the program appears at a fixed location within the
header of the file (this location may be different for different file formats).
Using this as a starting point, the “standard” algorithm [1] is used to identify
leaders and basic blocks, as well as function entry blocks. At this stage alto
makes two assumptions: (i) that each function has a single entry block; and
(ii) that all of the basic blocks of a function are laid out contiguously. If
the first assumption turns out to be incorrect, the flow graph is “repaired”
at a later stage; if the second assumption does not hold, the control flow
graph constructed by alto may contain (safe) imprecisions, and as a result
its optimizations may not be as effective as they could have been.

2. Edges are added to the flow graph. Whenever an exact determination of the
target of a control transfer is not possible, alto estimates the set of possible
targets conservatively, using a special node Bunknown and a special function
Funknown that are associated with the worst case data flow assumptions (i.e.,
that they use all registers, define all registers, etc.). Any basic block whose
start address is marked as relocatable is considered to be a potential tar-
get for a jump instruction with unresolved target, and has an edge to it
from Bunknown ; any function whose entry point is marked as relocatable is
considered to be potentially a target of an indirect function call, and has
a call edge to it from Funknown . Any indirect function call (i.e., using the
jsr instruction) is considered to call Funknown while other indirect jumps
are considered to jump to Bunknown .

3. Inter-procedural constant propagation is carried out on the resulting control
flow graph, and the results used to determine addresses being loaded into
registers. This information, in turn, is used to resolve the targets of indirect
jumps and function calls: where such targets can be resolved unambiguously,
the edge to Funknown or Bunknown is replaced by an edge to the appropriate
target.

4. The assumption thus far has been that a function call returns to its caller,
at the instruction immediately after the call instruction. At the level of
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executable code, this assumption can be violated in two ways. The first in-
volves escaping branches, i.e., ordinary (i.e., non-function-call) jumps from
one function into another: this can happen either because of tail call opti-
mization, or because of code sharing in hand-written assembly code that is
found in, for example, some numerical libraries. The second involves non-
local control transfers via functions such as setjmp and longjmp. Each of
these cases is handled by the insertion of additional control flow edges, which
we call compensation edges, into the control flow graph: in the former case,
escaping edges from a function f to a function g result in a single compen-
sation edge from the exit node of g to the exit node of f ; in the latter case,
a function containing a setjmp has an edge from Funknown to its exit node,
while a function containing a longjmp has a compensation edge from its
exit node to Funknown . The effect of these compensation edges is to force the
various dataflow analyses to safely approximate the control flow effects of
these constructs.

5. Finally, alto attempts to identify indirect jumps through jump tables, which
arise from case or switch statements. This is done as part of the optimiza-
tions mentioned at the beginning of this section. These optimizations can
simplify the control and/or data flow enough to allow the extent of the jump
table to be determined. When this happens, the edge from the indirect jump
to Bunknown is replaced by a set of edges, one for each entry in the jump
table. If all of the indirect jumps within a function can be resolved in this
way, then any remaining edges from Bunknown to basic blocks within that
function are deleted.

5 Data Flow Analysis

Alto carries out a variety of inter-procedural data flow analyses, including reach-
ability analysis, constant propagation, register liveness analysis, side effect anal-
ysis, etc. The most important of these is inter-procedural constant propagation,
which plays a central role in the construction of the control flow graph of the
program. A discussion of these analyses is omitted due to space constraints, ex-
cept for the observation that we find that for Scheme programs, alto is able
to determine, on the average, the operands and results for about 29% of the
instructions in programs. This is considerably higher than for C and Fortran
programs: e.g., for the programs in the SPEC-95 benchmark suite, it is able to
evaluate about 17% of the instructions on the average: we are currently looking
into the reason for this difference. Note that this does not mean that a third
of the instructions of a program can be removed by alto, since in most cases
the these represent address computations. This information can, nevertheless, be
used to good advantage elsewhere, as discussed above: experiments indicate that
for the Scheme benchmarks considered, disabling constant propagation leads to
a performance loss of 5%–12% (compared to when all analyses and optimizations
are enabled).
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6 Program Optimization

The optimizations carried out by alto are typically guided by execution profile
information and the availability of machine resources. Space constraints pre-
clude a detailed discussion of these optimizations: here we discuss only the most
important ones.

6.1 Inlining

Traditionally, Scheme compilers carry out inlining at, or close to, the level of
the source program [2,4,10,18]. At this level, the primary benefits of inlining
come from specializing and simplifying the inlined function, e.g., by evaluating
conditionals and pruning away code that becomes unreachable. Code growth
during inlining is usually controlled via syntax-driven techniques, ranging from
simple syntax-directed estimates of the size of the callee [2,4,10] to more refined
estimates based on the residual size of the callee after specializing it to the
call site under consideration [18]. At link time, by contrast, it is reasonable to
expect that considerable amounts of inlining have already been carried out by the
Scheme compiler being used (and then possibly some more by the C compiler,
if the compilation is via translation to C). This means that, while some code
simplification might occur due to the propagation of constant arguments into
library routines, it seems unlikely that link-time inlining will give rise to large
amounts of code simplification and pruning. On the other hand, more accurate
information is available about object code size, making it easier to consider the
effects of inlining on the instruction cache utilization of a program.

The motivations for carrying out inlining within alto are three-fold: to reduce
the function call/return overhead; to simplify reasoning about aliasing between
the caller’s code and the callee’s code, since after inlining they typically refer to
the same stack frame rather than two different frames (see Section 6.2); and to
improve branch prediction and instruction cache behavior using profile-directed
code layout [11]. In alto, code growth due to inlining is controlled by ensuring
that (alto’s estimate of) the cache footprint of the resulting code does not exceed
the size of the instruction cache: in particular, if the call site being considered for
inlining lies within any loop, the total size of the “hot” execution paths through
the loop is not allowed to exceed the size of the primary instruction cache.

Inlining in the presence of higher order functions has typically been accom-
plished using sophisticated control flow analyses [10]. We believe that such anal-
yses are too expensive to be practical at the level of machine code. Instead, we
use a simple profile-guided inlining technique we call guarded inlining—which
is conceptually similar to, though somewhat more general than, a technique for
optimizing dynamically dispatched function calls in object-oriented languages
referred to as “receiver class prediction” [5,8]—to achieve similar results. Sup-
pose we have an indirect function call whose target we are unable to resolve.
We use profiling to identify the most frequent targets at each such indirect call.
Suppose that the most frequent target is a function f at address addr 0. With
guarded inlining, we test whether the target address is addr 0: if this is the case,
execution drops through into the inlined code for f ; otherwise, an indirect func-
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tion call occurs, as before. It’s not too difficult to see, in fact, that in general the
transformation can be adapted to any indirect branch. This mechanism allows
us to get the benefits of inlining even for call sites that can, in fact, have multi-
ple possible targets, in contrast to schemes that require control flow analysis to
identify a unique target for a call site before inlining can take place [10].

6.2 Memory Access Optimizations

We use an intra-basic-block transformation we call register forwarding to re-
duce the number of unnecessary loads from memory. The opportunity for this
optimization arises because, in the course of other optimizations such as the
elimination of unreachable code, register reassignment and elimination of un-
necessary register saves and restores at function boundaries, etc., alto is able to
free up registers that can then be reused for other purposes. In the simplest case,
a register ra is stored to a memory location addr 0, and a register rb subsequently
loaded from that address, with no redefinition of ra in between. In this case, as-
suming that we can verify that the contents of location addr 0 have also not been
modified, register forwarding replaces the load operation by a register-to-register
move from ra:

store ra, addr0 store ra, addr0

. . . ⇒ . . .
load rb, addr0 move ra, rb

In general, register ra may be modified after it has been stored to location
addr 0 but before rb is loaded from that location. In this case (again assuming
that location addr 0 can be guaranteed to not have been modified), if there is
a free register rtmp, it can be used to save the original value of ra before ra is
modified, and eventually moved over to rb.

In order to guarantee that the memory location addr 0 is not modified be-
tween the initial store of ra to it and the subsequent load into rb, we verify
that any intervening stores to memory write to locations other than addr 0. For
this, we use a slight generalization of a technique called instruction inspection,
commonly used in compile-time instruction schedulers. we first carry out inter-
procedural constant propagation to identify references to global addresses. The
memory disambiguation analysis then proceeds as follows: two memory reference
instructions i1 and i2 in a basic block can be guaranteed to not refer to the same
memory location if one of the following holds:

1. one of the instructions uses a register known to point to the stack and the
other uses a register known to point to a global address; or

2. i1 and i2 use address expressions k1(r1) and k2(r2) respectively, and there are
two (possibly empty) chains of instructions whose effects are to compute the
value c1 + contents of (r0) into register r1 and c2 + contents of (r0) into r2,
for some register r0, such that the two chains do not use different definitions
of r0 in the basic block under consideration, and c1 + k1 �= c2 + k2.

Apart from this transformation, shrink-wrapping [6] is used to reduce register
save/restore operations at function call boundaries.
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Program Source Bigloo Gambit-C
lines functions blocks instructions functions blocks instructions

boyer 568 2061 24358 114007 1050 39004 188178

conform 432 2080 24689 115809 1036 39388 190257

dynamic 2318 2202 27633 132576 1050 43716 220461

earley 651 2069 24608 115928 1050 39319 191091

graphs 602 2079 24538 115885 1050 39200 189977

lattice 219 2061 24331 113994 1050 39016 188451

matrix 763 2091 24746 116729 1050 39734 192569

nucleic 3478 2162 27131 126612 1050 40257 199192

scheme 1078 2301 26333 123465 1050 41479 202127

Fig. 2. The benchmark programs used

6.3 Profile-Directed Code Layout

In order to reduce the performance penalty associated with control flow changes
and instruction cache misses, alto uses profile information to direct the layout
of the code (modern processors typically use dynamic branch prediction, so the
effect of code layout on branch misprediction is not considered). The algorithm
used here follows that of Pettis and Hansen [11], with a few minor modifications.
The code layout algorithm proceeds by grouping the basic blocks in a program
into three sets: The hot set consists of the set of basic blocks, considered in de-
creasing order of execution frequency, which account for 2/3 of the total number
of instructions executed by the program at runtime; the zero set contains all the
basic blocks that were never executed; and The cold set contains the remaining
basic blocks. We then compute the layout separately for each set using a greedy
algorithm to construct chains of basic blocks, and concatenate the three resulting
layouts to obtain the overall program layout.

7 Experimental Results

We evaluated our link-time optimizer using two optimizing Scheme compilers:
Bigloo version 1.8, by M. Serrano [14], and Gambit-C version 3.0 by Marc Fee-
ley. Our experiments were run using nine commonly used Scheme benchmarks:
boyer, a term-rewriting theorem prover; conform is a type checker, written by
J. Miller; dynamic is an implementation of a tagging optimization algorithm for
Scheme [9], applied to itself; earley is an implementation of Earley’s parsing al-
gorithm, by Marc Feeley; graphs, a program that counts the number of directed
graphs with a distinguished root and k vertices each having out-degree at most 2;
lattice enumerates the lattice of maps between two lattices; matrix tests whether
a given random matrix is maximal among all matrices of the same dimension
obtainable via a set of simple transformations of the original matrix; nucleic is a
floating-point intensive program to determine nucleic acid structure; and scheme
is a Scheme interpreter by Marc Feeley. The size of each of these benchmarks



Link-Time Improvement of Scheme Programs 85

boyer

conform

dynam
ic

earley

graphs

lattice

m
atrix

nucleic

schem
e

-5.0

0.0

5.0

10.0

15.0

20.0

alto

-5.0

0.0

5.0

10.0

15.0

20.0

(a) Gambit-C

boyer

conform

dynam
ic

earley

graphs

lattice

m
atrix

nucleic

schem
e

0.0

10.0

20.0

30.0

0.0

10.0

20.0

30.0

Om+feedback+ifo

(b) Bigloo

Fig. 3. Speed improvements (%)

is reported in Figure 2.2 We considered only compiled systems, and restricted
ourselves to compilers that translated Scheme programs to C code because alto
requires relocation information to reconstruct the control flow graph from an
executable program, which means that the linker needs to be invoked with the
appropriate flags that instruct it to not discard the relocation information; sys-
tems that compiled to C seemed to offer the simplest way to communicate the
appropriate flags to the linker.

The Bigloo compiler was invoked with options -O4 -farithmetic -unsafe
-cgen, except for the nucleic program, for which the options used were -O3
-unsafesv -cgen. The Gambit-C compiler was invoked without any additional
compiler options, but the resulting C code had the switch -D___SINGLE_HOST
passed to the C compiler to generate faster code The resulting C code was com-
piled with the DEC C compiler V5.2-036 (the highly optimizing GEM compiler
system [3], which we found generates faster code than current versions of gcc)
invoked as cc -O4, with additional flags to retain relocation information and
produce statically linked executables. The profiling inputs used were the same
as that used for the actual benchmarking. The timings were obtained on a lightly
loaded DEC Alpha workstation with a 300 MHz Alpha 21164 processor with a
split primary cache (8 Kbytes each of instruction and data cache), 96 Kbytes of
on-chip secondary cache, 2 Mbytes of off-chip backup cache, and 512 Mbytes of
main memory, running Digital Unix 4.0. In each case, the smallest time of 15
runs is considered. Measurements of the number of different kinds of operations

2 The numbers reported here are for the programs available with the Gambit-C 2.7
distribution (http://www.iro.umontreal.ca/~gambit), measured for the “core pro-
gram”, i.e., without system-specific definitions, using the wc utility. Of course, “lines
of code” is not really an appropriate measure of size for link-time optimization,
and these numbers are shown only to provide some intuition: a more appropriate
measure, for our purposes, is the number of instructions in the final executable, as
reported in this table.
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Fig. 4. Reduction in operations executed (%)

executed, cache misses, etc., were obtained using hardware counters on the pro-
cessor, using the best number out of 5 runs.

Figure 3 shows the execution time improvements due to alto, compared
to what is achievable otherwise using aggressive compile-time optimization (at
level -O4), together with profile-guided and inter-file optimization as well as link-
time optimization using the Om link-time optimizer [15]. There are two main
points to note from this figure. First, note that in almost all cases—the sole
exception is conform under Gambit-C—alto produces code that is significantly
faster than that produced using Om. The second point is that, even though the
programs were subjected to a high degree of optimization by both the Scheme
and the C compilers, alto nevertheless succeeds in achieving significant fur-
ther improvements in performance. The improvements for Bigloo range from
about 10% to over 30%, with an average improvement of 19.3%. The improve-
ments are smaller for Gambit-C, ranging from about 6% to about 15.5%, with
an average improvement of about 10.2%.3

Figure 1 indicates that for the programs considered, there are three main
classes of operations executed: memory operations, integer operations, and
branch operations. Figure 4 shows the effect of alto on the number of mem-
ory and integer operations executed; while alto is able, in some cases, to reduce
number of branch operations executed, the reductions are generally not large
enough to be significant. It can be seen that for Gambit-C, alto is able to effect
a reduction of around 4% in the number of memory operations and 5–10% in the
number of integer operations; for Bigloo the improvements are more dramatic,
with 5–10% reductions in the number of memory operations and 15–25% re-

3 These averages were computed as follows: for each of the systems considered, we de-
termined the ratio of the execution times after optimization to the original execution
time (i.e., Opt./Orig. in Table 3), computed the geometric mean, and subtracted this
from 1.00.



Link-Time Improvement of Scheme Programs 87

ductions in the number of integer operations executed. The vast majority of
the memory operations eliminated turn out to be load operations, which are
typically more expensive than store operations.

Original Optimized
Program Accesses Misses Miss Rate Accesses Misses Miss Rate ∆Accesses

(×106) (×106) (%) (×106) (×106) (%) (%)

boyer 1252.26 1.27 0.10 907.34 0.58 0.06 27.54

conform 453.70 10.10 2.22 398.00 1.19 0.30 12.27

dynamic 395.96 6.43 1.62 338.82 2.14 0.63 14.43

earley 974.06 2.68 0.27 920.58 0.78 0.08 5.49

graphs 1495.59 32.62 2.18 1320.81 6.02 0.45 11.68

lattice 2491.41 3.85 0.15 2443.31 1.55 0.06 1.93

matrix 2637.69 23.64 0.89 2262.69 11.46 0.50 14.21

nucleic 1793.26 164.36 9.16 1447.69 30.37 2.09 19.27

scheme 2767.45 30.47 1.10 2216.75 7.15 0.32 19.89

(a) Bigloo

Original Optimized
Program Accesses Misses Miss Rate Accesses Misses Miss Rate ∆Accesses

(×106) (×106) (%) (×106) (×106) (%) (%)

boyer 1230.11 9.78 0.79 1084.09 1.06 0.09 11.87

conform 913.96 27.24 2.98 866.91 16.95 1.95 5.14

dynamic 1735.13 42.31 2.43 1518.46 14.46 0.95 12.48

earley 1274.87 23.57 1.84 1185.54 0.96 0.08 7.00

graphs 433.58 21.51 4.96 432.86 3.91 0.90 0.16

lattice 2976.57 77.80 2.61 2729.05 1.93 0.07 8.31

matrix 2470.24 71.63 2.89 2213.54 28.21 1.27 10.39

nucleic 377.09 14.76 3.91 358.74 7.97 2.22 4.86

scheme 3126.19 318.07 10.17 3413.83 17.90 0.52 –9.20

(b) Gambit

Table 1. Instruction Cache behavior

Table 1 shows the effect of alto on the instruction cache behavior of the pro-
grams. The group of columns marked ‘Original’ refers to the original program,
while those grouped under ‘Optimized’ refer to the output of alto; the column
marked ‘∆ Accesses’ refers to the percentage improvement in the number of
i-cache accesses from the original to the optimized program, relative to the orig-
inal program. We see, from the ∆Accesses column, that the number of i-cache
accesses, i.e., the number of instruction accesses, generally decreases after opti-
mization: the sole exception is the scheme benchmark under Gambit-C, which
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experiences an increase of over 9% in the number of i-cache accesses. We are
currently investigating the reason for this anomaly. In all cases, however, both
the number of i-cache misses, and the i-cache miss rate, decrease dramatically,
primarily due to profile-guided code layout.

Original Optimized
Program Accesses Misses Miss Rate Accesses Misses Miss Rate ∆Accesses

(×106) (×106) (%) (×106) (×106) (%) (%)

boyer 578.28 49.90 8.00 515.76 47.92 9.00 10.81

conform 284.95 18.35 6.00 257.55 21.28 8.00 9.61

dynamic 207.61 26.06 12.00 186.84 25.01 13.00 10.00

earley 649.46 59.11 9.00 605.88 57.47 9.00 6.71

graphs 730.72 128.23 17.00 670.17 96.32 14.00 8.28

lattice 1844.44 46.35 2.00 1671.10 92.60 5.00 9.39

matrix 1463.61 154.46 10.00 1358.69 146.29 10.00 7.16

nucleic 1105.26 79.70 7.00 1051.39 73.54 6.00 4.87

scheme 1331.42 167.60 12.00 1275.19 162.43 12.00 4.22

(a) Bigloo

Original Optimized
Program Accesses Misses Miss Rate Accesses Misses Miss Rate ∆Accesses

(×106) (×106) (%) (×106) (×106) (%) (%)

boyer 728.49 108.08 14.00 700.84 100.10 14.00 3.79

conform 574.35 38.73 6.00 572.06 37.73 6.00 0.39

dynamic 1301.02 101.28 7.00 1237.12 82.82 6.00 4.91

earley 1105.85 50.79 4.00 1061.87 50.23 4.00 3.97

graphs 422.90 20.85 4.00 415.82 20.79 5.00 1.67

lattice 2165.83 76.89 3.00 1979.51 64.55 3.00 8.60

matrix 1816.00 131.53 7.00 1725.56 118.03 6.00 4.98

nucleic 301.20 43.53 14.00 284.68 47.74 16.00 5.48

scheme 2077.62 306.80 14.00 2072.70 302.66 14.00 0.23

(b) Gambit

Table 2. Data Cache behavior

Table 2 shows the effect of alto on the data cache behavior of programs
tested. While alto does not do anything to change data layouts, it can be seen
that for most programs there are noticeable reductions in the number of data
cache accesses: we believe that this is likely to be due to the elimination of load
operations by alto. Surprisingly, in a few programs the reduction in data cache
accesses is accompanied by an increase in data cache misses: we conjecture that
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this may be because some load operations, which would have caused nearby
memory words to be brought into the cache, were eliminated by alto, and that
this resulted in cache misses when those nearby words were accessed.

The amount of code growth due to inlining ranges from about 0.5% for
the Gambit-C system, where very little inlining takes place, to about 1.5% for
Bigloo. For either implementation, the amount of inlining does not seem to vary
significantly for the different benchmarks, suggesting that most of the inlining
involves library routines; this is not surprising, since the programs used were
single-module programs and one would expect the Scheme and C compilers to
have inlined most of the obvious candidates at compile time.

We believe that the performance improvements reported here are conserva-
tive, because the benchmarks used don’t really have the characteristics where
link-time optimization can be expected to pay off significantly. Each benchmark
consists of a single file; the use of libraries is limited to system primitives (i.e.,
there is very little code reuse at the user level); and the programs don’t use
more than one language. In the near future we intend to investigate larger, more
realistic, multi-module benchmarks: we believe link-time optimization will offer
even greater benefits for such applications.

8 Conclusions

The traditional model of compilation is unable to optimize code that is not avail-
able for inspection at compile time. This means that applications that make ex-
tensive use of library routines, or where different modules are written in different
languages, may incur a performance penalty. One way to address this problem
is to apply low level code optimizations at link time. However, the manipulation
of machine code has challenges of its own, including increased program size and
difficulty in extracting information about program behavior.

This paper describes alto, a link-time optimizer we have developed for the
DEC Alpha architecture, and our experiences with its application to several
Scheme benchmarks, using code generated by three different optimizing Scheme
compilers. Even though the benchmarks lack the features that would show off
the benefits of link-time optimization, and were compiled with high levels of
compiler optimization (both at the Scheme and C level), we find that alto is
able to achieve significant performance improvements.
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Abstract. We develop an expansion-based algorithm for semantic par-
tial redundancy elimination (SPRE), which overcomes the central draw-
backs of the state-of-the-art approaches, which leave the program struc-
ture invariant: they fail to eliminate all partial redundancies even for
acyclic programs. Besides being optimal for acyclic programs, our algo-
rithm is unique in eliminating all partial k-redundancies, a new class
of redundancies which is characterised by the number k of loop itera-
tions across which values have to be kept. These optimality results come
at the price of an in the worst case exponential program growth. The
new technique is thus tailored for optimizing the typically considerably
small computational “hot” spots of a program. Here it is particularly
promising because its structural simplicity supports extensions to uni-
formly capture further powerful optimisations like constant propagation
or strength reduction in a mutually supportive way.

1 Motivation

Background Partial redundancy elimination (PRE) is an important, widely
used optimisation for performance improvement. Particularly powerful are ap-
proaches aiming at the elimination of semantically partially redundant compu-
tations (for short: SPRE). Intuitively, these are computations whose values are
computed more than once along some program paths. Instead of recomputing
such values, SPRE aims at replacing their (re-) computations by references to
the respective values where possible. Intuitively, this is achieved by storing the
values of computations for later reuse in temporaries as illustrated in the pro-
gram fragment of Figure 1 showing the motivating example of [16]: as long as
control stays inside the loop-like construct of Figure 1(a), the computations of
x+ y and a+ b always yield the same value meaning that they are semantically
(not syntactically1) partially redundant with respect to each other. These redun-
1 Most commercial implementations consider equivalences on a syntactic basis as pro-
posed e.g. in [13].

S. Jähnichen (Ed.): CC’99, LNCS 1575, pp. 91–107, 1999.
c© Springer-Verlag Berlin Heidelberg 1999
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dancies can be eliminated by computing the values before entering the loop and
replacing the original computations by references to the stored values as shown
in Figure 1(b).

h := x+y h := a+b

h )h)(x,y,   (x,y,x+y)
(x,y,z) :=

(a,b,a+b)

(a,b,c) := (x,y,z) :=

(a,b,   

a) b)

(a,b,c) :=

Fig. 1. Illustrating the essence of SPRE.2

State-of-the-art algorithms for SPRE (cf. [3,12,15,18,19]) are characterised by
two common major design decisions made on the conceptual and technical side:

– Conceptually: the flow graph structure must not be modified,
– Technically: computations are moved to (rather than placed at) earlier pro-

gram points for later reuse of their values.

Unfortunately, this has drawbacks already for acyclic programs:
Firstly, under the constraint of structural invariance certain redundancies

cannot safely be eliminated at all, i.e., without impairing other program paths.
This is illustrated in Figure 2(a). Note that such redundancies are by no means
uncommon. Their most prominent manifestation is given by loop invariant code
placed on a backedge as depicted in Figure 2(b). Even worse, there are situa-
tions like the one in Figure 2(c). Here, even a computation whose value has been
computed before on every program path cannot be eliminated. In terms of Fig-
ure 2(c) this is because depending on the program path taken, the computation
of a′ + b is either redundant with respect to the computation of a + b or with
respect to the computation of c + b. Thus, a′ + b cannot statically be replaced
by a reference to the value of a+ b or c+ b as the one actually reused cannot be
determined at compile time.

Secondly, SPRE-techniques limited to moving computations to earlier pro-
gram points are inherently weaker than SPRE-techniques being capable of arbi-
trarily placing computations at appropriate program points. This was discussed
in detail in [12], and here we only recall an example for illustration. In the pro-
gram fragment of Figure 3(a) all redundancies can safely be eliminated as shown

2 For the sake of presentation we allow parallel assignments (x1, . . . , xr) := (t1, . . . , tr)
as a shorthand for an appropriate sequence of assignments.
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Non-eliminable,
though partially
redundant!

Non-eliminable,
though partially
redundant!

Non-eliminable,
though redundant!

b)a)

x := a+b

a’ := a

z := a’+b

y := c+b

x := a+b

c)

x := a+b

x := a+b

(a,c) := (c,a)

Fig. 2. Conceptual design constraint causes non-eliminable redundancies.

in Figure 3(c). However, motion-based SPRE-techniques are not capable of do-
ing this and get stuck with the result of Figure 3(b). This is because neither a+b
nor c+ b are anticipable (down-safe) at the join point of control, and hence none
of them can be hoisted across this point. In [12] we gave reasons why, under the

h2) := ,( h1

, )h2(x,y) := (

h2z :=

h2h1 ) :=(a, h1(c,

h1 := a+b

h2z :=

)c := a

z := a+b

The original program

a)

(a+b,c+b)

Code motion: redundancies remain

c := a

h1 := a+b

z := h1

h2 := c+b

b)

Moving a+b
Moving c+b

Placing c+b Pl
ac

in
g 

c+
b

(a+b,c+b)
h1 h2) := ,(

h1, )h2(x,y) := (

c)

Pl
ac

in
g 

a+
b

z := h1

(x,y) := (a+b,c+b)

z := c+b

Code placement: redundancies removed

Fig. 3. Technical design constraint causes non-eliminable redundancies.

constraint of structural invariance, the problem of designing a general placement-
based SPRE-technique cannot satisfactorily be solved: even in acyclic programs
there are redundancies which can only be eliminated at the cost of introducing
other ones, which excludes optimality in general. Though the heuristically based
extension of a motion-based SPRE-algorithm proposed by Bod́ık and Anik can
be considered a step towards placement-based algorithms (cf. [3]), the general
problem of computing an optimal solution where one exists, is still unsolved.
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Property-Oriented Expansion In this article, we present an expansion-based
algorithm, which preserves the flow tree structure, i.e., it preserves the branch-
ing structure, but duplicates nodes in order to avoid “destructive joins” (see
e.g. Figures 2 and 3 for examples of such joins).

To understand the basic idea behind our approach, note that on the execu-
tion tree of a program every redundancy is total and can thus successfully be
eliminated. Of course, this insight is merely of theoretical interest because the
execution tree is infinite for cyclic programs. However, this observation yields
an easy access to the informal understanding of our algorithm. Basically, it
works by expanding (i.e., unrolling) the program in a demand-driven fashion.
The expansion is controlled by means of on-the-fly computed semantic equiv-
alence information of program terms. Hence, the algorithm works by means of
property-oriented expansion in the sense of [17].

x := a+b

a)

y := c+b y := c+b

z := x z := y

x := a+b

a’ := a

(a,c) := (c,a)

b)

z := x z := y

(x,y) := (a+b,c+b)c := a

z := a+b z := c+b

Fig. 4. Optimisations achieved by our approach for the examples of Figure 2(c)
and Figure 3(a).

Conceptually, this approach has previously been applied to the complete elimi-
nation of syntactic partial redundancies (cf. [17]), a result which has later been
optimized in order to avoid unnecessary code duplication (cf. [4]). The approach
here parallels the syntactic approach under a semantic perspective leading to
substantially stronger optimality results. Its unique power, which will be dis-
cussed in detail in the course of this article, is illustrated in Figures 4, 7, and 8.

Contribution While in the syntactic case partial redundancies can be elimi-
nated completely [17] there is no chance for such a result in the semantic setting.
Figure 5(a) shows a program containing an unbounded number of redundancies
which can only partly be captured by unrolling the program.3

3 In fact, every process ending with a finite program will fail.
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(x,y) := (1,1)

y := y+1

x := x+1

1

2

3

4

5

6

a) c)

(x,y) := (1,1)

x :=

1

2

3

4

5

y :=

b)

(x,y) := (1,1)

x := x+1

1

2

3

4

5

y := y+1

:= x+1h

h

h

h := x+1

Fig. 5. a) Cyclic program with non-eliminable redundancies b) Cyclic program
with eliminable redundancies c) Code motion transformation of b).

The point of this example is that the ith computation of y+ 1 in the second
loop has the same value as x has after executing i iterations of the first loop.
Hence, eliminating all partial redundancies would require to unroll both loops
infinitely often. On the other hand, there are also situations where redundancies
in cyclic programs can be fully eliminated. Figure 5(b) gives an example where
even “classical” semantic code motion techniques succeed (cf. Figure 5(c)). The
essential difference between both situations is that in case of Figure 5(b) the
value of x+ 1 is immediately available for a usage before it is recomputed while
in Figure 5(a) the value is possibly rewritten an unbounded number of times
while still being usable. The notion of partial k-redundancies (cf. Definition 2)
is tuned for taking this phenomenon into account. In essence, a k-redundancy
can be eliminated by keeping a value for at most k loop iterations.4

In our demand-driven expansion process this is reflected in a mechanism
which keeps the semantic equivalence information finite, while being tailored for
eliminating all partial k-redundancies. In particular, this assures the termination
of the expansion process. Moreover, in acyclic programs every partial redundancy
is a partial 0-redundancy. Thus, for acyclic programs our algorithm eliminates all
partial redundancies. This is achieved while simultaneously all the complications
associated with semantic code motion and placement are avoided. All this is
out of the scope of any structure-preserving5 approach as demonstrated by the
example of Figure 2.

The enormous optimizing power of our algorithm comes at the price of an
in the worst case exponential program growth. The new technique is therefore
not meant to completely replace previous SPRE-algorithms. Rather it is an ex-

4 Note that except for the redundancy of Figure 5(a) all other redundancies occurring
in the examples discussed so far are partial 0-redundancies.

5 Here and in the following “structure-preserving” is used as a shorthand for flow-
graph-structure preserving.
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tremely powerful means for optimizing the “hot” spots of a program, which can
be assumed to be considerably small. Here, our approach is particularly promis-
ing because its conceptual and structural simplicity make it easily extensible
to uniformly capture further powerful optimisations like partially redundant as-
signment elimination, constant propagation, or strength reduction.

2 Preliminaries

We consider procedures of imperative programs, which we represent by means
of directed edge-labelled flow graphs G = (N,E, s, e) with node set N , edge
set E, a unique start node s and end node e, which are assumed to have no
incoming and outgoing edges, respectively. The edges of G represent both the
statements and the nondeterministic control flow of the underlying procedure,
while the nodes represent program points. We assume that all statements are
either the empty statement “skip” or a 3-address assignment of the form x := y
or x := y1 op y2 where x, y, y1, y2 are variables and op a binary operator. How-
ever, an extension to assignments involving complex right-hand side terms is
straightforward. Unlabelled edges are assumed to represent “skip.”

For a flow graph G, let pred(n) and succ(n) denote the set of all immediate
predecessors and successors of a node n. Similarly, let source(e) and dest(e)
denote the source and the destination node of an edge e. A finite path in G
is a sequence 〈e1, . . . , eq〉 of edges such that dest(ej) = source(ej+1) for j ∈
{1, . . . , q − 1}. It is a path from m to n, if source(e1) =m and dest(eq) =n.
P[m,n] denotes the set of all finite paths from m to n, and for p ∈ P[n,m] and
q ∈ P[m,n′] the concatenation of p and q will be written as p; q. Without loss
of generality we assume that every node n ∈ N lies on a path from s to e. An
edge of a path p which is labelled by an assignment is called a constituent of p.
The set of constituents of a path p is denoted by C(p). Finally, #e(p) denotes
the number of occurrences of edge e on a path p.

The semantics of terms is induced by the Herbrand interpretation H = (T,H0),
where the data domain is given by the set of terms T which are inductively
composed of variables, constants, and operators, and H0 is the function which
maps every constant c to c and every operator op to the total function H0(op) :
T×T → T defined by H0(op)(t1, t2)=df op(t1, t2). Σ= {σ |σ : V → T} denotes
the set of all Herbrand states and σ0 the distinct start state which is the identity
on V. The semantics of terms t ∈ T is given by the Herbrand semantics H :
T → (Σ → T) which is inductively defined by:

H(t)(σ) =df



σ(v) if t= v is a variable
H0(c) if t= c is a constant
H0(op)(H(t1)(σ),H(t2)(σ)) if t = op(t1, t2)

With every edge e a state transformation and a backward substitution function
are associated. If e ≡ x := t the corresponding state transformation is defined
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by θe(σ) =df σ[H(t)(σ)/x], and the backward-substitution of e for a term t′ is
defined by δe(t′) =df t

′[t/x]. If e represents skip, the two functions are the identity
on their domain. These definitions can inductively be extended to finite paths.
The following result describes their relationship:

Lemma 1. ∀σ ∈ Σ ∀ t ∈ T. H(t)(θe(σ)) = H(δe(t))(σ)

Now, we can define the notion of (semantically) partially redundant computa-
tions:

Definition 1. Let e1 ≡ x1 := t1 and e2 ≡ x2 := t2 be labelled edges and
ni=df source(ei), mi=df dest(ei) (i = 1, 2).

1. t2 at e2 is partially redundant with respect to t1 at e1 iff

∃p ∈ P[m1, n2] ∃q ∈ P[s, n1]. H(t1)(θq(σ0)) = H(t2)(θq;〈e1〉;p(σ0))

2. t2 at e2 is strong partially redundant with respect to t1 at e1 iff

∃p ∈ P[m1, n2] ∀q ∈ P[s, n1]. H(t1)(θq(σ0)) = H(t2)(θq;〈e1〉;p(σ0))

3. t2 at e2 is (strong) totally redundant iff every path p ∈ P[s, n2] contains
an edge e3 ≡ x3 := t3 such that t2 at e2 is (strong) partially redundant with
respect to t3 at e3.

Obviously, strong partial redundancy implies partial redundancy, and strong to-
tal redundancy total redundancy. Figure 2 demonstrated that structure-invariant
approaches fail to eliminate some partial redundancies and even some total non-
strong ones. In fact, they are only complete for the class of strong total redun-
dancies (cf. Definition 1(3)).

As discussed in Section 1 it is impossible to eliminate all partial redundancies
because the number of values to be stored for later reuse can be unbounded.
The notion of k-redundancy introduced next is tuned to take this into account.
Intuitively, k-redundancies can be eliminated by keeping values for at most k
loop iterations. This notion of redundancy is not only reasonably general, it
is also scalable due its parameterisation in k. In fact, the choice of k provides
an easy handle to control the trade-off between power and performance of our
algorithm.

Definition 2. Let k ∈ IN . In the situation of Definition 1 we call t2 at e2
partially k-redundant with respect to t1 at e1 iff

∃p ∈P[m1, n2]. #e1(p) ≤ k ∧ ∃q ∈ P[s, n1]
∀q′ ∈ P[s, n1]. C(q) = C(q′) ⇒ H(t1)(θq′(σ0)) = H(t2)(θq′ ;〈e1〉;p(σ0))

Essentially, the condition #e1(p) ≤ k ensures that the value of t1 has to be pre-
served for at most k loop iterations. Like the notion of strong partial redundancy
also the one of partial k-redundancy rests on a set of paths entering n1. While,
however, in the definition of strong partial redundancy p must fit for all paths
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entering n1, p in Definition 2 must only fit for the subset of paths sharing the
same constituents. Thus, for acyclic control flow partial k-redundancy coincides
for every k with the “weak” variant of partial redundancy of Definition 1(1).
Two expressions t1 and t2 are called Herbrand equivalent at node n, in sym-
bols t1

H∼n t2, iff ∀p ∈ P[s, n]. H(t1)(θp(σ0)) = H(t2)(θp(σ0)). Herbrand equiva-
lences (or transparent equivalences (cf. [15])) can be compactly represented by
means of structured partition DAGs (SPDAGs). In essence, an SPDAG is a DAG
(directed acyclic graph) whose nodes are labelled with constants, operators and
variables such that6

– leaf nodes are labelled with at most one constant and (possibly many) vari-
ables, and

– inner nodes are labelled with at most one operator and (possibly many)
variables, and

– constants and variables are assigned to at most one node, and
– two inner nodes with the same operator have different left or right children.

An SPDAG D induces a unique partition on the terms TD that are repre-
sented by D. Figure 6 depicts the partition view of the leftmost SPDAG. We
write t1 ≡D t2 to indicate that t1, t2 ∈ TD are in the same class of D. An instruc-

a+b,a+y,x+b,x+y,z   a,x   b,y[ ]
a,x b,y

+,z

||
b,y

a,z

+,x

x

+,a,z

b,y

a := a+y x := a+y

Fig. 6. Sequence of assignments and the associated transformations on SPDAGs

tion ι of the flow graph induces a flow function fι on SPDAGs which for a given
SPDAG D computes the SPDAG that represents the equalities after executing ι.
While fskip is the identity on SPDAGs, computing the effect of fx := t comprises
the following three steps:

i) expanding D by t if it is not yet present in D,
ii) changing the variable position of x, and
iii) eliminating unlabelled leaves and their ingoing edges.7

Figures 6 illustrates this process by showing the impact of two assignments to
an initial SPDAG.
6 A formal definition can be found in [18].
7 This may generate nodes with operator labelling whose operands are (partly) miss-
ing. At such nodes the operator labels and outgoing edges are removed. As this
possibly generates new unlabelled leaves, the process has to be iterated.
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3 The Algorithm

3.1 Overview

Conceptually, our algorithm consists of two stages:

– Expansion stage: in this phase the program model is partly unrolled accord-
ing to a guided demand-driven expansion process. During this stage variables
are renamed according to a naming discipline which keeps track of the values
computed.

– Elimination stage: in this phase redundant computations are replaced by a
reference to a variable storing the relevant value.

Note, in an implementation, both stages can be combined, i.e., replacing redun-
dant computations can be done on-the-fly while unrolling. In the following we
will describe both stages in detail.

The Expansion Stage As in the syntactic case the process of expansion is
guided by a property-oriented duplication of the original program points (cf.
[17]). While, however, in the syntactic setting the properties guiding this process
are redundancy sets containing patterns of program assignments, the properties
here are given in terms of SPDAGs. The expansion process for programs proceeds
in four steps:

1. Set (s,⊥) to be a reachable node of the expanded program, where ⊥ denotes
the empty SPDAG.

2. Choose a yet non-processed node (n,D) of the expanded program and mark
it as processed.

3. For each edge e= (n,m) in the original flow graph (cf. Section 3.2 for details):
(a) construct a modified edge label ιmod from the label ι of e.
(b) consider the pair (m, fk

ιmod
(D)), and add it to the set of reachable nodes

of the expanded flow graph, whenever it is new. fk
ιmod

is the k-restricted
flow-function associated with instruction ιmod .

(c) Draw an edge with label ιmod between (n,D) and (m, fk
ιmod

(D)).
4. Continue with the second step until all reachable nodes are processed.

The Elimination Stage In this stage every labelling x := x1 op x2 of an edge e
is replaced by x := y if the SPDAG D annotating source(e) contains information
on the equality of y and x1 op x2, i.e., y ≡D x1 op x2. In the case that x equals y
the complete assignment can be removed.

3.2 Details

The application of the flow functions fι as introduced in Section 2 results easily
in the construction of annotating SPDAGs of unbounded size when applied to
programs with loops. However, by restricting the flow functions it is possible to
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limit the growth of the SPDAGs while retaining enough information in order to
capture partial k-redundancy completely. In essence, this is achieved by using a
well-suited naming discipline to keep track of old values, and by carefully cutting
SPDAGs.

Naming Discipline The name space for values is restricted to the variable
names of the original program plus a set of fresh indexed variables x(e,i), where x
is a variable, e an edge of the original program, and 0 ≤ i ≤ k a counter.8 Intu-
itively, fresh variables are used to store values generated by different instances of
the same statement during the expansion process. To keep track on the current
names of variables each generated node (n,D) of the expanded flow graph is
associated with

– a mapping cnt (n,D)[•] : E → [0, k] that maintains for each edge e of the
original program the current counter value used to produce the name of the
next instance.

– a mapping curr (n,D)[•] from the name space of the original program to the
name space of the expanded program. For a variable x of the original program
curr (n,D)[x] denotes the current instance of x that is valid at node (n,D).

Initially, for (s,⊥) all counters cnt(s,⊥)[e] are set to 0 and curr (s,⊥)[x] = x for
every variable x. Whenever a new edge e′ = ((n,D), (m,D′)) is constructed the
value of its edge counter associated with e= (n,m) is incremented in a cyclic
fashion:

cnt (m,D′)[e] = (cnt(n,D)[e] + 1) mod (k + 1)

Moreover, if x(e,i) is the left-hand side variable of the edge label of e′ then the
current instance is updated accordingly:9

curr (m,D′)[x] = x(e,i)

All other counters and values of current variables are unalteredly adopted from
(n,D). It should be noted that this process is similar to the SSA-naming dis-
cipline (cf. [8,15]). However, it totally avoids the necessity of introducing φ-
functions.

Modifying Edge Annotations While processing an edge e= (n,m) of the
original flow graph labelled with x := t, the constructed transition in the ex-
panded model is labelled with a renamed assignment x(e,i) := t′. This happens
in two steps. Firstly, all variables in the right-hand side expression t are re-
placed by their current instances associated with (n,D), i.e., t′ = curr (n,D)[t].10

Secondly, the instance of the left-hand side variable is determined by the asso-
ciated e-counter at (n,D), i.e., i= cnt(n,D)[e].
8 For k=0 the second parameter is sometimes omitted for the sake of presentation.
9 Note that x(e,i) is computed exploiting information on the counters (see paragraph
“Modifying edge annotations”).

10 curr (n,D)[t] denotes the straightforward extension of curr (n,D)[•] to terms.
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k-restricted Flow Functions The previous steps alone are not sufficient to
avoid unbounded growth of SPDAGs. This is achieved by a modification of the
flow functions that eliminates “unreferencable” parts of SPDAGs. Let (n,D) be
a constructed node of the expanded flow graph and ι an instruction. The k-
restricted flow function fk

ι (D) is realized through a two-step procedure.

1. Computing the value flow: D is subjected to the standard flow function fι.
2. Cutting the resulting SPDAG: nodes carrying only an operator label are

eliminated together with their ingoing and outgoing edges. This may leave
some operator labels at leaf nodes which must also be removed.

We demonstrate our algorithm for k = 0 using the example of Figure 3(a) for
illustration. After the expansion phase we get the program depicted in Figure 7,
annotated with SPDAGs at its program points. Instances of a node n of the
original program are numbered n-1,n-2, etc. Moreover, e1 to e4 refer to the
four edges labelled with c := a, (x, y) := (a+ b, c+ b), z := a+ b and z := c+ b,
respectively. The results from the elimination phase are emphasized by the grey
arrows. Note that the equality of x and a+ b at node 7-2 and of y and c+ b at
node 9-2 allows us to replace the right-hand side expressions on the edges (7-
2,8-2) and (9-2,10-2), which cannot be eliminated by motion-based redundancy
elimination techniques.
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Ha+b ~ x (e2) Hc+b ~ y(e2)

Fig. 7. Illustrating the algorithm for Figure 3(a).

3.3 Results

The algorithm is correct, i.e., it preserves the semantics of its argument programs.
The proof of this property benefits from Lemma 2. Its first part is fundamental
for proving the correctness of the expansion phase, while the ⇐-direction of its
second part guarantees the correctness of the replacements of the elimination
phase.
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The lemma requires the following projections relating the expanded and the
original program. A path p in the expanded program has a unique corresponding
path po in the original one, and a variable x which is part of an edge label in
the expanded flow graph has a unique corresponding variable xo in the original
flow graph. It simply results from removing the optional superscript; a process,
which applies naturally to terms, too.

Lemma 2. Let (n,D) be a node in the expanded program (before the elimination
phase), and x := t the edge annotation of an outgoing edge of (n,D). Then we
have:

1. ∀p ∈ P[(s,⊥), (n,D)]. H(to)(θpo(σ0)) = H(t)(θp(σ0))
2. ∀t1 ∈ TD ∀t2 ∈ T. t1

H∼(n,D) t2 ⇐⇒ t1 ≡D t2

Both parts can be proved by induction, the first one on the length of path p and
the second one on the length of a shortest path leading to (n,D). By means of
Lemma 2, we can now prove the main result of this article:

Theorem 1 (k-Optimality). For a given k ∈ IN the procedure of Section 3
terminates after eliminating all partial k-redundancies of the argument program.

Suppose there is an instance of a partial k-redundancy in the expanded pro-
gram before the elimination step has been performed, say between t1 at edge e1
and t2 at edge e2. The definition of partial k-redundancy ensures that this partial
redundancy is a strong one in the expanded program. This is because paths with
distinct constituents lead to the construction of different SPDAGs, and hence
to different nodes in the expanded program. Let p be the intermediate path be-
tween dest(e1)=df (n,D1) and source(e2)=df (m,D2), and x(e1,i) the left-hand
side variable associated with e1.

Exploiting that the partial redundancy is strong, Lemma 1 yields that δp(t2)
is Herbrand-equivalent with t1 at (n,D1). Hence the ⇒-direction of Lemma 2(2)
ensures that δp(t2) is contained in D1 with δp(t2) ≡D1 x

(e1,i). Moreover, the
definition of k-redundancy ensures that x(e1,i) is not rewritten on p. With the
definition of the flow functions fk and with D2 = fk

p (D1) it is easy to see that
δp(t2) ∈ TD1 implies that t2 ∈ TD2 . This finally grants t2 ≡D2 x

(e1,i) which
makes t2 eliminable at e2. It can be replaced by x(e1,i).
Recall that for acyclic programs the notion of partial 0-redundancy coincides
with partial redundancy. Thus, we get as an immediate corollary of Theorem 1:

Corollary 1. On acyclic programs the procedure of Section 3 terminates for
k= 0 after eliminating all partial redundancies of the argument program.

In particular, this guarantees that our approach resolves for acyclic programs
the motion/placement-anomalies of structure-invariant approaches. Moreover,
the definition of strong partial redundancies immediately yields:

Corollary 2. There exists a k ∈ IN such that the procedure of Section 3 termi-
nates after eliminating all strong partial redundancies of the argument program.
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4 Discussion

In this section we discuss some significant characteristics of our algorithm and
illustrate them by examples which simultaneously demonstrate the power of the
approach.

Initialisation Freedom One of the most significant characteristics of our algo-
rithm is that it does not lengthen any execution sequence of the original program.
This is in contrast to the structure-invariant setting where optimisations come
at the price of inserting initialisation statements. This reflects an abstract cost
model, where initialisations are for free. Rosen, Wegman and Zadeck criticised
such a model as impractical [15], since even in acyclic programs the elimination
of some redundancies requires reinitialisation chains of arbitrary length, whose
execution costs may easily exceed those of the saved computations.

Loop Unrolling It is well-known that loop-invariant computations like those
in the example of Figure 8(a) can be eliminated by unrolling the loop once
because the previously partially redundant computations become totally redun-
dant and can therefore be eliminated. Figure 8(b) shows the corresponding final
result of this conventional approach. It is worth comparing this result with the
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2-1

1-1

3-1

x := a*b

2-2

x    := x    +1

(e1)

(e2) (e1)

1

2 3

x := x+1

x := a*b

3-2

h1 := a*b

h2 := x+1

1-1

2-1

3-1

2-2 3-2

x := h1

a) b) c)

Fig. 8. Loop unrolling vs. expansion.

result of our approach depicted in Figure 8(c). Based on the for code motion
typical assumption that reinitialisations are for free, the “classical result” in-
troduces additional assignments to temporaries on program paths. In contrast,
our solution (for k= 0) does not have any additional assignments and is there-
fore optimal independently of any simplifying assumptions. In particular, the
assignments x(e1) := a ∗ b and x(e2) := x(e1) + 1 labeling the edges inside of the
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loop after the expansion phase are completely removed as they reduce to assign-
ments x(e1) := x(e1) and x(e2) := x(e2), respectively. In the case of Figure 8(b)
obtaining an equivalent effect requires a postprocess, e.g. a combination of dead
code elimination [1] and redundant assignment elimination [11].

Loop-Carried Redundancies “Loop-carried” partial redundancies reveal the
function of the parameter k in our algorithm.

The example of Figure 9(a) shows a program that has a loop structure where
the computation of y+1 is (strongly) redundant with respect to the computation
of x + 1 of the previous iteration. In the structure invariant setting this “loop-
carried” redundancy can be eliminated by means of an additional reinitialisation
statement as shown in Figure 9(b). By inserting a higher number of x-increments
in front of the loop in Figure 9(a) one can easily construct examples where the
elimination of a loop carried redundancy requires reinitialisation sequences of
arbitrary length.

In contrast, the expansion-based approach is capable of removing redundan-
cies carried over k loop iterations without introducing any additional assignment
on a program path. Figure 9(c) shows the result of our algorithm for k= 1. Es-
sentially, the expansion process automatically results in a program where two
loop iterations of the original program are combined to a single loop with two
exits.
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y     := x     (e3,0)

x     := x     +1(e2,0) (e1,0)

1

32

x := x+1

hx :=
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b) c)
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y := y+1
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2-2

3-3

y     := x     (e3,0) (e2,1)
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Fig. 9. Elimination of loop-carried (strong) redundancies.

5 Related Work

Semantic redundancy elimination has been pioneered by the value numbering
approach of Cocke and Schwartz [7], which, however, was tailored for basic
block optimisation. Algorithms aiming at the global elimination of semantic par-
tial redundancies have been first proposed in [15,16,18,19], and more recently
in [3,12].11 Common to all of these algorithms is to respect the constraint of
11 The “global” algorithms proposed in [5,14] have a slightly different accent as they

concentrate on motion to dominators.



Expansion-Based Removal of Semantic Partial Redundancies 105

structural invariance, and their phase structure. As the impact of structural in-
variance has been investigated in the previous sections, we here focus on the
second point, the phase structure. The algorithm of [12], for instance, consists of
three stages each with up to three substeps which require considerably complex
analyses.

In comparison, the algorithm proposed here consists only (of a simplified vari-
ant) of one of the substeps. This step, the computation of equivalence information
by means of an algorithm matching the pattern of Kildall’s algorithm [10], is sig-
nificantly simpler.12 The computation of the meet of equivalence information at
merge points, a computational bottleneck, is replaced by the much simpler test
of equality, which is used to trigger the node splitting. Hence, our extremely
powerful optimisation algorithm is very easy to implement. This comes at the
price of an in the worst case exponential program growth. Thus, as discussed
below, the practical application of this aggressive algorithm requires some care.

6 Conclusions and Perspectives

Previous approaches for eliminating semantic partial redundancies are all de-
signed under the maxim of structural invariance, i.e., not to affect the program
structure. Unfortunately, under this constraint the SPRE-problem lacks a satis-
fying solution even for acyclic programs. Dropping the constraint, and trading
size against efficiency, we developed a new SPRE-algorithm working by property-
oriented expansion, which eliminates all partial k-redundancies. In acyclic pro-
grams it eliminates even all partial redundancies.

These optimality results come at the price of an in the worst case exponential
program growth. The new technique is therefore not meant to completely replace
previous SPRE-algorithms. Rather it is an extremely powerful means for opti-
mizing the “hot” spots of a program, which can be assumed to be considerably
small. Here, our approach is particularly promising, because of its structural
simplicity the new algorithm is open for extensions. Optimisations like partially
redundant assignment elimination (cf. [11,17]), constant propagation (cf. [9,10]),
or strength reduction (cf. [2,6]) can uniformly be integrated which results in an
extremely powerful expansion-based algorithm, where the integrated techniques
mutually profit from each other. The integration boils essentially down to ex-
ploiting arithmetic properties of term operators and evaluating terms accordingly
in the fashion of the strength reduction algorithm of [19]. All this can be done
on-the-fly during the expansion process. In this manner it is possible to obtain
a demand-driven uniform algorithm capturing the strong interdependencies and
their corresponding problem of good application orders (cf. [20]).

12 Note that redundancy elimination boils down to locally look up the required value
in the respective SPDAG.
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putation of the same value by computing the value once, saving it in a
temporary, and reusing the value from the temporary when it is needed
again. Examples of redundancy elimination optimizations include com-
mon subexpression elimination, loop invariant code motion and partial
redundancy elimination. We demonstrate that the introduction of tem-
poraries to save computed values can result in a significant increase in
register pressure. An increase in register pressure may in turn trigger gen-
eration of spill code which can more than offset the gains derived from
redundancy elimination. While current techniques minimize increases in
register pressure, to avoid spill code generation it is instead necessary
to ensure that register pressure does not exceed the number of available
registers.

In this paper we develop a redundancy elimination algorithm that is
sensitive to register pressure: our novel technique first sets upper lim-
its on allowed register pressure and then performs redundancy elimi-
nation within these limits. By setting strict register pressure limits for
frequently executed (hot) blocks and higher limits for infrequently exe-
cuted (cold) blocks, our algorithm permits trade-off between redundancy
removal from hot blocks at the expense of introducing spill code in cold
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profitable redundancies are removed first. To increase redundancy elim-
ination within the allowed register pressure, our algorithm lowers the
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possible, we avoid inserting a temporary and instead access the reused
value from existing variables, which reduces the life time of the tem-
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1 Introduction

Redundancy elimination is an important commonly implemented optimization.
Loop invariant code motion (LICM) eliminates from loops statements that com-
pute the same value in each loop iteration. Global common subexpression elim-
ination (CSE) eliminates an expression that is preceded by an identical compu-
tation along all incoming paths. Finally, partial redundancy elimination (PRE)
subsumes LICM and CSE by eliminating redundancy from instructions that are
redundant along only a subset of incoming paths [1,6,7,9,13,14,16,17,19]. Since
PRE is the most general redundancy elimination, the focus of this paper is on
developing an improved PRE algorithm.

PRE algorithms avoid repeated computation of the same value by computing
the value once, saving it in a temporary, and reusing the value from the tempo-
rary when it is needed again. In the code below, the recomputation of X+Y is
optimized away by remembering its value in the temporary temp.

live range scope

Z X Y temp

B

A

B

A

Z X Y

Z=X+Y

X=X+Y

V=X+Z

temp=Z=X+Y

V=X+Z

X=temp

However, an additional register must be allocated for temp, increasing the regis-
ter pressure in block A. This increase in register pressure may result in generation
of memory intensive spill code, which can more than offset the gains derived from
redundancy elimination. While it is widely believed that PRE impacts register
pressure, and some existing algorithms even attempt to minimize register pres-
sure increase [15,17], the effects of PRE algorithms on register pressure have not
been evaluated.

Let us consider the impact of lazy code motion [17] PRE on register pres-
sure (although [15] is the best known algorithm, our implementation currently
supports [17]). The algorithm attempts to reduce the increase in register pres-
sure by minimizing the lengths of live ranges for the temporaries introduced to
hold values of redundant expressions. Figure 1a illustrates the effect of lazy code
motion on register pressure. Plotted in this graph is the average register pres-
sure (y-axis) for all basic blocks that have a given execution frequency (x-axis).
The top curve shows the running average of register pressure (i.e., the number
of live ranges crossing the basic block entry) prior to the application of PRE.
The middle and the bottom curves give the average number of live ranges added
and removed due to PRE. For example, block B above has one added and one
removed live range (temp vs. x). The overall change in register pressure is the
difference of the middle and the bottom curves.

This graph documents that PRE causes a significant (approx. 25%) average
increase in register pressure. Most importantly, the increase is not limited to
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low frequency basic blocks; the resulting spill loads and stores might slow down
important, hot basic blocks. The graph reflects only redundancy of expressions
that are lexically identical; if our experiments used value numbering techniques
to discover additional redundancies [4,6,20], significantly higher increases in reg-
ister pressure would be observed [2,6].
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Fig. 1. Effect of lazy code motion PRE on register pressure: (a) Each point
corresponds to the average number of live ranges (y) of all basic blocks with a
given execution frequency (x). There were about 82,000 executed basic blocks
in program 126.gcc from SPEC95. (b) Bars plot the number of executed basic
blocks whose register pressure exceeded given limit before and after PRE.

Register pressure changes are harmful only if spill code is generated as a
result. Our second experiment aimed to determine whether PRE may indeed
increase the pressure above the number of commonly available physical registers,
triggering spill code generation. We measured the dynamic number of executed
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basic blocks whose pressure was above 16, 12, and 8 registers, both before and
after PRE. As shown in Figure 1b, the increase in the fraction of basic blocks
that exceeded these limits is significant (5–10%). This increase translates to a
corresponding increase of basic blocks that will execute some spill code after
PRE.

The second experiment exposes the practical inadequacy of the current tech-
niques [15,17], in which minimizing register pressure comes only second to the
primary goal of maximizing redundancy removal. Figure 1b convinces us that
removing all redundancy at any cost may be harmful as it may still cause a
significant spill code. We argue that an effective PRE must instead consider re-
dundancy removal and register pressure in balance: when no more registers are
available, remaining PRE opportunities must be sacrificed.

Another important observation behind our algorithm is that some PRE op-
portunities may decrease register pressure (for example, see the live range of x
in block B in our example). Therefore, when selecting the subset of PRE op-
portunities to optimize, these expressions can be used to enable optimization
of more important expressions. Furthermore, since numerous basic blocks ex-
ceed available register resources already prior to PRE, in addition to minimizing
register pressure increases, these pressure releaving expressions might eliminate
spill code that was present prior to PRE.

In order to address the above issues we have developed a new register pressure
sensitive redundancy elimination algorithm with the following characteristics:

– Our algorithm sets upper limits on allowed register pressure and attempts
to maximize elimination of dynamically observed redundancy within these
limits. While strict register pressure limits are set for frequently executed
(hot) blocks, higher register pressures are permitted in infrequently executed
(cold) blocks. Therefore, insufficient registers in cold blocks do not prevent
optimization in hot blocks.

– Since under limited register resources our algorithm may exploit only a sub-
set of PRE opportunities, estimates of dynamic PRE benefits are used to
give higher priority to the removal of redundancies that yield the most ben-
efit. Moreover, by applying PRE in situations where a reduction in register
pressure results, we further enable exploitation of additional PRE opportu-
nities.

– To minimize increase in register pressure, the life time of a temporary is
reduced beyond existing live-range optimal algorithms [17] by accessing the
value from existing program variables that already contain the value. Only
when the reused value is not by available in any existing variable, a tem-
porary is introduced to carry the value. In comparison with [17], we reduce
temporary live ranges on all paths, rather than only on paths where the
value was previously not available. In our example, we would initialize temp
from Z after block A, rather than before it, avoiding pressure increase in
block A.

– Further reductions in register pressure can be achieved by minimizing the live
ranges of program variables referenced by optimized expressions through a
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combination of expression hoisting with assignment sinking. In our example,
sinking Z=X+Y to below block A would reduce the live range of Z, without
extending live ranges of x and Y. We describe how sinking and hoisting can
be used for register pressure sensitive PRE.

2 Register Pressure Guided PRE

We begin by providing an overview of our algorithm, then we discuss the critical
steps of the algorithm in greater detail. As shown in Figure 2, our algorithm
begins by computing the register pressure and setting an upper limit on the
register pressure for each basic block based upon profile information. The register
pressure is computed as the maximum number of live variables at any point in
the basic block. If the register pressure of a block is already equal to or higher
than this limit, no further increases would be allowed. On the other hand if the
pressure is lower than the limit, increases up to the limit are allowed.

To uncover opportunities for PRE, anticipability and availability analysis is
performed as described in [1]. The dynamic benefit of optimization opportunities
associated with each lexical expression is computed using profile data [1]. PRE
within the limits of allowed increases in register pressure is performed using a
greedy algorithm which prioritizes the expressions according to their benefits
and applies PRE to the expression with highest benefit first.

Once an expression has been selected for optimization, we compute the
changes in register pressure that would result if all of the uncovered PRE op-
portunities involving that expression are exploited. If changes reflect that for
some blocks the increase in register pressure would result in increased spill code,
then we attempt to reduce register pressure in those blocks. The reductions are
achieved by hoisting expressions out of the blocks with at least one operand that
is no longer live after its use by the expression, since the live range of such an
operand would be shortened upon hoisting. In other words expression hoisting
would continue to shorten the live range of the operand variable until another
use of the same operand is encountered. Of course it may not always be pos-
sible to achieve the desired reduction in register pressure for a basic block, in
which case we inhibit the hoisting of the expression being optimized through
that block. For the purpose of analysis, a point at which hoisting is inhibited
is essentially viewed as a kill point for the expression. By doing so we inhibit
the increase in the register pressure for the block. The affect of inhibiting code
hoisting through the block is to disable those opportunities for PRE, involving
the current expression, that are enabled by the inhibited code motion. We up-
date the availability and anticipability information to reflect the killing affects of
inhibited code motion by treating them as kill points for the current expression.
Based upon updated anticipability information and availability information we
perform the PRE transformation. In this way we perform PRE to the extent that
is allowed by register pressure limits. The above process is similarly repeated for
other expressions.
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for each basic block B

Determine register pressure RP(B)

Set register pressure limit, LRP(B), based on freq(B)

end for

for each lexical expression exp

Perform availability and anticipability analysis on exp

Compute dynamic benefit of applying PRE to exp

end for

while all expressions have not been considered

Select the unoptimized expression, uexp,

with the highest dynamic benefit

for each basic block B involved in PRE of uexp

Compute uexp’s PRE caused register pressure changes, δRP(B)
if δRP(B) + RP(B) > LRP(B) then

Attempt to reduce register pressure of B by

LRP(B)-δRP(B) + RP(B) by hoisting

of expressions out of B

if register pressure is not adequately reduced then

Inhibit expression hoisting of uexp through B

end if

end if

end for

Update availability and anticipability information to

reflect inhibited expression hoisting

Perform maximal PRE of uexp within register pressure limits

end while

Perform further PRE through assignment sinking

Fig. 2. Algorithm for register pressure guided PRE.

2.1 Using Profile Data

Profile information serves two important functions in our algorithm. First we use
profile information to compute the dynamic benefit of redundancy removal for
various expressions. The benefits are used to selectively apply PRE during which
higher priority is given to redundancy elimination opportunities that result in the
most benefit. The second use of profiling is in setting register pressure limits. In
particular, strict register pressure limits are set on hot basic blocks while higher
register pressure limits are set for cold blocks. In this way we are able to achieve
redundancy removal in hot blocks at the expense of allowing spill code in cold
blocks.

Setting priorities. Consider the example in Figure 3a in which redundancy ex-
ists both in the evaluations of X+Y and A+B. Profile information indicates
that X+Y, which is repeatedly computed in the loop, should have priority over
A+B. Let us assume that variables x, y, A and B are live throughout the program
and a single register is free. This register can be used to hold the value of T and
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thus removal of redundancy of X+Y is achieved, as shown in Figure 3b, without
generation of additional spill code. Redundancy of A+B is not removed as there
are no more free registers.

=X+Y
=A+B

=A+B
=X+Y

=X+Y

=T

(a) Original Code. (b) After PRE.

=A+B
T=X+YT=X+Y

=T

=A+B

Fig. 3. Selective PRE: optimize high-benefit redundancies in a greedy fashion.

Setting register pressure limits. Next consider the example in Figure 4a. Assum-
ing that the execution frequency of the highlighted path from block 1 to block 2
is very high, we would like to eliminate the redundancy involving X+Y from this
path. Furthermore, let us assume that block 3 has a low execution frequency but
high register pressure (A is live in block 3 but dead in blocks 1 and 2). If PRE
is applied as shown in Figure 4b, the register pressure in block 3 would further
increase. On the other hand, if we prevent register-pressure increase in block 3,
and thus disable hoisting of X+Y above node 4, PRE along the highlighted path
would not be achieved (Figure 4c). Given that the execution frequency of block 3
is low and hence spill code does no harm, it would be preferable to set a higher
limit for block 3 and thus enable PRE along the frequently executed path. The
register allocator would then either spill the value of T in block 3 as shown in
Figure 4d or rematerialize [5] X+Y as shown in Figure 4e. Thus, by setting a
higher register pressure limit for cold blocks we can trade-off PRE that benefits
hot blocks at the cost of poorer performance for cold blocks.

2.2 Computing Register Pressure Changes

PRE affects register pressure in two ways. First, because a temporary is intro-
duced to carry the value of the redundant expression, the portions of the pro-
gram over which the temporary is live experience an increase in register pressure.
Second, because the redundant expression itself is hoisted, the live range of a
variable referenced in the expression is shortened if the expression represents
the last use of the variable, causing a decrease in register pressure. By determin-
ing the actual changes in live ranges for the temporary and for the expression
operands, we compute the changes in register pressure that would result from
PRE of the expression.
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1 ..=X+Y

2 A=X+Y

4

3 A=...

..=X+Y
...=A

(a) Before PRE.

4

1

2

3 A=...

A=T

T=X+Y T=X+Y

...=A
...=T

(b) After PRE (hoisting enabled).

1 ..=X+Y

2 A=X+Y

(e) Rematerialization.

4

3 A=...

..=X+Y
...=A

(c) Hoisting blocked.

4

1

3

...=A

T=X+Y T=X+Y

A=T2

Load T

Store T
A=...

...=T

(d) Spill Code Generation.

4

1

2

3

...=A A=T

T=X+Y T=X+Y

T=X+Y
A=...

...=T

Fig. 4. Allowing register-pressure increases in cold blocks enables PRE in hot
blocks.

Live range of the temporary. Existing live-range optimal algorithms initialize
the temporary at the point where the expression is computed for the first time,
i.e., X:=A+B is replaced with T:=X:=A+B. The temporary T is then used to
provide the value at points where redundant instances of A+B were removed.
The temporary is however unnecessary at points where the value of A+B is
still held by the left-hand-side variable x. Our approach is to further reduce the
live range of the temporary by obtaining the value of the expression from other
variables that may also contain its value.

(a) Before PRE.

X=A+B Y=A+B

X=...

V=A+B

W=A+B

W=...

...=Z Z=A+B Z=T

(b) After lazy code motion PRE.

X=...

T=A+B
W=T

X=T Y=T

V=T

W=...

...=Z Z=T

(c) After register sensitive PRE.

V=T

W=A+B

X=W Y=W

W=...
T=X

X=...

T=X

T=Y

...=Z

Fig. 5. Introducing temporary to hold an expression’s value.

Consider the example in Figure 5a which after traditional PRE results in
the code shown in Figure 5b. As we can see the live range of the temporary T
introduced in this case extends over the entire code segment (shown by shaded
blocks). We can reduce the increase in register pressure by narrowing this live
range as shown in Figure 5c. The reduction is achieved by exploiting the obser-
vation that in parts of the code the value of the expression is already available in
existing variables. Note that in this approach copy assignments are introduced
to initialize the temporary T at points where the live range of T begins. These
copy assignments are typically eliminated during register allocation.

Next we present describe the computation of a new optimal live range for
PRE which essentially works like the computation of live range in lazy code
motion but delays the temporaries. This algorithm performs forward propa-
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gation of assignments which compute the expression under consideration. At
each program point where at least one such assignment is available along all
paths, the value of the expression can be accessed from the variable on the left
hand side of that assignment and thus there is no need for a new temporary to
hold the expression’s value. The copy assignments are introduced at the latest
points where the expression’s value is available through an existing variable. In
the analysis below, NAVAILop(x,y)(n)(XAVAILop(x,y)(n)) represents the must-
availability of all program assignments which compute the lexical expression
op(x,y) at the entry(exit) of node n (i.e., must-availability for all assignments of
the form v:=op(x,y) is computed).

NAVAILop(x,y)(n) = �
p∈Pred(n)

XAVAILop(x,y)(n)− DEADop(x,y)(n)

XAVAILop(x,y)(n) = (NAVAILop(x,y)(n)− KILLop(x,y)(n)) � GENop(x,y)(n)

DEADop(x,y)(n) = {stat. v:=op(x,y): v is dead at n’s entry}
KILLop(x,y)(n) = {stat. v:=op(x,y): n defines x,y or v}

GENop(x,y)(n) = {stat. v:=op(x,y): n computes v:=op(x,y)}

The above analysis will identify for the example in Figure 5c that the value
of the expression A+B is available in variables W, Y and/or X is certain program
regions while in others a new temporary T is required. The initialization of T
through copying is performed at node exits that are the latest points at which
the value of the expression is available in an existing variable (i.e., the value is
not available at one of the sucessors of the node).

Live ranges of referenced variables. To track the changes in the live range of a
referenced variable x when PRE for expression X+Y is carried out, we must take
into account the effect of hoisting X+Y on x’s liveness. We develop the notion
of PRE-liveness in which the liveness of a variable x is computed in relation to
an expression X+Y which is being subjected to hoisting. Under this notion of
liveness, x is live for X+Y at a program point n if and only if even after PRE
has been able to hoist X+Y above n, x is still live at n. On the other hand if x
is not live at n after PRE has hoisted x+y above n, then x is considered to be
dead for x+y.

The notion of PRE-liveness is illustrated in Figure 6. Consider the situations
in which multiple (say two) evaluations of X+Y are present on a path and the
latest evaluation of x+y represents the last use of x. If both of the evaluations
of X+Y are hoisted by PRE as shown in Figure 6a, then the live range of x will
be shortened. Thus, x is considered to be dead for x+y at the exit of node 2 in
Figure 6a. If the last evaluation of X+Y cannot be hoisted due to a definition
of y, then there is no change in the length of the live range of x. Thus, in
Figure 6b x is considered to be live for x+y at the exit of node 2. If after the use
of x in X+Y, there is another use of x by an expression which is lexically different
from X+Y, then the length of x’s live range will remain the same. Conservatively
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we consider a variable to be PRE-live if there is at least one path along which it
is PRE-live. In Figure 6c x is considered to be live for X+Y at the exit of node 2.

4

(a) Hoisting of all uses of x in x+y and PRE. (b) Blocked use of x in x+y.

.. = h

x

x = ..

x

x = ..

.. = x+y

.. = x+y .. = h

h = x+y

1

2

3

4

5

x

x = ..

x

x = ..

.. = x+y

h = x+y

.. = x+y .. = x+y

y = .. y = ..

.. = h

(c) Hoisting of uses of x in x+y and PRE.

.. = h

x

x = ..

x

x = ..

.. = x+y

h = x+y

.. = x+z .. = x+z

1

2

3

4

1

2

3

Fig. 6. PRE-liveness of x: The live ranges after PRE are the PRE live ranges.

Definition: Variable x is PRE-live wrt expression op(x,y) at point n if and only
if: (i) there exists a path from n to an evaluation of op(x,y) which does not
contain any redefinition of x but contains a redefinition of y (see Figure 6b);
or (ii) there exists a path from n to an evaluation of an expression op(x,-) (an
expression which uses x and is lexically different from op(x,y)) which does
not contain any redefinition of x (see Figure 6c).

Next we present the data flow equations for computing the PRE-liveness
information. Since both conditions in the above definition require backward flow
analysis, we can evaluate them simultaneously as a single data flow problem.
For this purpose the data flow solution at a point is represented by one of three
values �, USE and ⊥, where � � USE � ⊥. The join operator, �, used during
data flow is also defined below. Initially the data flow value at a node is �
indicating that no use of the current value of x exists along any path. The value
is lowered to ⊥ if a use by op(x,-) is found indicating the value is to be considered
live according to condition (ii) of the definition. The value is lowered from � to
USE if a use of x’s value by op(x,y) is found. For points to which op(x,y) cannot be
hoisted because of a definition of y, the data flow value is lowered from USE to ⊥
indicating that the current value of x is live for op(x,y) according to condition

(i) of the definition. The PRE-liveness value NPRELIVE
op(x,y)
x (n) at the entry

of each node n is true if the data flow solution NEXP
op(x,y)
x (n) is ⊥; otherwise

it is false. The liveness at exit, XPRELIVE
op(x,y)
x (n), is similarly computed from

XEXP
op(x,y)
x (n).

Liveness analysis for x wrt expression op(x, y) at node n for any path from n to end.

� x is not used

USE x is used only by occurrences of op(x,y)
whose hoisting is not blocked by y’s definition

⊥ x is used by op(x,-) or by occurrences of op(x,y)
whose hoisting is blocked by y’s definition

� � USE ⊥
� � USE ⊥

USE USE USE ⊥
⊥ ⊥ ⊥ ⊥
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NEXPop(x,y)
x (n) =

8>>><
>>>:

⊥ if (XEXP
op(x,y)
x (n) = USE ∧ n defines y)

∨ (op(x,-) ∈ n)
USE if op(x,y) ∈ n

XEXP
op(x,y)
x (n) otherwise

XEXP
op(x,y)
x (n) =

8<
:

� if n = exit

�
w∈Succ(n)

NEXP
op(x,y)
x (w) otherwise

XPRELIVE
op(x,y)
x (n) = (XEXP

op(x,y)
x (n) = ⊥)

NPRELIVE
op(x,y)
x (n) = (NEXP

op(x,y)
x (n) = ⊥)

Overall register pressure changes. The overall change in register pressure
at the entry(exit) of node n due to PRE of op(x,y), denoted by δNRPop(x,y)(n)
(δXRPop(x,y)(n)), is computed from the changes in register pressure due to
operands (x,y) and the temporary introduced to save the value of op(x,y). The
change in register pressure at node n’s entry(exit) due to operands of op(x,y),
given by δNOPRPop(x,y)(n) (δXOPRPop(x,y)(n)), is computed from the PRE-
liveness information. The change in register pressure due to a temporary at node
n’s entry(exit), given by δNTRPop(x,y)(n) (δXTRPop(x,y)(n)), is computed from
must-availability of assignments that compute op(x,y). Note that in the algorithm
of Figure 2, the major step was the computation of register pressure changes.

δXRPop(x,y)(n) = δXOPRPop(x,y)(n) + δXTRPop(x,y)(n)

δNRPop(x,y)(n) = δNOPRPop(x,y)(n) + δNTRPop(x,y)(n)

δXOPRPop(x,y)(n) =

8><
>:
0 if XPRELIVE

op(x,y)
x (n) ∧ XPRELIVE

op(x,y)
y (n)

−1 elseif XPRELIVE
op(x,y)
x (n) ∨ XPRELIVE

op(x,y)
y (n)

−2 otherwise

δNOPRPop(x,y)(n) =

8><
>:
0 if NPRELIVE

op(x,y)
x (n) ∧ NPRELIVE

op(x,y)
y (n)

−1 elseif NPRELIVE
op(x,y)
x (n) ∨ NPRELIVE

op(x,y)
y (n)

−2 otherwise

δXTRPop(x,y)(n) =

8<
:
1 if ∃ s ∈ Succ(n) st NAVAILop(x,y)(s) = false

for all v:=op(x,y)
0 otherwise

δNTRPop(x,y)(n) =

(
1 if NAVAILop(x,y)(n)= false for all v:=op(x,y)

0 otherwise

The results of applying the above analysis techniques to an example are
shown in Figure 7. As we can see, the application of PRE to expression X+Y by
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hoisting results in reduction of register pressure initially. Once the expression is
hoisted above uses of x and y the register pressure starts to increase. Assuming
the register pressure limits are set such that no increase in register pressure is
allowed, the code resulting after PRE is shown in Figure 7b. While PRE due
to computation of X+Y within the loop and following the loop is removed, still
PRE remains due to computation of X+Y in the assignment a=x+y. The latter
redundancy is not removed because hoisting is disabled to prevent an increase
in register pressure.

a=x+y

use a

h=x+y

def a

.. = h

.. = h

 use x

h=x+y

 use y

def a

a=x+y

use a

(b) After PRE.

redundancy
remaining

(a) Register Pressure Changes

-1

-1

-1

-1

+1

+1

+1

+1
+1

0

0

-1

-1

-1

 use x

 use y

.. = x+y

..=x+y

Upon Hoisting of x+y.

Fig. 7. Example of register pressure changes of operands due to PRE.

3 Register Pressure and Assignment Motion

In this section we show how the PRE algorithm based upon expression hoisting
can be further enhanced through assignment motion.

PRE through assignment sinking. As the example in Figure 7 illustrates, after
the algorithm of the preceding section has been applied, redundancy may still
remain. It may be possible to remove all or part of the remaining redundancy
through assignment sinking. In particular if we can sink an assignment that
computes some expression op(x,y) to another computation of op(x,y), then the
latter computation can be eliminated. We propose that after applying the pre-
sented algorithm, a separate phase may be used to remove as much redundancy
as possible through assignment sinking. In order to ensure that sinking does not
increase register pressure, we may apply sinking only to the extent that it does
not cause any increase in register pressure. Furthermore, since assignment sink-
ing may enable partial dead code elimination [3,11,18], it can also be performed
at the same time.

Given an assignment, the sinking algorithm consists of three major steps:
computing register pressure changes, delayability analysis for determining legal-
ity of sinking, and insertion point determination. To compute register pressure
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changes we observe that if an assignment is subjected to sinking, the length of
the live range associated with the variable defined by the statement decreases.
The changes in the length of the live range associated with a variable used by
the rhs-expression in the assignment can be predicted using traditional global
liveness information for that variable. If the operand variable is not live prior to
sinking, then the live range for the operand increases with sinking. On the other
hand if the operand variable is live prior to sinking, the length of the live range
remains unaffected as long as at the points through which sinking proceeds vari-
able continues to be live. If a partially dead assignment sinks to a point at which
it is fully dead, then no change in register pressure occurs at that point since the
assignment would neither be inserted at that point nor sunk any further. The
delayability analysis is forward analysis that determines points to which an as-
signment can be sunk. In this analysis sinking is blocked at appropriate program
points to prevent register pressure increase. Finally the assignment being sunk
is inserted at a node’s entry if it can be delayed to its entry but not its exit. It
is inserted at a node’s exit if it can be delayed to its exit but not to the entries
of one of its successors. In both of the above cases insertion is only needed if the
variable that the statement defines is live.

Let us illustrate the use of sinking for performing PRE to the example from
the preceding section where some PRE had already been applied through hoist-
ing of X+Y while some remains. Figure 8a shows the changes in register pressure
for sinking a=x+y. The sinking of a=x+y yields the code in Figure 8b in which
the remainder of the redundancy is removed. Thus, PRE is achieved without
any increase in register pressure through a combination of hoisting and sinking,
while neither by itself could have enabled PRE without an increase in register
pressure.

a=x+y

use a

.. = h

-1

-1
-1

0

0

0

0

0

.. = h

 use y

h=x+y

h=x+y

(b) After PRE & PDE through Sinking.

def a

 use x

use a

h=x+y

def a

.. = h

.. = h

 use x

 use y

h=a
a=x+y

(a) Register Pressure Changes due to Sinking of a=x+y.

Fig. 8. Example.

Live range reduction through assignment hoisting. In some situations assignment
hoisting can be used to further reduce the live range of the temporary. In the
example of Figure 5a, by performing hoisting of loop invariant assignment instead
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of simply hoisting loop invariant expressions out of loops. As shown in Figure 9b
the live range of temporary T is further shortened if the loop invariant assignment
Z=A+B is hoisted out of the loop, instead of simply hoisting expression A+B
out of the loop as was done in Figure 9a.

(b) Allowing Assignment Hoisting.

V=T

W=A+B

X=W Y=W

W=...
T=X

X=...

T=X

T=Y

W=A+B

X=W Y=W

W=...
T=X T=X

X=...
Z=T Z=Y

V=Z

...=Z Z=T ...=Z

(a) After register sensitive PRE.

Fig. 9. Assignment hoisting.

4 Concluding Remarks

In this paper we demonstrated the inadequacy of the current PRE
techniques [15,17] which simply try to minimize the increase in register pressure.
Minimization of the increase in register pressure can still lead to a significant
increase in spill code. Therefore we proposed an approach to PRE which sets
upper limits on allowed register pressures based upon profile information and
within the constraints of these limits performs redundancy elimination. In an
attempt to maximize redundancy elimination we try to minimize the increase in
the register pressure by reducing the range over which a new temporary is intro-
duced and using assignment sinking to perform PRE that was not achieved by
hoisting alone. Finally we would like to point out that code reordering performed
during instruction scheduling also effects register pressure. Our algorithm can
be extended to perform such code reordering. However, for such code reordering
to be consistent with good instruction scheduling decisions, it is important to
consider pressure on functional unit resources as shown in [12,10].
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Abstract. The code quality of many high-level language compilers in
the field of digital signal processing is not satisfactory. This is mostly
due to the complexity of the code generation problem together with the
irregularity of typical DSP architectures. Since digital signal processors
mostly are traded on the high volume consumer market, they are subject
to serious cost constraints. On the other hand, many embedded appli-
cations demand high performance capacities. Thus, it is very important
that the features of the processor are exploited as efficiently as possi-
ble. By using integer linear programming (ILP), the deficiencies of the
decoupling of different code generation phases can be removed, since it
is possible to integrate instruction scheduling and register assignment in
one homogeneous problem description. This way, optimal solutions can
be found—albeit at the cost of high compilation times. Our experiments
show, that approximations based on integer linear programming can pro-
vide a better solution quality than classical code generation algorithms
in acceptable runtime for medium sized code sequences. The experiments
were performed for a modern DSP, the Analog Devices ADSP-2106x.

1 Introduction

In the last decade, digital signal processors (DSPs) have established on the high-
volume consumer market to be the processors of choice for embedded systems.
The high-volume market imposes stringent cost constraints to the DSPs; on the
other hand, many embedded applications demand high performance capacities.
High-level language compilers often are unable to generate code meeting these
requirements [25]. This is mostly due to the complexity of the code generation
problem together with the irregularity of typical DSP architectures. Especially,
the phase coupling problem between instruction scheduling and register alloca-
tion plays an important role.

Since instruction scheduling and register allocation are NP-hard problems,
they are mostly solved in separate phases by using heuristic methods. Classical
� Member of the Graduiertenkolleg ”Effizienz und Komplexität von Algorithmen und
Rechenanlagen” (supported by the DFG).

S. Jähnichen (Ed.): CC’99, LNCS 1575, pp. 122–137, 1999.
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heuristic methods are register allocation by heuristically guided graph color-
ing [5,6] or instruction scheduling by list scheduling [16], trace scheduling [8],
percolation scheduling [21] or region scheduling [12]. These algorithms are very
fast, but usually produce only suboptimal solutions without any information
about the solution quality.

The task of instruction scheduling is to rearrange a code sequence in order to
exploit instruction level parallelism. In register allocation, the values of variables
and expressions of the intermediate representation are mapped to registers in
order to minimize the number of memory references during program execution.
As the goals of these two phases often conflict, that phase which is executed first
imposes constraints on the other; this can lead to inefficient code. That problem
is known as the phase ordering problem.

Formulations based on integer linear programming (ILP) offer the possibil-
ity of integrating instruction scheduling and aspects of register allocation in an
homogeneous problem description and of solving them together. Moreover, it is
possible to get an optimal solution of the considered problems—albeit at the
cost of high calculation times. We have shown that by using ILP-based approxi-
mations, the computation time can be significantly reduced. The resulting code
quality is better than that of conventional graph-based algorithms. Moreover,
with integer linear programming, lower bounds on the optimal schedule length
can be calculated. This way, the quality of an approximate solution can be esti-
mated, if no optimal solution is available.

The paper is organized as follows: In Section 2, we will give a short overview
on related work. After an introduction to integer linear programming, we will
present an ILP-formulation for combined instruction scheduling and register as-
signment. In Section 5, some additional constraints are introduced which are re-
quired to adapt the formulation to a real-world target architecture, the
ADSP-2106x. Then we will give an overview on some ILP-based approxima-
tions in Section 6. The article concludes with a short summary and an outline
of future work.

2 Related Work

During the last years, the development of phase coupling code generation strate-
gies has gained increasing attention. In [4], Bradlee has developed a code gen-
eration policy where instruction scheduling and register allocation communicate
with each other. First, a pre-scheduler is invoked which computes schedule cost
estimates which allow the subsequent register allocation phase to quantify the
effect of its choices on the scheduler. After the allocation pase, the final schedule
is produced.

The AVIV retargetable code generator [13] builds on the retargetable code
generation framework SPAM for digital signal processors [26,27]. It uses a heuris-
tic branch-and-bound algorithm that performs functional unit assignment, op-
eration grouping, register bank allocation, and scheduling concurrently. Register
allocation proper is carried out as a second step. Bashford and Bieker [3] are de-
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veloping a framework for scheduling, compaction, and binding using constraint
logic programming. Both approaches are still work in progress, so final results
are not available yet.

There have been only few approaches to incorporate ILP-based methods into
the code generation process of a compiler. An approach for ILP-based instruction
scheduling for vector processors has been presented in [2]. Wilson et al. [28] use
an ILP-formulation for simultaneously performing scheduling, allocation, bind-
ing, and selection among different code alternatives. However the complexity of
the resulting formulations leads to very high computation times. Leupers has
developed a retargetable compiler for digital signal processors [18] where local
compaction is performed by integer linear programming. However the formula-
tion captures only the problem of instruction scheduling and no approximations
or partitioning techniques are considered. Other ILP-based approaches have been
developed in the context of software pipelining [24,11].

3 Basics of Integer Linear Programming

In integer programming problems, an objective function is maximized or mini-
mized subject to inequality and equality constraints and integrality restrictions
on some or all of the variables. The calculation of an optimal solution of an
integer linear program is NP-hard; yet many large instances of such problems
can be solved. This, however, requires the selection of a structured formulation
and no ad-hoc approach [7].

In this paper, we will just sketch the basics of integer linear programming,
which are essential for the understanding of the presented ILP-approaches. For
further information see e.g. [20], [19], [22], or [7].
Let PF = {x | Ax ≥ b, x ∈ IRn

+}, c ∈ IRn, b ∈ IRm, A ∈ IRm×n. Then Integer
linear programming (ILP) is the following optimization problem:

min zIP = cTx (1)
x ∈ PF ∩ ZZn

The set PF is called feasible region. If some of the variables have to be integral
while the others also can take real values, the problem is called mixed integer
linear problem (MILP). The feasible area PF is called integral, if it is equal to the
convex hull PI of the integer points (PI = conv({x | x ∈ PF ∩ZZn}); see Fig. 1).
In this case, the optimal solution can be calculated in polynomial time by solving
its LP-relaxation. This means, that linear programming algorithms can be used,
since the solution of the (non-integer) linear program is guaranteed to be integral.
Therefore, while formulating an integer linear program, one should attempt to
find equality and inequality constraints such that PF will be integral. It has
been shown, that for every bounded system of rational inequalities there is an
integer polyhedron [10,23]. Unfortunately for most problems it is not known how
to formulate these additional inequalities—and there could be an exponential
number of them [19].
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x1

x2

PI

PF

objective function

integer points

Fig. 1. Feasible Areas.

In general, PI � PF , and the LP-relaxation provides a lower bound on the
objective function. The efficiency of many integer programming algorithms de-
pends on the tightness of this bound. The better PF approximates the feasible
region PI , the sharper is the bound so that for an efficient solution of an ILP-
formulation, it is extremely important, that PF is close to PI .

4 The ILP Model

In this section, the problem of instruction scheduling is formally introduced.
An ILP formulation for instruction scheduling is presented and is extended to
include the problem of register assignment. These formulations work on basic-
block level; in [14] it is shown how they can be extended to programs with
structured control flow.

4.1 Instruction Scheduling

Basic Definitions
Let a sequence of partially ordered microoperations be given. Then the task of
instruction scheduling is to find a schedule which minimizes the execution time of
the instruction sequence and respects its partial order. This partial order among
the instructions is induced by the data dependences. If a microoperation i is
data dependent of another microoperation j, then the ordering of i and j must
not be changed; otherwise the semantics of the program would be changed. The
data dependences are modelled by the data dependence graph GD = (VD, ED)
whose nodes correspond to the microoperations of the input program and whose
edges reflect dependences between the adjacent nodes. There are three different
types of data dependences:

– true dependence: i defines a resource which is used by j ((i, j) ∈ Etrue
D )

– output dependence: i defines a resource which is also defined by j ((i, j) ∈
Eoutput

D )
– anti dependence: i uses a resource which is defined by j ((i, j) ∈ Eanti

D )
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r1 = dm(i0, m0) r4 = dm(i1, m1)

DMQ

DMS

r6 = r4 + r5 r7 = min(r4, r5)

SS

SQ

Fig. 2. Resource Flow Graph for two Instructions Executed on an ALU and the
Data Memory.

Each operation of the input program can be executed by a certain resource
type. In order to describe the mapping of instructions to hardware resources, the
resource graph GR is used [29]. GR is a bipartite directed graph GR = (VR, ER),
where (j, k) ∈ ER means that instruction j can be executed by the resources of
type k.

An ILP-Formulation for Instruction Scheduling
In the area of architectural synthesis, several ILP-formulations have been devel-
oped for the problem of instruction scheduling and resource allocation. We have
investigated two well-structured formulations in detail: OASIC [9,10], which is a
time-based formulation1 and SILP [29,14], which is an order-based formulation.

In the scope of this paper, we will concentrate on SILP (Scheduling and
Allocating with Integer Linear Programming); an investigation of OASIC and a
comparison of both models can be found in [14,15]. First we will give an overview
of the SILP-terminology:

– The variable ti indicates the relative position of a microoperation within the
instructions of the optimized code sequence; the ti-values have to be integral.

– wj describes the execution time of instruction j ∈ VD.
– zj denotes the latency of the functional unit executing operation j, i.e. the

minimal time interval between successive data inputs to this functional unit.
– The number of available resources of type k ∈ VK is Rk.
– τj describes the length of the life range of a variable created by operation j.

The ILP is generated from a resource flow graphGF . This graph describes the
execution of a program as a flow of the available hardware resources through the
instructions of the program; for each resource type, this leads to a separated flow
network. Each resource type k ∈ VK is represented by two nodes kQ, kS ∈ VF ; the
nodes kQ are the sources, the nodes kS are the sinks in the flow network to be de-
fined. The first instruction to be executed on resource type k gets an instance kr

1 In a time-based ILP-formulation the choice of the decision variables is based on the
time the modelled event is assigned to. In an order-based formulation, the decision
variables reflect the ordering of the modelled events.
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of this type from the source node kQ; after completed execution, it passes kr to
the next instruction using the same resource type. The last instruction using a
certain instance of a resource type returns it to kS . The number of simultaneously
used instances of a certain resource type must never exceed the number of avail-
able instances of this type. Fig. 2 shows an example resource flow graph for two
resource types of our target processor ADSP-2106x (see Sec. 5); on each resource
type, two independent instructions are executed. The resource flow graph GF is
a directed graph GF = (VF , EF ) with VF =

⋃
k∈VK

V k
F and EF =

⋃
k∈VK

Ek
F .

The set V k
F contains the resource nodes for resource type k and all operations of

the input program which are executed by k. Ek
F is the set of edges connecting

nodes in V k
F . Each edge (i, j) ∈ Ek

F is mapped to a flow variable xk
ij ∈ {0, 1} .

A hardware resource of type k is moved through the edge (i, j) from node i to
node j, if and only if xk

ij = 1.
The goal of this ILP-formulation is to minimize the execution time of the

code sequence to be scheduled. The execution time is measured in control steps
(clock cycles). The ILP-formulation for the problem of instruction scheduling
reads as follows:

min Msteps (2)
tj ≤ Msteps ∀ j ∈ VD (3)

tj − ti ≥ wi ∀ (i, j) ∈ Eoutput
D ∪ Etrue

D (4)
tj − ti ≥ 0 ∀ (i, j) ∈ Eanti

D (5)∑
(i,j)∈Ek

F

xk
ij −

∑
(j,i)∈Ek

F

xk
ji = 0 ∀ j ∈ VD, ∀ k ∈ Vk : (j, k) ∈ ER (6)

∑
k∈VK :

(j,k)∈ER

∑
(i,j)∈Ek

F

xk
ij = 1 ∀ j ∈ VD (7)

∑
(k,j)∈Ek

F

xk
kj ≤ Rk ∀k ∈ VK (8)

tj − ti ≥ zi + (
∑

k∈VK :

(i,j)∈Ek
F

xk
ij − 1) · αij ∀(i, j) ∈ Ek

F (9)

The time constraints (equation (3)) guarantee, that for no instruction the
start time may exceed the maximal number of control steps Msteps (which is to
be calculated). Equations (4) and (5) are precedence constraints which are used
to model the data dependences. When instruction j depends on instruction i,
then j may be executed only after the execution of i is finished. The flow conser-
vation constraints (equation (6)) assert that the value of the flow entering a node
equal the flow leaving that node. Moreover, each operation must be executed ex-
actly once by one hardware component. This is guaranteed by equation (7). The
Resource constraints (8) are necessary, since the number of available resources
of all resource types must not be exceeded. The constraints (9) are called serial
constraints. When operations i and j are both assigned to the same resource



128 Daniel Kästner and Marc Langenbach

type k, then j must await the execution of i, when a component of resource
type k is actually moved along the edge (i, j) ∈ Ek

F , i.e., if xk
ij = 1. The bet-

ter the feasible region of the relaxation PF approximates the feasible region of
the integral problem PI , the more efficiently can the integer linear program be
solved. In [29], it is shown that the tightest polyhedron is described by using the
value αij = zi − asap(j) + alap(i).

4.2 Integration of Register Asignment

Up to now, the presented ILP-formulation covers only the problem of instruction
scheduling. To take into account the problem of register assignment, this formu-
lation has to be extended. Register assignment is a subtask of register allocation.
The goal is to determine the physical register which is used to store a value that
has been previously selected to reside in a register. The choice of these registers
interacts with the reordering facilities of instruction scheduling.

Again following the concept of flow graphs, the register assignment problem
is formulated as register distribution problem. The register flow graph Gg

F =
(V g

F , E
g
F ) is a directed graph. The set V g

F = Vg ∪G is composed of two subsets:
G = {g} represents a homogeneous register set and the nodes in Vg represent
operations performing a write access to a register. Each node j ∈ Vg is asso-
ciated with the generated variable whose lifetime is denoted by τj . Each arc
(i, j) ∈ Eg

F represents a possible flow of a register from i to j and is mapped a
flow variable xg

ij ∈ {0, 1}. Then the same register is used to save the variables
created by nodes i and j, if xg

ij = 1. Lifetimes of variables are associated with
true dependences. If an instruction i writes to a register, then the life span of the
value created by i has to reach all uses of that value. To model this, additional
variables bij ≥ 0 are introduced which measure the distance between a defin-
ing instruction i and a corresponding use j. The formulation of the precedence
relation is replaced by the following equation:

tj − ti − bij = wi (10)

Then, for the lifetime of the register defined by instruction i must hold:

τi ≥ bij + wi ∀ (i, j) ∈ Etrue
D (11)

An instruction j may only write to the same register as a preceding instruction i,
if j is executed at a time when the lifetime of i, τi is already terminated. This
is modelled by the register serial constraints:

tj − ti ≥ wi − wj + τi + (xg
ij − 1) · 2T (12)

Here, T represents the number of machine operations of the input program, which
is a safe upper bound for the maximal possible lifetime. In order to correctly
model the register flow graph, flow conservation constraints, as well as resource
constraints and assignment constraints have to be added to the integer linear
program. This leads to the following equalities and inequalities:
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Fig. 3. Simplified Block Diagram.

∑
(g,j)∈Eg

F

xg
gj ≤ Rg ∀g ∈ G (13)

∑
(i,j)∈Eg

F

xg
ij = 1 ∀ j ∈ Vg (14)

∑
(i,j)∈Eg

F

xg
ij −

∑
(j,i)∈Eg

F

xg
j,i = 0 ∀ j ∈ V g

F ∀g ∈ G (15)

tj − ti − τi ≥ wi − wj + (
∑
g∈G

xg
ij − 1) · 2T ∀(i, j) ∈ Eg

F (16)

The total number of constraints is O(n2), where n is the number of operations
in the input program. The number of binary variables is bounded by O(n2). The
proofs are given in [29,14].

The ILP-formulation as presented here can model only sequential code. How-
ever, it is possible to integrate the control structure of the input program into
an ILP, so that the movement of instructions across basic block boundaries can
be handled internally by the ILPs. This is covered in detail in [15].

5 Adaptation to the ADSP-2106x

We have adapted the investigated formulations to a modern 32-bit digital signal
processor with a load/store architecture, the ADSP-2106x SHARC (Super Har-
vard Architecture Computer) [1]. The processor contains three functional units:
an ALU, a shifter, and a multiplier. The memory consists of a data memory DM
and a program memory PM which can be used to store instructions and data
(see Fig. 3). Most arithmetic operations can be executed in parallel with a data
memory and a program memory access and in some cases, also the ALU and the
multiplier can operate in parallel.
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Fig. 4. Register Groups and Usage in Multifunctional Instructions.

The register file consists of two sets of sixteen 40-bit registers, which are used
to store both fixed and floating point data. Furthermore, each set is divided into
four groups of four consecutive registers. ALU and multiplier can only operate
in parallel if the operands come from the appropriate register group (Fig. 4).

The execution of instructions is pipelined. In sequential program flow, when
one instruction is being fetched, the instruction fetched in the previous cycle is
being decoded, and the instruction fetched two cycles before is being executed.
Thus, the throughput is one instruction per cycle.

5.1 Prevention of Incorrect Parallelism

In the presented ILP-formulation, parallel execution of instructions assigned to
the same resource type is excluded by the serial constraints. Instructions assigned
to different resource nodes can always be executed in parallel. As this parallelism
is restricted in the considered architecture, additional constraints are required
which explicitly prohibit the parallel execution of a certain pair of operations.

For two operations i and j, which must not be executed in parallel, i.e.
for which ti �= tj must hold, constraints are formulated which represent the
disjunction (ti > tj) ∨ (ti < tj). Let I denote the number of operations in the
input program; then the following inequalities are required:

ti − tj > −vijT (17)
ti − tj < (1 − vij)T (18)
vij ∈ {0, 1} (19)
T = 2I + 1 (20)

A correctness proof is provided in [14].

5.2 Irregular Register Sets

The operands of multifunction-instructions using ALU and multiplier are re-
stricted to a set of four registers whithin the register file (see Fig. 3). Thus,
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there are four different register groups to be considered and no homogeneous
register set. For each such group, an own register node is inserted into the reg-
ister flow graph (G = {g1, g2, g3, g4}).

When instructions i and j are combined to form a multifunction-instruction,
so that for the reaching definition m, the target register set is restricted to
exactly one g ∈ G, it must be guaranteed that m in fact uses a register of
register set g. Then, a constraint of the form

∑
(i,m)∈Eg

F
xg

im ≥ 1 must hold. Since∑
g

∑
(i,m)∈Eg

F
xg

im = 1, this automatically excludes the use of other register sets.
The formulation presented below uses two binary variables pij and qij which are
defined by following constraints.

ti − tj ≥ −pijT (21)
ti − tj ≤ qijT (22)

pij + qij = 1 (23)

where T = 2I+1. Using these values, the register constraints can be formulated
as follows:

∑
(i,m)∈Eg

F

xg
im ≥ 1 − (ti − tj) − pijT (24)

∑
(i,m)∈Eg

F

xg
im ≥ 1 + (ti − tj) − qijT (25)

The correctness proofs are omitted in this paper; they are explicitly given in [14].

6 Approximations

The computation time required to solve the generated ILPs is high. Therefore, it
is an interesting question to know, whether heuristics can be applied which can-
not guarantee an optimal solution but can also deal with larger input programs.
In this paper, we give an overview of the investigated approximation algorithms;
they are treated in detail in [14].

6.1 Approximation by Rounding

Approximation by rounding is a straightforward approach: the flow variables xk
ij

are relaxed2 and the resulting relaxation is solved. Then the variable with a non-
integral value closest to 0 or 1 is fixed to that integer and the new mixed integer
linear program is solved. This is repeated until an integral solution has been
found. However, the solution quality is not convincing enough for this method
to be considered promising; moreover the calculation time can be high since
usually backtracking steps are required.
2 This means that the integrality constraint xk

ij ∈ {0, 1} is replaced by 0 ≤ xk
ij ≤ 1.
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6.2 Stepwise Approximation

The algorithm starts by solving the MILP obtained by relaxing all flow variables.
Then the following approach is repeated for all control steps. The algorithm
checks whether any operations were scheduled to the actual control step in spite
of a serial constraint formulated between them and the corresponding variables
are redeclared binary. Let M c

S be the set of these variables. After solving the
resulting MILP, the variables x ∈ M c

S with x = 1 are fixed to their actual
value and the next iteration starts. After considering each control step, the set
of all flow variables which still have non-integral values is determined. These
variables are redeclared binary and the MILP is solved again. This is repeated
until a feasible solution has been found. Since in each step optimal solutions
with respect to the already fixed variables are calculated, it can be expected
that the approximation leads to a good global solution. This is confirmed by the
test results.

6.3 Isolated Flow Analysis

In this approach, only the flow variables corresponding to a certain resource
type r ∈ R are declared as binary. The flow variables related to other resources
are relaxed. Then, an optimal solution of this MILP is calculated and the flow
variables x executed by r are fixed to their actual solution value by additional
equality constraints. This approach is repeated for all resource types, so a feasible
solution is obtained in the end. This way, in each step, an optimal solution
with respect to each individual resource flow is calculated. Since the overall
solution consists of individually optimal solutions of the different resource types,
in most cases it will be equal to an optimal solution of the entire problem.
This optimality, however, cannot be guaranteed, as when analysing an individual
resource flow, the others are only considered in their relaxed form. However the
computation time is reduced since only the binary variables associated to one
resource type are considered at a time.

6.4 Stepwise Approximation of Isolated Flow Analysis

The last approximation developed for the SILP-Formulation is a mixture of
the two previously presented approaches. At each step, the flow variables of
all resources except the actually considered resource type r are relaxed. For
the flow variables x with res(x) = r, the stepwise approximation is performed
until all these variables are fixed to an integral value. Then the next resource
type is considered. Clearly, this approximation is the fastest one, and in our
experimental results, the solutions provided by this approximation are as good
as the results of the two previously presented approximations. In the following,
we denote this approximation by SF .

7 Implementation and Experiments

In our experiments, we use ADSP-2106xassembler programs as input. These
programs can be generated by the gcc-based compiler g21k, shipped with the
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Fig. 5. Comparison of Solution Quality for Different Methods.

ADSP-2106x or can be written by hand. We have chosen as input programs typi-
cal applications of digital signal processing: a finite impulse response filter (fir),
an infinite impulse response filter (cascade), a discrete fourier transformation
(dft), one function of the whetstone-suite (whetp3), a histogramm (histo), and
a convolution algorithm (conv). The input programs make no use of the available
instruction-level parallelism of the processor. The run times have been measured
on a SPARC ULTRA 2x200 with 1024 MB RAM under Solaris 2.5.1.

An overview on the experimental results is given in Fig. 5. The input pro-
grams contain between 18 and 49 instructions. In order to oppose the ILP-based
techniques to classical algorithms, we have implemented several local schedul-
ing algorithms and a graph-based register allocator. The graph-based algorithm
which gave the best results was list scheduling with highest level first heuris-
tic [14,17]. Even with an optimal register assignment given, the produced code
sequences contained on average 13 % more instructions than the optimal code
sequences; the solution time was less than one second for each of the input pro-
grams. The investigated SILP approximations however produced optimal code
for each input program; the only exception was whetp3. ILP-based lower bounds
could be calculated within several seconds by solving the LP-relaxation of the
given problems. These bounds are on average 15 % below the optimal instruc-
tion number. The most important characteristics of the ILP-based algorithms
are shown in Tables 1 and 2. For reasons of complexity, only instruction schedul-
ing has been performed for the input programs whetp3, histo and conv; in-
tegrated instruction scheduling and register assignment has been performed for
fir, cascade and dft (entry “is+ra” in column “mode”). The generated ILPs
contain between 383 and 2143 constraints, between 93 and 946 binary variables
and the textual representation of the largest one takes 294.59 KB. As can be
seen in Table 2, even for programs whose exact solution (opt) took more than 24
hours, an ILP-based approximation could be calculated in less than 2 minutes
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name mode constr bin (expl) size [KB]

fir is+ra 422 675 (464) 58.94

cascade is+ra 606 950 (707) 89.37

dft is+ra 2143 1201 (946) 294.59

whetp3 is 383 214 (93) 15.26

histo is 716 434 (168) 29.66

conv is 963 452 (163) 40.09

Table 1. Characteristics of the ILPs generated by the SILP-based formulation.

(all figures refer to the fastest approximation SF). With exception of whetp3,
all solutions provided by the approximation were in fact optimal.

name mode method instr CPU-time

fir is+ra def 8 1.69 sec

fir is+ra app 8 19.58 sec

cascade is+ra def - > 24 h

cascade is+ra app 7 86.72 sec

dft is+ra def - > 24 h

dft is+ra app 14 9 min 20 sec

whetp3 is def 20 2h 4 min

whetp3 is app 21 85.96 sec

histo is def - > 24 h

histo is app 31 1 h 2 min

conv is def 17 2 h 1 min

conv is app 17 53.66 sec

Table 2. Runtime characteristics of the SILP-based ILPs.

8 Ongoing and Future Work

Even by using ILP-based approximations, the computation time can grow high
for large input programs. Thus, when compiling large programs, ILP-based solu-
tions cannot replace the classical methods. However it is profitable to integrate
ILP-based methods into conventional algorithms where an ILP-based optimiza-
tion is only performed for code sequences offering a high degree of potential
parallelism and whose efficiency is critical for the application. A typical example
are inner loops. Moreover, partitioning techniques have to be developed which
allow also for larger code sequences to be optimized by integer linear program-
ming. Up to now, only one target architecture has been considered. However,
in the field of digital signal processing, retargetability is an important issue.
Currently, a retargetable framework for the presented optimization techniques,
called PROPAN (Postpass Retargetable Optimizer and Analyzer) is developed.
The goal is to make the described optimizations generic, so that they can be
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adapted to a new target processor by a concise specification of the important
hardware features.

9 Conclusions

We have shown that the the problem of instruction scheduling and register as-
signment can be modeled completely and correctly as an integer linear program
for an irregular target architecture.

Based on a well-structured ILP-formulation, SILP, several approximations
can be calculated while solving the ILPs, leading to good results in relatively
low calculation times. The optimality of the result is not guaranteed by such
heuristics; yet better results can be obtained than with the conventional, graph-
based algorithms [17].

In conventional, graph-based algorithms, it is not possible to estimate the
quality of a solution. By solving partial relaxations of the ILP, lower bounds to
the optimal solution can be calculated. For the tested programs, the quality of
these lower bounds corresponds to the quality of solutions which are calculated
by conventional, graph-based algorithms. Thus, it is possible to give an interval
which safely contains the optimal solution and to obtain an estimate for the
quality of an approximate solution. This holds even when the optimal solution
cannot be calculated for reasons of complexity.
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mediate pseudo-register code for each benchmark program. Each local
register allocation method was implemented, and evaluated by simulat-
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When basic blocks are large, the difference was up to 23%. Overall, the
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1 Introduction

Register allocation can substantially decrease the running time of compiled pro-
grams. Unfortunately, register allocation is a hard problem. To overcome the
complexity of register allocation and to focus on its most crucial part, we pro-
pose a framework that breaks register allocation into a sequence of three distinct
phases: boundary allocation, local allocation, and register assignment. Boundary
allocation fixes the set of pseudo-registers that reside in physical registers at the
beginning and at the end of each basic block. Local register allocation (LRA) de-
termines the set of pseudo-registers that reside in physical registers at each step of
a basic block, while previously chosen boundary conditions are respected. Regis-
ter assignment maps allocated pseudo-registers to actual registers. The proposed
framework has the advantage that (1) each phase is more manageable than the
whole register allocation process, (2) it allows the integration of improved local
register allocation heuristics with any global framework (e.g. Chaitin-Briggs),
and (3) it isolates the register assignment phase, which was found to be the
easiest phase of register allocation [20].

The canonical boundary allocation assumes that registers are empty at the
beginning and at the end of a basic block. A more sophisticated boundary al-
location extracts the boundary conditions from a state-of-the-art global register
allocator. For example, a Chaitin-Briggs style allocator [5] could determine the
register contents at the basic block boundaries. Once boundary conditions are
fixed, any LRA that respects the boundary conditions can be used. In this pa-
per, an optimum algorithm will be presented as well as heuristics to perform
LRA under any specified set of boundary conditions. Finally, allocated pseudo-
registers will be assigned to physical registers. While register assignment could
theoretically add significant overhead, it is in fact the easiest step of register
allocation [20].

A first advantage of our framework is that each phase is more manageable
than the whole process. Moreover, our approach allows us to replace the local
component of any global allocation (e.g. Chaitin-Briggs) with improved LRA
heuristics. Our framework puts emphasis on LRA. The basic block in the inner-
most loop should be the most highly optimized part of the program [1]. Moreover,
pseudo-registers are easier to reuse in a basic block [20]. Finally, LRA algorithms
are the first and fundamental step in demand-driven register allocation [20]. We
do not address the problem of instruction scheduling nor the interplay of regis-
ter allocation with instruction scheduling. We assume that spill code has a fixed
cost that is independent of the position where it is inserted. However, we will
account for simple rematerializations.

This paper mostly focuses on the LRA phase. An optimum algorithm and
three suboptimal heuristics for LRA are discussed. The optimum algorithm is a
novel branch-and-bound method that exploits a special substructure of the in-
teger program. The resulting allocator returns the best possible local allocation
and took less than one minute in almost all our benchmarks. Using integer pro-
gramming formulations for optimal solutions of NP-hard compiler problems has
been discussed by a few researchers, in particular in the context of evaluating the
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quality of heuristic approaches [15,21]. In addition to the optimal algorithm, we
also propose a new heuristic, called MIX, for the same problem. MIX takes poly-
nomial time, returned allocations that were always within 1% of the optimum,
and was always more than ten times faster than the optimum. We also analyze
previous heuristic for LRA. Previous heuristics always returned allocations that
were worse than MIX’s. We also measure the time taken by the heuristics, which
is part of the total compilation time. If the heuristic running time is considered
in isolation, MIX was substantially slower than previous heuristics. However, if
we add the heuristic running time to live range analysis time, all heuristics ran
in a comparable amount of time. In other words, the total allocation time was
dominated by live range analysis rather than by the heuristic running time, and
so no great difference was found in the overall running time. In conclusion, MIX
returned better allocations than previous heuristics, while the total elapsed time
was not seriously affected.

The paper is organized as follows. In § 2, LRA is formally defined, followed by
a review of relevant literature. In § 3, we describe our experimental set-up. In § 4,
we give a new branch-and-bound algorithm and report experimental results for
this algorithm. In § 5, we define previous and new heuristics for LRA, report
and discuss experimental results. The paper concludes with a summary of its
contributions.

2 Register Allocation

The problem of Register Allocation is to assign pseudo-registers to actual regis-
ters in a basic block so as to minimize the spill cost. Details are specified in the
following section.

2.1 Local/Global Register Allocation

For the purpose of this paper, register allocation will operate on sequences of
intermediate code instructions. Intermediate code instructions define and use
pseudo-registers. Pseudo-registers contain temporary variables and constants.
No aliasing between pseudo-registers is possible. We assume that a pseudo-
register represents only one live range, and thus a pseudo-register is defined
at most once. We also assume that each pseudo-register can be stored and re-
trieved in a designated memory location. We denote by V = {t1, t2, . . . , tM} the
set of pseudo-registers that appear in the intermediate code, and so M = |V |
is the number of distinct pseudo-registers that appear in the code. An exam-
ple of intermediate code sequence is found in the leftmost column of Figure 1.
In the figure, the instructions are ADDI, SUB, etc, and the pseudo-registers
are t0, t1, ..., t7.

Register allocation maps pseudo-registers into a set of N actual registers.
More precisely, a register allocation is a mapping that specifies which pseudo-
registers reside in a register at each step of the program. Formally, a register
allocation is a function ra : V × IN→ {True,False}, where IN is the set of natural
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Registers
intermediate code σ opt LRA code cost R1 R2 R3

- - -
(read,{0}) LOAD &t0 ⇒ R1 2 t0 - -

ADDI 3 t0 ⇒ t1 (write,{1}) ADDI 3 R1 ⇒ R2 1 t0 t1 -
(read,{1,2}) LOADI 4 ⇒ R3 1 t0 t1 t2

SUB t1 t2 ⇒ t3 (write,{3}) SUB R2 R3 ⇒ R1 1 t3 t1 t2
(read,{3,4}) LOAD &t4 ⇒ R3 2 t3 t1 t4

MUL t3 t4 ⇒ t5 (write,{5}) MUL R1 R3 ⇒ R3 1 t3 t1 t5
(read,{2,5}) LOADI 4 ⇒ R1 1 t2 t1 t5

SUB t2 t5 ⇒ t6 (write,{6}) SUB R1 R2 ⇒ R1 1 t6 t1 t5
(read,{1,6}) t6 t1 t5

ADD t1 t6 ⇒ t7 (write,{7}) ADD R2 R1 ⇒ R1 1 t7 t1 t5

total cost: 11

Fig. 1. Example of optimal LRA with 3 registers. The first column gives a se-
quence of intermediate code instructions, the second column its representation
in terms of pseudo-register usage, the third column the result of applying an op-
timum allocation, the fourth column gives the cost per operation assuming the
spill cost is C = 2 and all other operations are unit cost, and the last columns
give the register contents after a step has been executed. In the example, the
set of live variables at the end of the segment is L = {t7} and t2 contains the
constant 4.

integers, ra(ti, j) = True if ti is in a register at step j and ra(ti, j) = False
otherwise. The register allocation ra function cannot be any mapping V × IN→
{True,False}, but satisfies the following two additional constraints imposed by
register-register architectures:

– If a pseudo-register i is used by an instruction, then i occupies a register
immediately before that instruction is executed.

– If a pseudo-register i is defined by an instruction, then i occupies a register
immediately after that operation is executed.

There are two issues that are beyond the scope of this paper: instruction
scheduling and register assignment. We now show how our functional definition
ra of register allocation correctly excludes the two issues. Instruction scheduling
is the problem of rearranging the order of execution of instructions. The func-
tional definition of ra excludes any instruction scheduling. We also distinguish
between register allocation and register assignment : register allocation decides
which pseudo-registers reside in actual registers and register assignment maps
those pseudo-registers to particular physical registers. Our functional definition
for register allocation keeps the two phases distinct. Register assignment could
introduce an overhead because the assignment might have to be enforced by
swap operations. In particular, at the end of a basic block, different register
assignments must be made consistent by means of register swapping.
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Since register allocation is, in our definition, a function, we can take its re-
striction to a subset of its domain. Specifically, we define the boundary allocation
of a register allocation to be a function that specifies which pseudo-registers oc-
cupy actual registers at the beginning and at the end of each basic block. In other
words, a boundary allocation fixes register contents at the boundaries of a basic
block, and leaves undetermined register contents inside a basic block. We define
Local Register Allocation (LRA) as the problem of assigning pseudo-registers to
registers in a basic block once the boundary allocation is fixed. In other words,
LRA is a register allocation for straight-line code that satisfies additional bound-
ary conditions. We can view register allocation as formed by two components:
the boundary allocation and the local allocation. Given a register allocation, its
local allocation can be replaced with any other local allocation that satisfies the
same boundary conditions.

Each intermediate code instruction generates a sequence of reads and writes
to pseudo-registers. For example, the instruction SUB t1 t2 => t3 reads the
pseudo-registers t1 and t2, subtracts them, and writes the result into t3. We
define the static reference sequence σ corresponding to the intermediate code
to be a sequence of references, each of which is either a read or a write of
a subset of V . For example, the instruction SUB t1 t2 => t3 results in the
sequence ((read, {t1, t2}), (write, {t3})). Formally, a static reference sequence σ
is a sequence of elements of {read,write}×V . In Figure 1, we give a sequence of
intermediate code instructions in the first column and the corresponding static
reference sequence σ in the second column. Finally, boundary conditions can be
cast in the static reference sequence σ by extending the sequence as follows:

– The first element of σ will be a read of the pseudo-registers that are in a
register at the beginning of the basic block.

– The last element of σ will be a read of the pseudo-registers that are in a
register at the end of the basic block.

Register allocations impose register contents at each step of program execu-
tion. Register allocations have to be enforced by loading the appropriate pseudo-
registers into registers. Moreover, register allocations often require pseudo-regi-
sters to be stored back into their memory location. We now detail how a register
allocation is enforced by load and store operations. If the register allocation
specifies that a pseudo-register i is in a register at step j, but i is not in any
register immediately before step j, then a load operation is inserted in the code
to load i into a register. In turn, some other register i′ would have to be evicted
from the register file to make room for i. Define the set S = {clean, dirty} as the
set of pseudo-register states. We explain S as follows. If i′ is clean, then it can
be evicted without executing any store. If i′ is dirty and live, then i′ must be
stored when evicted. If i′ is clean, then either i′ contains a constant or the value
in the register is consistent with the value in the memory location assigned to i′.
If i′ is dirty, then i′ does not contain a constant and the value in the registers is
not consistent with the value in the location of i′. A pseudo-register i′ is dirty
when i′ has been defined and its contents are maintained in a real register, but
have not been stored to the memory location corresponding to i′. Notice that if a
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Registers
intermediate code σ FF LRA code cost R1 R2 R3

- - -
(read,{0}) LOAD &t0 ⇒ R1 2 t0 - -

ADDI 3 t0 ⇒ t1 (write,{1}) ADDI 3 R1 ⇒ R2 1 t0 t1 -
(read,{1,2}) LOADI 4 ⇒ R3 1 t0 t1 t2

SUB t1 t2 ⇒ t3 (write,{3}) SUB R2 R3 ⇒ R1 1 t3 t1 t2
STORE R2 ⇒ &t1 2 t3 t1 t2

(read,{3,4}) LOAD &t4 ⇒ R2 2 t3 t4 t2
MUL t3 t4 ⇒ t5 (write,{5}) MUL R1 R2 ⇒ R2 1 t3 t5 t2

(read,{2,5}) t3 t5 t2
SUB t2 t5 ⇒ t6 (write,{6}) SUB R3 R2 ⇒ R1 1 t6 t5 t2

(read,{1,6}) LOAD &t1 ⇒ R2 2 t6 t1 t2
ADD t1 t6 ⇒ t7 (write,{7}) ADD R1 R2 ⇒ R1 1 t7 t1 t2

total cost: 14

Fig. 2. Example of FF LRA with 3 registers. As compared to the optimal LRA
shown in Figure 1, the FF heuristic results in an overall cost of 14 vs. 11 for the
optimal allocation.

pseudo-register is not live, then we do not need to store it regardless of its being
clean or dirty. Figure 1 gives an example of register allocation and assignment.
The leftmost column gives a sequence of intermediate code, and we assume that
the code is only a basic block in a larger program. The set of live variables at
the end of the basic block is L = {t7}. The second column reports the static
reference sequence σ associated with the intermediate code. The third column
gives the final code produced when a register allocation is enforced by (i) inter-
spersing load and store operations in the code and (ii) rewriting pseudo-registers
as the assigned actual registers. The last three columns give the register contents
immediately after each instruction has been executed.

Since load and store operations are expensive to execute, an objective of
register allocation is to minimize the total cost due to loads and stores. Specif-
ically, we assume that load and store operations cost C times as much as any
other operation. Notice that load immediates do not involve a memory access
and cost 1/C as much as a load from memory. Since we assign different costs to
different instructions, we will refer to a weighted instruction count. In this paper,
we assume that the spill cost depends only on the number and type of inserted
load and store operations, and not on the position they occupy. An example is
given by the fourth column in Figure 1 where the costs of each operation are
calculated when C = 2. The total cost of this sample allocation is 11, and it is
the best possible allocation for this basic block. Different allocations yield dif-
ferent costs. In Figure 2, we report the same intermediate code as in Figure 1,
but with a different allocation. Again, C = 2 and L = {t7}, but now the total
cost is 14.
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2.2 Discussion and Related Work

We study register allocation as the problem of assigning pseudo-registers to reg-
isters so as to minimize the spill cost. Other approaches view register allocation
as a two step process. Find the minimum number of registers needed to execute
the given code without spilling (register sufficiency), and if there are less phys-
ical registers than needed, introduce spill code, and repeat the previous step.
It can be shown that the register sufficiency problem is exactly equivalent to
coloring a certain graph, which is called interference graph [6]. Several authors
put forth compelling arguments against such an approach:

– Some optimizations, like in-line expansion and loop unrolling, complicate
the interference graph, and good colorings become hard to find. Hence, the
solution to the register sufficiency problem will likely exceed the number of
actual registers [13].

– As soon as the the number of registers is exceeded, then spill code must be
inserted. Unfortunately, it is hard to decide which pseudo-registers to spill
and where to insert spill code [13].

– Coloring addresses the problem of register assignment, but does not deal with
the issue of deciding which pseudo-registers should actually be allocated to
physical registers [20].

We add the following two observations in support of those arguments. First,
the number of registers in the target architecture is fixed, while spill code is
not. Therefore, registers are fixed resources and spill code corresponds to a cost.
Minimizing a fixed resource is only a very indirect way to minimizing the actual
spill cost. Moreover, register sufficiency (or, which is the same, graph coloring)
is not only an NP-hard problem [9], but also a problem that is very hard to
approximate efficiently [11].

Another approach to register allocation is demand-driven register alloca-
tion [20]. Demand-driven allocation starts from an inner loop LRA and expands
it to a global allocation. Our formulation of LRA and our heuristics can be
used in demand-driven register allocation. In demand-driven register allocation,
the boundary conditions specify that no pseudo-register resides in a register at
the basic block boundary. The subsequent global allocation cleans inefficiencies
introduced by such boundary conditions.

Several different models have been proposed to formalize LRA. Historically,
the first models are simpler and disregard some feature, whereas subsequent
model are more complete. Belady considered a model where there are no bound-
ary conditions, no multiple references in one instructions, and stores can be
executed for free [4]. Subsequent work counted each load and store as a unit
cost [12,13,19]. Briggs et al. give algorithms for global register allocation where
each load and store from memory costs C = 2 times load immediates or any
other operations [5]. Such cost model allows us to keep track of simple remate-
rializations. In this paper, we also consider the case when one instructions can
generate multiple references. Multiple references arise commonly in actual code.
For example, the instruction SUB t1 t2 => t3 requires that both t1 and t2 be
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simultaneously present in registers before the instruction could be executed. Such
feature was first considered in [13]. The simplest LRA problem is Belady’s, where
stores have no cost, loads have unit cost, and there are no multiple references.
Belady gave a polynomial-time algorithm for that LRA problem. Subsequently,
it was found that, if the cost of a store were zero, the problem would be polyno-
mially solvable even in the presence of different load costs, boundary conditions,
and multiple references, but LRA is NP-hard as soon as stores are counted as
having positive cost [7]. In conclusion, the hardness of LRA is due to the presence
of store operations and not on several other features mentioned above.

We define boundary allocation as a functional restriction of global allocation,
and local register allocation as a basic block allocation that respects boundary
conditions. To the best of our knowledge, no such formulation had previously
been given. The division of register allocation into boundary and local alloca-
tions makes possible to integrate an LRA algorithm with any global allocation
by simply replacing its local portion. To the best of our knowledge, register al-
location and register assignment have been considered as two distinct phases in
all previous papers on LRA [3,12,13,19]. Register allocation is more manageable
if it is divided into allocation and assignment. Register assignment could con-
ceivably cause the introduction of a large number of register swap operations.
Actually, Proebsting et al. report that register assignment could almost always
be enforced without swaps, and conclude that more emphasis should be placed
on allocation rather than on assignment [20].

While we propose a three-phase approach to register allocation, some previ-
ous work takes a more compartmentalized approach to register allocation. The
register set is partitioned into two sets: one to be used only by pseudo-register
live in the basic block and the other only by global pseudo-registers. The for-
mer set of register is intended to be used for local allocation, and the latter for
global allocation. It will be clear that all LRA algorithms in this paper would
work correctly in this framework as well, but we give measurements only for our
three-phase approach.

A few heuristics have been proposed for LRA. The oldest is Belady’s Furthest-
First (FF): if no register is empty, evict the pseudo-register that is requested
furthest in the future [2]. FF is optimum in the simple Belady’s model, which
assumes that stores are executed at no cost and that there are no boundary
conditions [12]. FF is also optimum when there are multiple references in one
step [17], and is a 2C-approximation algorithm for LRA even in the presence
of paid stores and boundary conditions [7]. If stores have a positive cost, FF is
not necessarily optimal : Figure 2 gives an FF allocation of cost 14, whereas the
optimum is in Figure 1 and costs 11. FF’s major problems are that it does not
take into account the cost of storing and the effects of rematerialization. In the
figure, pseudo-register t1 is stored and later reloaded at a total cost of 4 even
though t2 contains a constant and so it could be evicted for free and reloaded at
a unit cost. In this case, FF failed to detect that t2 could be rematerialized at
a small cost. Another problem arises because FF does not distinguish between
clean and dirty registers. In order to fix the latter problem, an heuristic called
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Clean-First (CF) has been introduced [8]. CF evicts a clean pseudo-register
that is requested furthest in the future. If no clean pseudo-register exists, CF
evicts a dirty pseudo-register that is requested furthest in the future. CF can
be arbitrarily worse than the optimum [18]. Finally, Farach et al. introduced an
algorithm W that is provably never worse than twice the optimum [7].

Since LRA is NP-hard, no polynomial-time algorithm can be reasonably ex-
pected to return an optimum solution in all cases. In particular, all the heuristics
above fail to return the optimum solution in some cases. As opposed to heuris-
tics, an optimum algorithm is proposed in [12,14,19]. Such optimum algorithm
works only when C = 1 and takes exponential time and space in the worst case.
The optimum algorithm failed to terminate on a few benchmarks due to lack of
memory space; those tests were executed as late as 1989 [13].

3 Experimental Set-up

We performed experiments with ILOC, the Intermediate Language for Optimiz-
ing Compilers developed at Rice University1. We used several ILOC programs
from the fmm and SPEC benchmarks. The benchmarks have been heavily op-
timized by the following passes: reassociation, lazy code motion, constant prop-
agation, peephole analysis, dead code elimination, strength reduction, followed
by a second pass of lazy code motion, constant propagation, peephole analysis,
and dead code elimination. The resulting ILOC code is similar to that in the
first column of tables 1 and 2: it is a sequence of intermediate code instructions
that operate on an infinite set of pseudo-registers2. We did not have any part
in the coding of the benchmark, in the choice of optimization passes, nor in
the selection of the input to those benchmarks. We assumed we had N integer
registers and N double precision registers. In our experiments, floating point
operations are assumed to cost as much as integer ones. We remark that this is
only a measurement choice, and that all algorithms in this paper would work if
floating point operations were attributed a different cost than integer ones. We
performed experiments for a number of registers ranging as N = 16, 32, 64, and
spill cost C = 2, 4, 8, 16. We used a SUN UltraSparc1 (143MHz/64Mb) for algo-
rithm timing experiments. All our allocators were written in C, compiled with
gcc -O3, and take as input the ILOC programs above. We run our allocators to
obtain ILOC code that uses at most N physical registers. We also kept track of
the weighted instruction count of each basic block, that is, we counted the num-
ber of instructions in each basic block weighted by a factor of C if they involve
memory accesses, as described above. Then, we transformed that ILOC code
into C programs with ILOC’s i2c tool in order to simulate its execution. The
resulting C program was instrumented to count the number of times each basic
block was executed. We ran the resulting C code to obtain a dynamic weighted
instruction count :
X

basic block B
(number of times B was executed)× (weighted instruction count for B) .

1 URL: http://softlib.rice.edu/MSCP/MSCP.html
2 The ILOC benchmarks can be obtained from Tim Harvey (harv@cs.rice.edu).
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Double Integer
benchmark prg blcks avg len avg var blcks avg len avg var

fmm fmin 56 22.93 20 54 4.46 3.70
rkf45 129 10.85 8.78 132 26.51 23.07
seval 37 7.81 5 43 19.05 14.44
solve 96 4.88 3.85 110 27.79 24.14
svd 214 7.96 6.25 226 38.74 34.77

urand 10 6.1 4.1 13 18.38 12.62
zeroin 31 20.10 16.10 30 5.7 4.7

spec doduc 1898 16.66 12.43 1998 25.59 21.12
fpppp 433 57.95 44.56 467 60.91 54.47

matrix300 7 2.57 1.71 62 23.11 17.58
tomcatv 72 11.68 9.67 73 73.48 68.14

spec95X applu 493 16.26 10.82 679 55.89 47.32
wave5X 6444 10.92 7.54 7006 53.25 45.23

Table 1. Characteristics of static reference sequences from optimized code. For
each benchmark suite and program, the table gives the number of basic block
with references to double (integer) variables, the average number of references
to double (integer) variables per basic block, and the average number of distinct
double (integer) variables in each block.

The count is dynamic because it is collected by a simulation of code execution
and it is weighted because spill code count is multiplied by a factor of C, as
described above.

Table 1 describes the static reference sequences used in the experiments.
Column 1 gives the name of the benchmark suite and column 2 the program
name. Column 3, 4, and 5 report data for the static reference sequences of double
precision variables. Column 3 gives the number of basic blocks where there is
at least one live double precision variable. Column 4 gives the average length of
the corresponding reference sequences. Column 5 gives the average number of
distinct pseudo-registers referenced in a basic block. Finally, column 6, 7, and 8
report the same quantities for integer sequences. A measure of the size of the
double (integer) LRA problem associated with one benchmark can be obtained
by the product (number of double (integer) blocks) × (average double (integer)
length).

The program fpppp is quite different from the other benchmarks. First,
fpppp has on average the longest double and integer reference sequences. More-
over, fpppp contains the longest sequence among all our benchmarks: the basic
block .fpppp generates a double precision reference sequence of length 6579 —
nearly 5 times longer than any other sequence. The program tomcatv has long
integer sequences on average, but not long double sequence. Some optimization
passes (e.g. loop unrolling) produce long basic block, but no such optimization
is available in the ILOC system and none has been applied to our benchmarks.
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We conducted experiments to compare the FF and CF heuristics, our new
heuristic called MIX and a new optimum algorithm. We were mostly interested
in two quantities: the quality of the allocation each algorithm returns and the
speed of the algorithm itself. Our purpose was to identify possible trade-offs
between compiler speed and the speed of generated code. We measured allocation
quality by means of a dynamic weighted instruction count, which we described
above. The speed of the allocator itself was measured as follows. We inserted
rusage routine calls before and after each allocator was actually called. Then,
we summed up the user and system time elapsed between the two rusage calls.
In this way, we counted only the time needed to execute the LRA allocators,
and we disregarded the time for reading the input ILOC files, constructing data
structures that represent the associated LRA problems, and performing live
range analysis. We also inserted rusage code to estimate the time spent for live
range analysis. The live range analysis time was always estimated separately
from the allocation time.

LRA performance can be measured only after boundary allocations are fixed.
A possible choice is to extract the boundary allocation from a state-of-the-art
global allocator. Unfortunately, no such allocator is currently available in the
ILOC infrastructure distribution. A canonical boundary allocator assumes that
all registers are empty at the beginning and end of each basic block [1]. We
used this boundary allocation. However, this is only an experimental choice, and
that all discussed algorithms would work for any other boundary allocator. More
work will be needed to evaluate the different LRA algorithms for other boundary
allocators.

4 An Integer Program

We propose a new optimum LRA algorithm that is based on branch-and-bound.
The algorithm is slower than some heuristics, but it returns the best possible
local allocation. The optimum algorithm is used in this paper as a local allocator
and as a definite point of comparison for faster heuristics. Substantial algorithm
engineering was required to speed-up a branch-and-bound procedure. Specifi-
cally, the network structure of the integer program was isolated and exploited to
reduce the number of integer variables and the time needed to solve the initial
relaxation. Further details are omitted for lack of space and can be found in [18].

We measured the running time of the optimum in seconds for C = 2 and
several values of N . As discussed above, measured times do not include I/O,
live range analysis, and the time to set-up the problem matrices. The optimum
took always less than one minute except for one benchmark (fpppp). We can
compare the branch-and-bound time with the size of the benchmark (which has
been defined in § 3 on the basis of table 1). Broadly speaking, in most cases the
optimum took longer on larger programs. The branch-and-bound running time
decreases as N increases for all programs but fpppp. An intuitive explanation is
that when more registers are available, most allocation problems should become
easier.
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The fpppp benchmark has a different behavior because it took 25 minutes
when N = 8 and 3 minutes for N = 16, while it was below 30 seconds for all
other values of N . We found that fpppp could be explained in terms of its longest
sequence of references. The branch-and-bound algorithm does not generate any
node for that sequence for all N �= 8, 16, but it visits 12807 nodes for N = 8
and 1034 nodes for N = 16. Correspondingly, the running time jumps from 26
seconds to 25 minutes. No other basic block exhibits such an extreme behavior.
The running time is exposed to the “NP-noise”, which the long basic block
dramatically amplifies.

5 Heuristics

Heuristic Definition We experimented with three heuristics. Each heuristic spec-
ifies which pseudo-register is to be evicted if no empty register is available.
Furthest-First (FF) determines the set S of pseudo-registers that are requested
furthest in the future, and evicts a clean pseudo-register in S. If all pseudo-
register in S are dirty, an arbitrary element in S is evicted [2,7]. Clean-First
(CF) evicts a clean pseudo-register that is used furthest in the future. If no
clean pseudo-register exists, a dirty pseudo-register is evicted that is requested
furthest in the future [8]. The heuristic MIX is based on the algorithm W [7].
WhileW is detailed in [7], we will also report it here for the sake of completeness.

The algorithmW has an intuitive explanation in terms of the integer program
that corresponds to LRA. That program consists of two parts: a network matrix
and side constraints. One could wish that the side constraints disappeared, be-
cause the network matrix leads to a polynomial-time solution. Unfortunately, it
is not possible to simply delete a set of constraints without altering the problem
at hand. However, it is possible to perform the following three step procedure,
called Lagrangian relaxation: (1) Insert a penalty in the objective function with
the property that the penalty increases if the side constraints are violated, (2)
remove all side constraints, and (3) solve the resulting problem. The idea is that,
if the penalty is big enough, the side constraints will not be violated even though
they are not explicitly imposed. Finally, the resulting problem is defined only by
the network matrix, and so it can be solved in polynomial-time as a network flow
problem. The penalty function is to be chosen appropriately: formulas can be
found in [7] and are omitted from the present paper. MIX is a new heuristic that
invokes selectively either FF or W . The gist is that the computationally more
expensive W algorithm should be invoked only when there is an opportunity
to improve significantly on FF. MIX invokes W when the reference sequence is
longer than a certain threshold (1500) and there are a at least 150 dirty variables
simultaneously alive

Experimental Results The experimental results can be divided into two broad
categories: results for the benchmarks fpppp and tomcatv and results for all
other benchmarks. First, we report results for all other benchmarks, and then
we give our findings for fpppp and tomcatv. On all benchmarks except fpppp
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and tomcatv, no heuristic was worse than .5% of the optimum, and, on those
instances, FF and MIX took nearly the same time and were faster than CF.
Such findings hold with minimal variations for all benchmarks except fpppp and
tomcatv. We turn now to fpppp and tomcatv and report our results in Table 2
and 3. Additional results are presented in [18]. The time rows represent the time
taken by the heuristics to run in seconds. It does not include the time to read the
input file nor the time to perform live range analysis, as discussed above. The
cost rows report the total weighted dynamic instruction count in thousands. We
make the following observations on the entries in the table. FF, CF, and MIX
were always at least ten times faster than the branch-and-bound algorithm. FF
and CF are independent of C, and they took the same time for all values of C. In
most cases, an increase of C caused MIX to slow down, but in some cases MIX
was actually faster for a larger value of C. CF produced allocations that were as
much as 23% worse than FF and MIX. FF produced allocations that were up to
4% worse than the optimum for N = 32. Moreover, FF and CF produced quite
different allocations even in the case C = 2, and the gap increased with C.

MIX produced allocations that are up to .9% worse than the optimum and
never took much more than 1 second. MIX cost was always better than FF’s or
CF’s in these experiments. The gap between MIX cost and the other heuristics
grows larger with C. The time taken by MIX is often less than the time taken by
live-variable analysis, a necessary prerequisite to almost all register allocators.
The time for live range analysis was 1.58 seconds on fpppp, and .01 seconds on
tomcatv.

Discussion We found an interesting correlation between the performance of
heuristics and the average length of basic blocks (average basic block length
is found in table 1). In general, programs with long basic block should be harder
to solve due to the NP-hardness of the problem. Indeed, fpppp has the longest
average basic block length and the largest gap between the optimum and the
heuristics. The program tomcatv has long integer sequences, but not long dou-
ble sequence. Correspondingly, we observe that heuristics performed better on
tomcatv than on fpppp. However, tomcatv still gave rise to substantial per-
formance differences when N = 16 and C is large. All other benchmarks have
shorter basic blocks, and no significant discrepancy between optimum and heuris-
tics was detected. Long basic blocks are produced by some optimization passes
(e.g., loop unrolling, superblock scheduling), but, unfortunately, none is avail-
able to us. Since we found that a large average basic block length dramatically
increased the difference between heuristics and optimum on our benchmarks,
it is easy to conjecture that length-increasing optimizations would widen the
heuristic-optimum gap to much more substantial figures than those above for
most programs. We notice that the average static sequence length affected the
hardness of LRA instances. In other words, when we take the average length,
we do not weigh the sequence length by the number of times basic blocks were
executed. It is not at all obvious a priori why a static average should be related
to a dynamic instruction count, but we found that this was indeed the case in
our benchmarks.
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FF MIX CF
C prg OPT % % %

2 fpppp time 145.3 0.3149 0.2167% 0.5205 0.3582% 0.6929 0.4769%
cost 193357 194858 0.776% 193713 0.184% 209013 8.1%

tomcatv time 0.9069 0.0443 4.88% 0.0761 8.388% 0.0992 10.93%
cost 413779 416380 0.629% 413779 0% 421582 1.89%

4 fpppp time 151.2 0.3186 0.2107% 0.5218 0.3452% 0.6957 0.4601%
cost 251322 254325 1.19% 252259 0.373% 282635 12.5%

tomcatv time 0.9138 0.0433 4.738% 0.0748 8.182% 0.1055 11.55%
cost 484108 489310 1.07% 484108 0% 499714 3.22%

8 fpppp time 140.6 0.3224 0.2293% 0.815 0.5797% 0.709 0.5044%
cost 367253 373258 1.64% 369222 0.536% 429879 17.1%

tomcatv time 0.9064 0.0433 4.775% 0.0747 8.242% 0.0969 10.69%
cost 624766 635170 1.67% 624766 0% 655978 5%

16 fpppp time 144.4 0.3198 0.2215% 0.7655 0.5301% 0.7042 0.4877%
cost 599115 611125 2% 601868 0.459% 724367 20.9%

tomcatv time 0.8915 0.0426 4.779% 0.0732 8.212% 0.0974 10.92%
cost 906082 926890 2.3% 906082 0% 968506 6.89%

Table 2. Performance for N = 16 registers. Time is algorithm running time.
Cost is weighted dynamic instruction count. Percentage time is fraction of opti-
mum. Percentage cost is variation over optimum.

Integer programming is useful for several hard compilation problems; see [15]
for a survey. Network flow techniques have been used for intraprocedural register
assignment [16]. Lagrangian relaxation was proposed by the mathematician La-
grange in the context of non-linear optimization, and was introduced into discrete
optimization by Held and Karp [10]. The gist of Lagrangian relaxation is that,
given a complicate problem with many types of constraints, hard constraints
should be moved into the objective function so that the remaining problem is
easy to solve. In compiler optimization, there are examples where several types
of constraints are imposed. If only one type of constraints existed, the problem
would be easy, but multiple types of constraints complicate the problem solution.
It would be interesting to understand whether Lagrangian relaxation could be
exploited to solve those problems efficiently. Finally, we notice that live range
analysis takes much longer than any LRA heuristic. As a consequence, live range
analysis dominates the time required to perform LRA.

6 Conclusions

In this paper, we have proposed an approach to register allocation that divides an
allocator into three successive phases: boundary, LRA, and register assignment.
We have studied the problem of local register allocation in the context of four
different algorithms. We have given an optimum algorithm and a new heuris-
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FF MIX CF
C prg OPT % % %

2 fpppp time 19.07 0.3056 1.602% 0.5107 2.678% 0.686 3.597%
cost 167076 169013 1.16% 167633 0.333% 178557 6.87%

tomcatv time 0.8496 0.0417 4.911% 0.0735 8.645% 0.0985 11.59%
cost 343450 343450 0% 343450 0% 343450 0%

4 fpppp time 19.22 0.3101 1.613% 0.5134 2.671% 0.6907 3.593%
cost 198815 202689 1.95% 199928 0.56% 221776 11.5%

tomcatv time 0.8568 0.0414 4.829% 0.0731 8.53% 0.1048 12.23%
cost 343450 343450 0% 343450 0% 343450 0%

8 fpppp time 18.95 0.3101 1.636% 0.9179 4.844% 0.6943 3.664%
cost 262293 270040 2.95% 264118 0.696% 308215 17.5%

tomcatv time 0.676 0.0293 4.341% 0.0580 8.581% 0.0628 9.285%
cost 343450 343450 0% 343450 0% 343450 0%

16 fpppp time 19.73 0.3096 1.57% 0.8418 4.267% 0.6954 3.525%
cost 389248 404743 3.98% 392802 0.913% 481093 23.6%

tomcatv time 0.8336 0.0409 4.909% 0.0718 8.61% 0.0964 11.56%
cost 343450 343450 0% 343450 0% 343450 0%

Table 3. Performance for N = 32 double registers and N = 32 integer reg-
isters. Time is algorithm running time. Cost is weighted dynamic instruction
count. Percentage time is fraction of optimum. Percentage cost is variation over
optimum.

tic called MIX. The optimum algorithm is based on an integer programming
formulation and it was reasonably fast. With the exception of one benchmark
program, the optimal solution was always computed in less than a minute. The
heuristic MIX combines two previous algorithms FF andW (the algorithmW is,
in turn, based on a Lagrangian relaxation of the integer program), and returned
allocations that were within 1% of the optimum. MIX outperformed FF more
significantly when C is larger. All three heuristics, FF, MIX, and CF, computed
solutions in less time than typically required for the live variable analysis step
within the compiler. For short basic block, the qualities of the generated allo-
cations were comparable across the three heuristics. However, for larger basic
block sizes, our findings suggest that MIX should be the best choice for LRA on
optimized code, especially when C is large.

More work will be needed to evaluate the LRA algorithms and our three-
phase framework in the context of different global register allocators. In addition,
since the results suggest that the performance gap between the algorithms will
increase with increasing basic block sizes, we are planning to investigate the
impact of source level transformations that potentially increase basic block sizes,
including loop unrolling, inlining, and speculative execution (superblocks).
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Abstract. State diagram based approach has been proposed as an effec-
tive way to model resource constraints in traditional instruction schedul-
ing and software pipelining methods. However, the constructed state di-
agram for software pipelining method (i) is very large and (ii) contains
significant amount of replicated, and hence redundant, information on
legal latency sequences. As a result, the construction of state diagrams
can take very large computation time.

In this paper, we propose two methods for the efficient construction of
state diagrams. In the first method, we relate the construction of state
diagram to a well-known problem in graph theory, namely the enumera-
tion of maximal independent sets of a graph. This facilitates the use of an
existing algorithm as a direct method for constructing distinct latency
sequences. The second method is a heuristic approach which exploits the
structure of state diagram construction to eliminate redundancy at the
earliest opportunity in an aggressive fashion. The heuristic method uses
a surprisingly simple check which is formally shown to completely elimi-
nate redundancy in the state diagram. From our experimental results on
two real architectures, both of the two methods show a great reduction
in state diagram construction time.

1 Introduction

Recent studies on modulo scheduling, an instruction scheduling method for
loops [9,10,15,16,3], in a production compiler has reported significant improve-
ment (up to 35%) in the overall runtime for a suite of SPEC floating point bench-
mark programs [17]. On the other hand, rapid advances in VLSI technology and
computer architecture present an important challenge for compiler designers: a
modulo scheduler must be able to handle machine resource constraints much
more complex than before and may need to search for an increasingly larger
number of schedules before a desirable one is chosen. Therefore, in exploiting
the advantage of modulo scheduling in a production compiler, it is important
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to be able to handle complex resource constraints efficiently and find a good
modulo schedule very quickly.

Proebsting and Fraser proposed an interesting approach that uses finite
state automata for modeling complex resource constraints in instruction schedul-
ing [14]. Their approach was based on [12] and subsequently improved and ap-
plied to production compilers in [2]. This approach was extended to software
pipelining methods in [6,7]. This paper focuses on the efficient construction
of finite state automata for software pipelining methods. In the above meth-
ods [2,6,7,12,14], processor resources are modeled using a finite state automata
(or state diagram) which is constructed from the resource usage table for each
instruction (class). Each path in the state diagram represents a legal latency
sequence which could be directly used by the scheduler for modeling resource
contention. The construction of the state diagram is typically done off-line and
stored in some form so that the instruction scheduler, at the schedule time, only
need to read this information. This has effectively reduced the problem of check-
ing structural hazards in the scheduling method to a fast table lookup, result-
ing in several fold speedup [2,7,12]. In particular, the enhanced Co-Scheduling
method, a state diagram based modulo scheduling method, reports a 2-fold
speedup in the scheduling time (time to construct the software pipelined sched-
ule) [7].

There are two major challenges facing this Co-scheduling method: (i)the huge
size of the state diagram and (ii)the the huge amount of redundant information
(paths in the state diagram, which will be used to guide the Co-Scheduling)
inside the naively constructed state diagram. A practical solution to the first
problem is to construct only a large enough (instead of complete) set of non-
redundant state diagram information. However, the huge amount of redundancy
makes the construction time extremely long.

To illustrate the above problem, we present several experimental evidences.
In one experiment conducted by us, the state diagram for the DEC Alpha 21064
processor with an initiation interval (II) equal to 3, contained 224,400 latency
sequences, out of which only 30 were distinct. In another experiment, the state
diagram for an II = 16 contained more than 74 Million (74,183,493) distinct
paths1. Lastly, to generate 100,000 distinct latency sequences in the above state
diagram, it took more than 24 hours on an UltraSparc machine. This obviously
makes the Co-Scheduling approach impractical. The previous effort on reduced
state diagram [7,8] has met with only very limited success.

In this paper, we propose two methods to drastically reduce the construction
time of state diagrams by eliminating the redundancy cleverly during the con-
struction. The first of these methods relates the construction to a well-known
problem in graph theory, namely the enumeration of maximal independent sets
of an interference graph. This facilitates the use of an existing enumeration algo-
rithm as a direct fast method for constructing all latency sequences. We refer to
this method as the Enumeration of Maximal Independent Set (E-MIS) method.

1 The number of actual paths (including the redundant ones) is far too many to count
and generate!
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Two major advantages of this method are that it is a direct method and it
generates only distinct (non-redundant) latency sequences.

The second method uses a heuristic approach to eliminate redundant paths
by exploiting the structure of state diagram construction and by employing an
aggressive redundance removal approach. This is accomplished by enforcing a
surprisingly simple redundance constraint which eliminates completely all re-
dundant paths. We refer to this method as the Redundancy Prevention (RP)
method, as it identifies, at the earliest in the construction process, states which
could cause redundancy and prunes them aggressively. We formally establish
that the proposed heuristic results in redundance-free state diagram. However,
the redundance constraint used by the heuristic is only a necessary (but not suf-
ficient) condition. As a consequence, the aggressive pruning may eliminate some
non-redundant paths as well. However, we find that the RP method to work well
in practice.

We compare the efficiency of the proposed methods with that of the re-
duced state-diagram construction (RD) method in modeling two real processors,
namely the DEC Alpha 21064 processor and the Cydra VLIW processor [3]. Our
experimental results reveal that the proposed methods result in significant re-
duction in the construction time by about 3 to 4 orders of magnitude which
means we can provide a reasonable amount of distinct paths within minutes in-
stead of days. Another interesting observation made from our experiments is that
the RP method, though a heuristic approach which can possibly eliminate non-
redundant paths, does reasonably well in enumerating all non-redundant paths.
In fact, for the two processors modeled and for small values of II less than 16, it
did not miss a single path. Lastly, we use the latency sequences constructed by
RP and E-MIS methods in the Co-Scheduling framework to construct software
pipelined schedules. Initial experiments reveal that the proposed methods do
seem to perform competitively, and in a reasonable computation time. This pro-
vides an empirical evidence for the use of state diagram approach as a practical
and efficient method in software pipelining methods.

In Section 2, we present a brief review of the state diagram based software
pipelining method. The problem formulation and the proposed approaches are
informally discussed in Section 2.2. Section 3 and 4 respectively present the de-
tails of the two proposed methods. In Section 5 we compare the performance of
E-MIS and RP methods with the reduced state diagram construction. Conclud-
ing remarks are provided in Section 6.

2 Background and Motivation

Software pipelining has been found to be an efficient compilation technique that
results in significant performance improvement at runtime [9,10,15,16]. Modeling
of resource constraints (or structural hazards) in software pipelining is becoming
increasingly complex in modern processor architectures. However, an efficient
resource model is crucial for the success of the scheduling method [2,4,6,14]. In
this section, first, we review the state diagram based resource model used in
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software pipelining [6]. Subsequently we motivate our approaches to the efficient
construction of state diagram.

2.1 Background

Conventional approaches to model resource constraints uses a simple reserva-
tion table (see Figure 1(a)) [13,10,9,15,16]. The state diagram approach is a
systematic and effective way to represent the resource usages and conflicts when
multiple operations of a loop are scheduled [6]. Such an approach is efficient as it
uses the underlying notions of forbidden (permissible) latencies in the classical
pipeline theory.

A state diagram represents legal latency sequences that do not cause struc-
tural hazards in the pipeline. Each state in a state diagram represents the current
state of the pipeline (operating under software pipelining with an Initiation In-
terval (II)). Associated with each state is the set of permissible latencies at which
new initiations can be made from the current state. An edge from state S to S′

in the state diagram represents an initiation with a latency l cycles after S.
If the current state S has permissible latencies {p1, p2, · · · , pk}, then the new
state S′ will have permissible latencies p = ((pi − l) mod II), for each i ∈ [1, k],
provided p is a permissible latency in the initial state S0. The state diagram for
the above reservation table is shown in Figure 2. For more detailed information
on related concepts and the construction of state diagrams see [6,7,8].

Stage Time Steps
0 1 2 3

1 x

2 x x

3 x

(a) Reservation
Table

Stage Time Steps
0 1 2 3 4 5 6 7

1 x

2 x x

3 x

(b) Resource Usage
when II = 8.

Fig. 1. A Reservation Table and its Resource Usage for an II

A path S0
p1−→ S1

p2−→ S2 · · ·
pk−→ Sk in the state diagram corresponds to

a latency sequence {p1, p2, · · · , pk}. The latency sequence represents k + 1
initiations that are made at time steps 0, p1, (p1 + p2), · · · , (p1+ p2+ · · ·+ pk).
In modulo scheduling, these time steps correspond to the offset values

0, p1, (p1 + p2) mod II, · · · , (p1 + p2 + · · ·+ pk) mod II

in a repetitive kernel. For example, the path S1
2−→ S2

2−→ S3
2−→ S4 corre-

sponds to initiations at time steps (0, 2, 4, 6). These offset values for the path
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are collectively referred to as offset set, or in short form OffSet. Once the
state diagram is constructed, then the OffSets corresponding to various paths
can be used to guide the enhanced Co-Scheduling method to make quick and
“good” decision about when (at what offset value) to schedule an instruction in
the pipeline [7].

S11(4)**

S16(5)**

S19(6)**

S12(6)**

S14(10)*

S6(6)**

S5(5)

S9(5)S7(12)*

S17(10)*

S13(10)*

S21(12)* S18(11)*S20(10)*

{2, 3, 4}
S2(2)

{2, 3}
S8(3)

{2, 6}

{5, 6}

{4, 5, 6} { }

{2}

S22(11)*

{4}

{ } 
S10(6)

{6}

{2}
S3(4)

{ }
S4(6)

{ }

{4}

{ }

S15(14)*

{ }

{2}

S23(12)*

{ }

S24(18)*

{ }

{ }

{ }

{ }

{ }

S1(0)
{2, 3, 4, 5, 6}

Fig. 2. State Diagram for the Example Reservation Table

2.2 Problem Formulation

The major challenge in the construction of a state diagram is that it can be-
come extremely huge, consisting several million states, even for moderate values
of II. For example, for the DEC Alpha architecture, the state diagram consists
of 10, 648, and 224,400 paths when II is varied from 1 to 3! Fortunately, several
paths in the state diagram are shown to be redundant [7,8] in the sense that the
corresponding OffSets are equal. In the above 3 state diagrams for DEC Alpha,
only 3, 9, and 30 paths are distinct.

For the state diagram shown in Figure 2, the paths S1
2−→ S2

2−→ S3
2−→ S4

and the path S1
4−→ S11

6−→ S14
4−→ S15 correspond to the same OffSet

(0, 2, 4, 6), and hence one of them is redundant. The reduced state diagram
construction (RD) method proposed in [7] recognizes and eliminates redundant
paths by making a simple observation. All states which correspond to initiation
times2 greater than II are pruned. Consider the the state S14 which corresponds
to an initiation at time 10 (shown in brackets adjacent to the state number in
Figure 2). In Figure 2, these states (e.g., S7, S13, and S14) are marked with a ‘∗’
and the arcs leading to these states are shown as dotted lines. Those marked
with a ’∗∗’ (the arcs leading to them are dashed lines) are also redundant states.
2 Initiation time is the sum of the latency values from S0 to that state along the path.
Initiation time modulo II corresponds to an offset value.
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The RD method is unable to recognize them. This makes it somewhat inefficient
in removing the redundancy. What’s worse for the RD method is that it cannot
completely eliminate all redundant paths. This is especially so for architectures
involving multiple instruction types where different function units may share
some of the resources, a common feature in real architectures.

In order for state diagram based approach to be useful in real compilers, it is
important to deal with the redundancy-elimination in an efficient way. Further,
even after eliminating all redundant paths, the state diagram may still consist of
a large number of distinct paths. Hence, for practical reasons, the most important
is to construct a large subset of distinct OffSets within a short time.

In this paper we propose two efficient solutions, the E-MIS method and the
RP method, both of which are proved to be successful in attacking the above
problem.

3 A Graph Theoretic Approach for OffSets Generation

In this section we relate the generation of OffSets to a well-know graph theory
problem which facilitates the use of an existing algorithm as a direct and efficient
method. This is based on a correspondence between the set of OffSets and the
maximal compatibility classes which was established in [7].

First, we denote the set of permissible offset values byO = {o0, o1, · · · , on−1}
which includes all initial permissible latencies and 0 [7]. For the example dis-
cussed in Section 2.1, the set of permissible offset values is O = {0, 2, 3, 4, 5, 6}.
The following definitions are useful in the discussion.

Definition 1. A path S0
p1−→ S1

p2−→ S2 · · ·
pk−→ Sf in the state diagram is called

primary if the sum of the latency values does not exceed II, i.e., p1+p2 + · · ·+
pk < II. A path is called secondary if p1 + p2 + · · ·+ pk > II.

Definition 2. A compatibility class C (with respect to O) is a subset of O
such that for any pair of elements c1 and c2 in C, (c1−c2) mod II is in O. A com-
patibility class is maximal if it is not a proper subset of any other compatibility
class.

Two compatible classes for O are {0, 2, 4, 6} and {0, 2, 5}. These compatibility
classes are maximal.

Lemma 1. The OffSet of any path from the start state S0 to the final state Sf

in the state diagram forms a maximal compatibility class of O.

Lemma 2. For each maximal compatibility class C of permissible offset values,
there exists a primary path in the state diagrams whose OffSet O is equal
to C.

Hence obtaining all maximal compatible classes is a direct way of obtaining the
OffSets. In order to obtain all maximal compatible classes of O, we represent
the compatibility information (between pairs of permissible offset values) in the
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form of an interference graph. The interference graphG for O has n vertices, each
vertex representing one permissible offset value in O. Two vertices v1 and v2 in G
are connected by an edge, if the corresponding offset values are not compatible.
It is possible that a vertex may not share an edge with any other vertex in the
graph. The offset value corresponding to such a vertex is compatible with other
permissible offset values.

6

v5

2

v1

0
v0

3

45
v4

v2

v3

Fig. 3. Interference Graph for Permissible Offset Set {0,2,3,4,5,6}

The interference graph for the permissible offset values of our example, O =
{0, 2, 3, 4, 5, 6} is shown in Figure 3. The offset value corresponding to each vertex
is shown in circle in the figure. There is an edge between vertex v1 (corresponding
to offset 2) and v2 (corresponding to offset 3) as 2 and 3 are not compatible in O.
Next we state the definitions of maximal independent sets from [5].

Definition 3. A subset S of vertices is an independent set, if there exists no
edge between any two vertices in S. An independent set is said to be maximal,
if it is not contained in any other independent set.

In our example graph, {v0, v1, v3, v5} and {v0, v2, v4} are maximal independent
sets.

From the above definitions and the description of the interference graph,
it clearly follows that each maximal independent set in the graph corresponds
to a maximal compatibility class, and hence an OffSet in the reduced state
diagram. Thus to generate the set of all OffSets of the state diagram, one needs
to enumerate all maximal independent sets in the interference graph.

An efficient algorithm for this is reported in [18]. This enumeration of MIS
is a direct method for the generation of all OffSets. An attractive features
of this approach is that it does not incur any redundancy in the generation
of OffSets. The complexity of the E-MIS method is O(α · β · γ) where α, β
and γ represent, respectively, the number of vertices, the number of edges, and
the number of MIS present in the given graph. The space complexity of the
algorithm is O(α+β). The number of vertices α in the interference graph is equal
to n, the number permissible offset values. Further, since each edge in the graph
represents non-compatibility between a pair of offset values, there can be at most
O(n2) edges. Lastly an upper bound for γ can be obtained by further relating
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maximal compatibility classes to the largest antichain3 of powerset of O [11].
The cardinality of the largest antichain is given by

(
n

�n/2�
)
. Not surprisingly, this

bound on γ is exponential in n.

4 Redundancy Prevention Method for State Diagram
Construction

In this section, we present the details of the RP method which exploits the the
structure of the state diagram construction to identify and eliminate redundancy
at the earliest opportunity. Further an attractive feature of the RP method is
that it follows an aggressive approach for redundance elimination, even though
this may mean missing a few OffSets. However our experimental results show
that this aggressiveness pays well in state diagrams for real architecture without
much loss of information.

4.1 The Redundancy Prevention Algorithm

In this discussion we will assume that the construction of the state diagram pro-
ceeds top down, in a depth-first fashion. In our example state diagram (Figure 2),
consider the subtrees with their roots at S6, S11, S16, and S19. All paths in these
subtrees are redundant. Thus if our construction method can somehow identify
these states and eliminate them before the subtrees rooted on these state are
constructed, then the redundant paths through these states can be eliminated.

If we carefully study the example state diagram, we find an interesting char-
acteristic for these four states — the issue time or offset value of a state S
appears in the subtree rooted at one of its siblings S′. In particular, the sib-
ling S′ is constructed earlier than S in the depth-first construction method. We
refer to this sibling S′ as a left sibling of state S. Notice that there could be more
than one left sibling for state S. For convenience, we use the term “left sibling
subtree” for the tree rooted at a left sibling. For instance, subtrees rooted at S2

and S8 are the left sibling subtrees of state S11.
If we inspect this property – the offset value of a state S appearing in the

left-sibling subtree — a little more carefully it reveals the fact that the partial
OffSet, consisting of offset values for all states from the start state to S, is a
subset of the OffSet for another path in the left-sibling subtree. Note that all
paths through state S will have this same partial OffSet. Further, as the values
in an OffSet are mutually compatible, the partial OffSet determines, to a great
extent, what other values could be in the OffSets for the paths through S. As a
consequence, it is very likely that all these paths could be redundant, and hence
can be eliminated by not generating the state S and the subtree rooted at S.
The RP method aggressively removes these states to prevent redundancy. Note,
however, it is only likely that all paths through S are redundant. In other words,
3 An antichain A is a subset of S such that for any two elements a1 and a2 in A, a1

is not a proper subset of a2.
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a state that satisfies the above property may have a path that is not redundant.
We defer a discussion on this to Section 4.2. Based on the above observation, we
introduce the following constraint that is used in the RP method.

Definition 4 (Redundancy Constraint). A state S is said to satisfy the
redundancy constraint (RC) if the issue time of state S is the same as that of a
state S′ and S′ has occurred in one of the left sibling subtrees of S.

The basic steps in the RP method are:

(1) Follow the depth-first construction rule to construct the state diagram.
(2) If a given state S has already created k child states S1, S2, · · · , Sk and is going

to create a new child state Sk+1 (it should be noted here that, at this time,
all states in the subtrees rooted at S1, S2, · · ·, Sk have been constructed), the
redundancy constraint checks whether the issue time (offset value) of Sk+1

has occurred in subtrees rooted at S1, S2, · · · , Sk. If so, the state Sk+1 will
not be created; else it is added to the state diagram.

Step 2 sounds time-consuming because for each new child state to be created
we need to check all states in the left sibling subtrees. It should be noticed here
that the range of offset values is fixed, i.e., from 0 to II− 1. Therefore, it is not
difficult to construct an implementation for the RP method the RC check could
be done as a simple table lookup. The table, called “left sibling states”
records the issue time of all states in the left sibling subtrees. The size of this table
depends on the model, but is very small. Further, for computational efficiency,
the RP method constructs the state diagram as a tree rather than as a directed
acyclic graph [7]. This means that certain states, e.g., the final state of the
state diagram which contains an empty permissible latency set may be repeated
several times (states S5, S9, and S10) as shown in Figure 2.

The attractive features of this approach are that it exploits the structure of
state diagram construction (top-down and left-to-right) to eliminate redundancy
at the earliest opportunity. Second, the RP method is aggressive in redundance
elimination. Lastly, as a comparison, the E-MIS method is an exact method, and
hence has the overhead of having to construct the complete interference graph,
before the generation of OffSets.

4.2 Properties of RP Method

Note that the RP method uses the redundancy constraint to eliminate states
that could possibly lead to redundant paths. This raises two questions: (i) Does
the RP method eliminate all redundant paths? (ii) Will the RP method ever
eliminate a path that is non-redundant? We answer these two questions in this
subsection.

Theorem 1. There are no redundant paths in the state diagram tree constructed
by the RP method.
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The proof of this theorem proceeds by showing that, at any point in time, the
partial state diagram tree constructed so far does not have any redundancy. Due
to the limitation on paper length, we could not give the proof here in this paper.

We remark that the RP method uses the redundancy constraint which is
only a necessary, but not sufficient condition. As a result it may miss some
non-redundant paths due to the aggressive pruning employed by this method.
However, we argue that there is still a good chance that of the “missed” OffSets
will reappear in some other paths of the state diagram. In Section 5 we study em-
pirically how many non-redundant paths does RP miss in the state diagram and
whether they have any influence on the constructed software pipelined schedule.

5 Experimental Results

In this section we report our experience in generating the OffSets using the
proposed methods for various values of II for two real processors, namely the
DEC Alpha 21064 superscalar processor and the Cydra VLIW processor. Both
architectures have complex resource usage pattern with sharing of resources. The
RP and the E-MIS methods have been implemented in our Modulo Scheduling
Testbed (MOST) framework [1].

5.1 Construction Time Comparisons

In order to compare the construction speed of RP, E-MIS and RD methods in
a fair manner, all the three methods were run to generate a large subset of
OffSets, consisting of the first, say, 100,000 distinct OffSets. Tables 3 com-
pares the construction time for OffSets generation for the three methods on an
Ultra-450 Workstation (with a 250 MHz clock). We observe that the RD method
is much slower than RP and E-MIS. For example, the RD method failed to gen-
erate 100,000 distinct OffSets even after running for 24 hours for the Alpha
architecture, for an II = 8. Hence for larger values of II, we only compared the
RP and the E-MIS methods.

Figure 4 shows the normalized (w.r.t. the RP method) construction time
taken by the E-MIS methods for various values of II for the two architectures. We
observe that the RP and the E-MIS methods are competitive: E-MIS performs
better for small values of II while RP performs better for moderate to large IIs.
This is not surprising as RP is a very efficient heuristics that we employ to
get the OffSets quickly while the E-MIS method, being inherently an exact
method, is slow, especially for large values II. This is due to the fact that the
E-MIS method needs to construct the entire (large) interference graph before
the generation of OffSets.

5.2 How many Paths Does RP Miss?

As mentioned earlier the RP method can miss some non-redundant paths dur-
ing the construction. It is important to verify that RP will not miss too much
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Fig. 4. Comparison of Construction Time for RP and E-MIS Methods

useful information. On the other hand, since E-MIS is capable of generating all
distinct OffSets, we can compare the number of OffSets generated by these
two methods if these methods were allowed to complete their execution without
any restriction on the maximum number of OffSets generated. The number of
distinct OffSets in the state diagram is significantly large, even for small val-
ues of II. Further the construction time grows exponentially with larger values
of II. This has limited our experiments to values of II less than 16 for the Alpha
processor and less than 12 for the Cydra processor. The results are tabulated
in Table 1. From the experimental results, we observe that the RP method gen-
erates all non-redundant paths in the considered cases. It didn’t miss a single
path! This is somewhat surprising to us, as we anticipated that the RP heuristic
to eliminate some non-redundant paths as well. However, we believe that the RP
method may still miss some non-redundant paths for large values of II and/or
for other architectures.

5.3 Application to Co-scheduling

Lastly we attempt to answer the question how critical are the missed OffSets,
if any, in terms of the quality of the constructed software pipelined schedule,
when the the enhanced Co-Scheduling method uses the OffSets generated by
the RP method. Since the RP method did not miss any path for the DEC
Alpha and Cydra processor (for the values of II that we could experiment), its
application in the enhanced Co-Scheduling should perform at least as good as
any other OffSet generation method, e.g., E-MIS or RD methods, applied to
Co-Scheduling. What happens if the RP method does miss some OffSets? To
answer to this question, we considered the reservation tables used in [7] which
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II DEC Alpha Processor Cydra Processor
No. of Paths No. of No. of Paths No. of
Generated Missed Generated Missed
RP E-MIS Paths RP E-MIS Paths

1 3 3 0 4 4 0
2 9 9 0 16 16 0
3 30 30 0 64 64 0
4 93 93 0 256 256 0
5 288 288 0 1,024 1,024 0
6 894 894 0 4,096 4,096 0
7 2,775 2,775 0 131,072 131,072 0
8 8,613 8,613 0 589,824 589,824 0
9 26,733 26,733 0 7,340,032 7,340,032 0
10 82,974 82,974 0 32,505,856 32,505,856 0
11 257,535 257,535 0 142,606,336 142,606,336 0
12 799,338 799,338 0 N/A N/A N/A
13 2,480,988 2,480,988 0 N/A N/A N/A
14 7,700,499 7,700,499 0 N/A N/A N/A
15 23,900,835 23,900,835 0 N/A N/A N/A
16 74,183,493 74,183,493 0 N/A N/A N/A

Table 1. Missed Paths in the RP Method

model function units with complex resource usage, but without any sharing of
resources. In these reservation tables the RP method misses a few paths even for
small values of II. For example, for one of the reservation tables, the RP method
generated only 22 out of 26 distinct OffSets. Also, to reduce the complexity of
the enhanced Co-Scheduling method, the scheduling method used all distinct
OffSets, up to a maximum of 1000, generated either by RP or E-MIS method.
The enhanced Co-Scheduling was applied to a set of 737 loops consisting of
single basic block extracted from scientific benchmark programs.We compare the
constructed software pipelined schedules, in terms of the initiation interval and
the construction time for schedule in Table 2. In order to have a fair comparison,
we did not include the time for the generation of OffSets in the scheduling
time. We observe that both methods perform more or less alike. This once again
establishes that the OffSets missed by the RP method are not really critical in
terms of the quality of the constructed schedule.

5.4 Summary of Results

To summarize our experimental results:

– The RD method is too slow in the construction of state diagram for archi-
tectures in which function units share resources. Hence it is impractical to
apply this for modeling real processors.
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Measure RP-Based Co-Scheduling E-MIS-Based Co-Scheduling Both
Method Better Method Better Same

# Cases % Improvement # Cases % Improvement # Cases

Initiation Interval 18 1.11% 16 0.16% 703

Scheduling Time 289 94.18% 448 94.4% 0

Table 2. Effectiveness of RP and E-MIS in Software Pipelining

– Both the RP and E-MIS methods are much faster than RD, by 3 to 4 orders
of magnitude, and their construction time is acceptable for implementation
in real compilers.

– In terms of construction speed, the E-MIS method performs better for small
values of II while RP method performs better for large II values.

– Considering the overall performance, for a real compiler, it is better to choose
RP method because RP behaves better for large II values. A 3-fold speedup in
large II values could mean a reduction of tens of minutes of construction time.
For small II values, however, a 3-fold speedup may only mean a reduction of
several seconds in construction time.

– Though the RP method can not guarantee to always generate all distinct
OffSets, we found that it is capable of generating all non-redundant OffSets
in the experiments that we conducted. Further, we found that the generated
OffSets when applied to the Co-Scheduling method can get equally good
performance, in terms of the constructed schedule.

6 Conclusions

In this paper we have proposed two efficient methods to construct distinct paths
in the state diagram used for modeling complex pipeline resource usage in soft-
ware pipelining. The methods proposed in this paper, namely the E-MIS method
and the RP method completely eliminate the generation of redundant paths. The
first of these methods, the E-MIS method is obtained by relating the OffSets
generation to a well-known graph theoretic problem, viz., the enumeration of
maximal independent sets of an interference graph. The second method, the RP
method, uses a simple but very effective heuristic to prevent the construction of
states that may cause redundant paths. We formally establish that this heuristic
results in redundance-free state diagram. We compare the performance of RP
and E-MIS methods in modeling two real processors, namely the DEC Alpha
processor and the Cydra VLIW processor. The RP and E-MIS methods were
found to be much superior than the RD method, by 3 to 4 orders of magnitude.
When compared between themselves, the RP and the MIS methods perform
competitively, the RP performing better for larger values of II while the E-MIS
performing better for small II. Lastly, we have applied the OffSets generated
by these methods in the enhanced Co-Scheduling method and reported their
performance.
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II Construction Normalized time
time in secs. w.r.t. RP method

E-MIS RP RDE-MIS/RPRD/RP

2 0.01 0.01 0.01 1 1
4 0.01 0.01 0.67 1 67
6 0.12 0.12 151 1 1,262
8 1.47 1.14>24h 1.28 >75k
10 19.5211.67 N/A 1.67 N/A
12 26.89 16.1 N/A 1.67 N/A
14 25.5817.65 N/A 1.45 N/A
16 22.2419.54 N/A 1.14 N/A
18 19.7823.50 N/A 0.84 N/A
20 25.0529.52 N/A 0.85 N/A
22 26.5831.64 N/A 0.84 N/A
24 25.6134.29 N/A 0.75 N/A
26 20.8536.72 N/A 0.57 N/A
28 15.6939.84 N/A 0.39 N/A
30 44.2344.16 N/A 1 N/A
32 49.947.64 N/A 1.05 N/A
34 56.2652.52 N/A 1.07 N/A
36 62.9955.53 N/A 1.13 N/A
38 70.0459.27 N/A 1.18 N/A
40 77.4464.59 N/A 1.2 N/A
42 90.27 67.3 N/A 1.34 N/A
44 94.9171.35 N/A 1.33 N/A
46 104.276.04 N/A 1.37 N/A
48 114.680.59 N/A 1.42 N/A
50 121.486.45 N/A 1.51 N/A
52 131.992.23 N/A 1.43 N/A
54 142.596.35 N/A 1.48 N/A
56 153.9102.1 N/A 1.51 N/A
58 165.2108.0 N/A 1.53 N/A
60 402.6129.9 N/A 3.1 N/A
62 482.3137.8 N/A 3.5 N/A
64 544.0145.8 N/A 3.73 N/A

DEC Alpha Processor

II Construction Normalized time
time in secs. w.r.t. RP method

E-MIS RP RDE-MIS/RPRD/RP

2 0.01 0.01 4296 1 429,700
4 0.03 0.13>24h 1 >664k
6 0.39 2.13 N/A 0.17 N/A
8 15.37 60.4 N/A 0.25 N/A
10 41.03 84.4 N/A 0.48 N/A
12 77.2 95.7 N/A 0.81 N/A
14 95.99107.4 N/A 0.89 N/A
16 121.2119.4 N/A 1.01 N/A
18 173.0122.0 N/A 1.41 N/A
20 180.6140.1 N/A 1.29 N/A
22 219.4154.8 N/A 1.42 N/A
24 259.0166.7 N/A 1.55 N/A
26 302.1176.7 N/A 1.71 N/A
28 350.3189.5 N/A 1.84 N/A
30 399.3203.6 N/A 1.96 N/A
32 511.1217.3 N/A 2.35 N/A
34 666.3222.7 N/A 2.99 N/A
36 759.6247.0 N/A 3.08 N/A
38 713.5264.4 N/A 2.7 N/A
40 767.3279.3 N/A 2.74 N/A
42 810.4294.7 N/A 2.75 N/A
44 893.6308.3 N/A 2.9 N/A
46 962.6325.9 N/A 2.95 N/A
481106.2343.1 N/A 3.22 N/A
501735.5343.8 N/A 5.04 N/A
521579.5378.1 N/A 4.18 N/A
541392.0392.9 N/A 3.54 N/A
561478.9412.2 N/A 3.59 N/A
581573.4431.0 N/A 3.65 N/A
601675.5450.0 N/A 3.72 N/A
621773.5495.1 N/A 3.58 N/A
641970.5494.8 N/A 3.98 N/A
Cydra Processor

Table 3. Comparison of Construction Time for the 3 Methods
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A Comparison of Compiler Tiling Algorithms

Gabriel Rivera and Chau-Wen Tseng

Department of Computer Science, University of Maryland
College Park, MD 20742

Abstract. Linear algebra codes contain data locality which can be ex-
ploited by tiling multiple loop nests. Several approaches to tiling have
been suggested for avoiding conflict misses in low associativity caches. We
propose a new technique based on intra-variable padding and compare
its performance with existing techniques. Results show padding improves
performance of matrix multiply by over 100% in some cases over a range
of matrix sizes. Comparing the efficacy of different tiling algorithms, we
discover rectangular tiles are slightly more efficient than square tiles.
Overall, tiling improves performance from 0-250%. Copying tiles at run
time proves to be quite effective.

1 Introduction

With processor speeds increasing faster than memory speeds, memory access
latencies are becoming the key bottleneck for modern microprocessors. As a
result, effectively exploiting data locality by keeping data in cache is vital for
achieving good performance. Linear algebra codes, in particular, contain large
amounts of reuse which may be exploited through tiling (also known as blocking).
Tiling combines strip-mining and loop permutation to create small tiles of loop
iterations which may be executed together to exploit data locality [4,11,26].
Figure 1 illustrates a tiled version of matrix multiplication of NxN arrays.

do KK=1,N,W // W = tile width
do II=1,N,H // H = tile height
do J=1,N

do K=KK,min(KK+W-1,N)
do I=II,min(II+H-1,N)
C(I,J) = C(I,J) + A(I,K) * B(K,J)

Fig. 1. Tiled matrix multiplication

Due to hardware constraints, caches have limited set associativity, where
memory addresses can only be mapped to one of k locations in a k-way asso-
ciative cache. Conflict misses may occur when too many data items map to the

S. Jähnichen (Ed.): CC’99, LNCS 1575, pp. 168–183, 1999.
c© Springer-Verlag Berlin Heidelberg 1999
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After paddingOriginal

CACHE CACHE

Fig. 2. Example of conflict misses and padding

same set of cache locations, causing cache lines to be flushed from cache be-
fore they may be reused, despite sufficient capacity in the overall cache. Conflict
misses have been shown to severely degrade the performance of tiled codes [13].
Figure 2 illustrates how the columns of a tile may overlap on the cache, prevent-
ing reuse. A number of compilation techniques have been developed to avoid
conflict misses [6,13,23], either by carefully choosing tile sizes or by copying tiles
to contiguous memory at run time. However, it is unclear which is the best
approach for modern microprocessors.

We previously presented intra-variable padding, a compiler optimization for
eliminating conflict misses by changing the size of array dimensions [20]. Unlike
standard compiler transformations which restructure the computation performed
by the program, padding modifies the program’s data layout. We found intra-
variable padding to be effective in eliminating conflict misses in a number of
scientific computations. In this paper, we demonstrate intra-variable padding
can also be useful for eliminating conflicts in tiled codes. For example, in Figure 2
padding the array column can change mappings to cache so that columns are
better spaced on the cache, eliminating conflict misses.

Our contributions include:

– introducing padding to assist tiling
– new algorithm for calculating non-conflicting tile dimensions
– experimental comparisons based on matrix multiply and LU decomposition

We begin by reviewing previous algorithms for tiling, then discuss enhance-
ments including padding. We provide experimental results and conclude with
related work.
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2 Background

We focus on copying tiles at run-time and carefully selecting tile sizes, two strate-
gies studied previously for avoiding conflict misses in tiled codes. In remaining
sections, we refer to the cache size as Cs, the cache line size as Ls, and the
column size of an array as Cols. The dimensions of a tile are represented by H
for height and W for width. All values are in units of the array element size.

2.1 Tile Size Selection

One method for avoiding conflict misses in tiled codes is to carefully select a
tile size for the given array and cache size. A number of algorithms have been
proposed.

– Lam, Rothberg, and Wolf [13] pick the largest non-conflicting square tile
using an O(

√
Cs) algorithm for selecting tile size.

– Esseghir [7] picks a rectangular tile containing the largest number of non-
conflicting array columns. I.e., H = Cols and W = �Cs/Cols�.

– Coleman and McKinley [6] compute rectangular non-conflicting tiles and
select one using their cost model. They applied the Euclidean GCD algorithm
to generate possible tile heights, where:

Hnext = Hprev mod H (1)

using Cs and Cols as the initial heights. A complicated formula is presented
for calculating non-conflicting tile widths, based on the gap between tile
starting addresses and number of tile columns which can fit in that gap.

– Wolf, Maydan, and Chen [24] choose a square tile which uses a small frac-
tion of the cache (5–15%) in order to avoid excessive conflicts. For instance,
the tile H = W = �

√
0.10Cs� uses 10% of the cache. The particular frac-

tion of the cache utilized is chosen based on cache characteristics such as
associativity and line size.

2.2 Copying

An alternative method for avoiding conflict misses is to copy tiles to a buffer
and modify code to use data directly from the buffer [13,23]. Since data in the
buffer is contiguous, self-interference is eliminated. However, performance is lost
because tiles must be copied at run time. Overhead is low if tiles only need to
be copied once, higher otherwise.

Figure 3 shows how copying may be introduced into tiled matrix multiply.
First, each tile of A(I,K) may be copied into a buffer BUF. Because tiles are
invariant with respect to the J loop, they only need to be copied once outside
the J loop.

It is also possible to copy other array sections to buffers. If buffers are ad-
jacent, then cross-interference misses are also avoided. For instance, in Figure 3
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do KK=1,N,W
do II=1,N,H
copy(A(...),BUF) // copy A(I,K)
do J=1,N

copy(C(...),BUF2) // copy C(I,J)
do K=KK,min(KK+W-1,N)
do I=II,min(II+H-1,N)
BUF2(...) = BUF2(...) + BUF(...) * B(K,J)

copy(BUF2,C(...)) // copy back C(I,J)

Fig. 3. Tiled matrix multiplication with copying

the column accessed by array C(I,J) in the innermost loop is copied to BUF2 to
eliminate interference between arrays C and A. Since the location of the column
varies with the J loop, we must copy it on each iteration of the J loop, causing
data in C to be copied multiple times [23]. In addition, the data in the buffer
must be written back to C since the copied region is both read and written to.
Whether copying more array sections is profitable depends on the frequency and
expense of cross-interference.

3 Tiling Improvements

We present two main improvements to existing tiling algorithms. First, we derive
a more accurate method for calculating non-conflicting tile dimensions. Second,
we integrate intra-variable padding with tiling to handle pathological array sizes.

3.1 Non-conflicting Tile Dimensions

We choose non-conflicting tile heights using the Euclidean GCD algorithm from
Coleman and McKinley [6]. However, we compute tile widths using a simple
recurrence. The recurrences for both height and width may be computed simul-
taneously using the recursive function ComputeTileSizes in Figure 4. The initial
invocation is ComputeTileSizes (Cs, Cols, 0, 1).

ComputeTileSizes (H,Hnext, Wprev, W )
H ′ = H − Ls + 1 /* shrink height for long cache lines */
/* consider tile with dimensions (H ′, W ) */
if (Hnext ≥ Ls) then

ComputeTileSizes (Hnext, H mod Hnext, W, �H/Hnext�W + Wprev)
endif

Fig. 4. Recursive function for computing nonconflicting tile sizes
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Table 1. H and W at invocation i given Cs = 2048, Cols = 300

i 1 2 3 4 5 6 7

H 2048 300 248 52 40 12 4
W 1 6 7 34 41 157 512

At each invocation of ComputeTileSizes, a new tile size, determined by tile
height H and width W , is guaranteed not to conflict when Ls = 1. (The proof
supporting this result is too long to appear in this paper.) To account for longer
cache lines, an adjusted tile height H ′ = H − Ls + 1 is used in place of H . By
subtracting most of the cache line size Ls from the tile height H , we slightly
under-utilize the cache but guarantee no conflicts will occur. To choose between
the different non-conflicting tile dimensions, we select the tile (H, W ) minimizing
1
H + 1

W . This cost function favors square tiles over rectangular tiles with the same
area; it is similar to that used by Coleman and McKinley [6].

Table 1 illustrates the sequence of H and W values computed by Com-
puteTileSizes at each invocation when Cs = 2048 and Cols = 300. An important
result is that each of the computed tile sizes are maximal in the sense that neither
their heights nor widths may be increased without causing conflicts. Moreover,
ComputeTileSizes computes all maximal tile sizes. Note that at invocation 1,
(H, W ) is not a legal tile size since H = 2048 exceeds Cols. In general, this
can occur only at the first invocation, and a simple comparison with Cols will
prevent consideration of such tile sizes. The formula used by ComputeTileSizes
for finding non-conflicting tile widths is simpler than that of the Coleman and
McKinley algorithm. In addition, it avoids occasionally incorrect W values that
result from their algorithm.

3.2 Padding

Our second improvement is to incorporate intra-variable padding with tiling.
Previously we found memory access patterns common in linear algebra com-
putations may lead to frequent conflict misses for certain pathological column
sizes, particularly when we need to keep two columns in cache or prevent self-
interference in rows [20]. Bailey [2] first noticed this effect and defined stride
efficiency as a measure of how well strided accesses (e.g., row accesses) avoid
conflicts. Empirically, we determined that these conflicts can be avoided through
a small amount of intra-variable padding. In tiled codes a related problem arises,
since we need to keep multiple tile columns/rows in cache.

Table 2. H and W at invocation i given Cs = 2048, Cols = 768

i 1 2 3 4

H 2048 768 512 256
W 1 2 3 8
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When ComputeTileSizes obtains tile sizes for pathological column sizes,
though the resulting tile sizes are nonconflicting, overly “skinny” or “fat” (non-
square) tiles result, which decrease the effectiveness of tiling. For example, if
Cols = 768 and Cs = 2048, ComputeTileSizes finds only the tile sizes shown
in Table 2. The tile closest to a square is still much taller than it is wide. For
this Cols, any tile wider than 8 will cause conflicts. This situation is illustrated
Figure 2, in which the column size for the array on the left would result in in-
terference with a tile as tall as shown. On the right we see how padding enables
using better tile sizes. Our padding extension is thus to consider pads of 0–8 el-
ements, generating tile sizes by running ComputeTileSizes once for each padded
column size. The column size with the best tile according to the cost model is
selected. By substituting different cost models and tile size selection algorithms,
we may also combine this padding method with the algorithms used by Lam,
Rothberg, Wolf and Coleman and McKinley.

Padding may even be applied in cases where changing column sizes is not
possible. For example, arrays passed to subroutines cannot be padded without
interprocedural analysis, since it is not known whether such arrays require pre-
serving their storage order. In many linear algebra codes the cost of pre-copying
to padded arrays is often small compared to the cost of the actual computa-
tion. For instance, initially copying all of A to a padded array before executing
the loop in Figure 1 adds only O(N2) operations to an O(N3) computation. We
may therefore combine padding with tile size selection by either directly padding
columns or by pre-copying.

Table 3. Tiling Heuristics

Program version Description

orig No tiling
ess Largest number of non-conflicting columns (Esseghir)
lrw Largest non-conflicting square (Lam, Rothberg, Wolf)
tss Maximal non-conflicting rectangle (Coleman, McKinley)
euc Maximal (accurate) non-conflicting rectangle (Rivera, Tseng)

wmc10 Square tile using 10% of cache (Wolf, Maydan, Chen)
lrwPad lrw with padding
tssPad tss with padding
eucPad euc with padding

eucPrePad euc with pre-copying to padded array
copyTile Tiles of array A copied to contiguous buffer

copyTileCol Tiles of array A and column of C copied to contiguous buffer
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Fig. 5. Matrix multiplication: MFlops of tiling heuristics

4 Experimental Evaluation

4.1 Evaluation Framework

To compare tiling heuristics we varied the matrix sizes for matrix multiplication
(mult) from 100 to 400 and applied the heuristics described in Table 3. For each
heuristic, performance on a Sun UltraSparc I and a DEC Alpha 21064 were mea-
sured. Both processors use a 16k direct-mapped Level 1 (L1) cache. In addition,
several heuristics were applied to varying problem sizes of LU decomposition
(lu). We also computed the percent cache utilization for several heuristics.

4.2 Performance of mult

Tile Size Selection. We first consider heuristics which do not perform copy-
ing or padding. Ultra and Alpha megaflop rates of mult for these heuristics
are graphed in Figure 5. The X-axis represents matrix size and the Y-axis gives
Mflops. In the top graph we see that tiled versions usually outperform orig ver-
sions by 4 or more Mflops on the Ultra, improving performance by at least 20%.
We find that for sizes beginning around 200, ess and wmc10, the heuristics
which do not attempt maximality of tile dimensions, obtain a lesser order im-
provement than euc, lrw, and tss, usually by a margin of at least 2 Mflops.
Performance of the latter three heuristics appears quite similar, except at the



A Comparison of Compiler Tiling Algorithms 175

-60%

-40%

-20%

0%

20%

40%

60%

80%

10
0

11
0

12
0

13
0

14
0

15
0

16
0

17
0

18
0

19
0

20
0

21
0

22
0

23
0

24
0

25
0

26
0

27
0

28
0

29
0

30
0

31
0

32
0

33
0

34
0

35
0

36
0

37
0

38
0

39
0

40
0

%
M

F
lo

p
Im

pr
ov

(U
lt

ra
sp

ar
c1

)

-100%
-50%

0%
50%

100%
150%
200%
250%
300%

10
0

11
0

12
0

13
0

14
0

15
0

16
0

17
0

18
0

19
0

20
0

21
0

22
0

23
0

24
0

25
0

26
0

27
0

28
0

29
0

30
0

31
0

32
0

33
0

34
0

35
0

36
0

37
0

38
0

39
0

40
0

Matrix Size

%
M

F
lo

p
Im

pr
ov

(A
lp

ha
)

euc lrw tss

Fig. 6. Matrix multiplication: MFlop improvements of tiling heuristics

clusters of matrix sizes in which performance of all heuristics drops sharply. In
these cases we see euc does not do nearly as bad, and that tss drops the most.
The lower graph gives the same data with respect to the Alpha. Behavior is
similar, though variation in performance for individual heuristic increases, and
ess is a competitive heuristic until matrix sizes exceed 250.

These results illuminate the limitations of several heuristics. Lower ess per-
formance indicates a cost model should determine tile heights instead of the ar-
ray column size, as using the column size results in overly “skinny” tiles. Lower
wmc10 performance underscores the need to better utilize the cache. tss would
benefit from accuracy in computing tile widths. A prominent feature of both
graphs is the gradual dip in performance of orig and ess beginning at 256. This
occurs as matrix sizes exceed the Level 2 (L2) cache, indicating ess is also less
effective in keeping data in the L2 cache than other heuristics.

The top graph in Figure 6 focuses on euc, lrw, and tss, giving percent Mflops
improvements on the Ultra compared to orig. While all heuristics usually im-
prove performance by about 25%–70%, we again observe clusters of matrix sizes
in which performance drops sharply, occasionally resulting in degradations (neg-
ative improvement). euc does best in these cases, while lrw and especially tss
do considerably worse. The lower graph shows results are similar on the Alpha,
but the sudden drops in performance tend to be greater. Also, performance im-
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Fig. 7. Matrix multiplication: MFlop improvements of tiling w/ padding

provements are much larger beyond 256, indicating L2 cache misses are more
costly on the Alpha.

Averaging over all problem sizes, euc, lrw, and tss improve performance
on the Ultra by 42.1%, 38.0%, and 38.5%, respectively, and by 92.3%, 76.6%,
and 76.4% on the Alpha. The advantage of euc over lrw indicates that using
only square tiles is an unfavorable restriction. For instance, at problem size 256,
where euc selects a 256x8 tile, lrw selects an 8x8 tile, at the expense of over 40%
of performance on both architectures. Though euc handles such problem sizes
better than lrw, performance still degrades for euc since the only tile sizes
possible at this column size are too “skinny”. Thus, pathological problem sizes
adversely affect all three heuristics dramatically.

Padding. To avoid pathological problem sizes which hurt performance, we com-
bine padding with tile size selection. Figure 7 compares euc with eucPad and
eucPrePad. In both graphs, eucPad and eucPrePad improvements demon-
strate that padding is successful in avoiding these cases. Moreover, the cost
of pre-copying is acceptably small, with eucPrePad attaining improvements
of 43.3% on the Ultra whereas eucPad improves performance by 45.5%. On the
Alpha, eucPrePad averages 98.5% whereas eucPad averages 104.2%. Since
pre-copying requires only O(N2) instructions, the overhead becomes even less
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Fig. 8. Matrix multiplication: MFlop improvements of copying heuristics

significant for problem sizes larger than 400. Improvements for lrwPad and
tssPad, which do not appear in Figure 7, resemble those of eucPad. Both
are slightly less effective, however. On average, lrwPad and tssPad improve
performance on the Ultra by 44.3% and 43.8% respectively.

Copying Tiles. An alternative to padding is to copy tiles to a contiguous buffer.
Figure 8 compares improvements from copyTile and copyTileCol with those
of eucPad, the most effective noncopying heuristic. On the Ultra, copyTile
is as stable as eucPad, and overall does slightly better, attaining an average
improvement of 46.6%. Though copyTileCol is just as stable, overhead results
in improvements consistently worse than both eucPad and copyTile, and the
average improvement is only 38.1%. We find a different outcome on the Alpha,
on which both copyTile and copyTileCol are superior to eucPad. This is
especially true for larger matrix sizes, where copying overhead is less significant.

Summary. From the above results, we observe that tile size selection heuristics
which compute maximal square or rectangular non-conflicting tiles are most
effective. Also, padding can enable these heuristics to avoid pathological cases in
which substantial performance drops are unavoidable. Moreover, we find copying
tiles to be advantageous in mult.
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Fig. 9. LU Decomposition: MFlop improvements of tiling heuristics

4.3 Performance of lu

Tile Size Selection. We also compare padding heuristics euc and lrw on lu.
Figure 9 gives percent Mflops improvements for euc and lrw. As with mult, on
both the Ultra and the Alpha, large drops in performance occur at certain clus-
ters of matrix sizes, and euc is again more effective in these cases. However, tiling
overhead has a greater impact, leading to frequent degradations in performance
until tiling improves both L1 and L2 cache performance at 256. As a result,
overall improvements on the Ultra for euc and lrw are only 17.8% and 11.4%,
respectively. On the Alpha, overall performance, even worse for matrix sizes less
than 256, is 53.8% and 31.6% for euc and lrw.

Padding. We see again that padding helps to stabilize performance in Fig-
ure 10. In the top graph, eucPad and eucPrePad consistently improve Ultra
Mflop rates, achieving overall improvements of 19.7% and 15.5% respectively. An
interesting feature of this graph are the three spikes in performance of eucPad
and eucPrePad at 128, 256, and 384. These correspond to column sizes con-
taining a large power-of-2 factor, leading to ping-pong conflict misses between
references to unpadded arrays [20]. Thus, a side effect of padding to prevent tile
self-interference is the elimination of ping-pong cross-interference misses in some
cases. The lower graph shows that padding stabilizes performance improvements
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Fig. 10. LU Decomposition: MFlop improvements of tiling w/ padding

on the Alpha as well, but large performance increases do not begin until 256.
Average improvements for eucPad and eucPrePad are 58.5% and 49.8% re-
spectively.

4.4 Cache Utilization

Finally, cache utilization, computed as HW/Cs, appears in Figure 11 for four
heuristics. The top graph give cache utilization for euc and lrw. Here, the X-
axis again gives problem size while the Y-axis gives percent utilization for a
16k cache. We see that for lrw, which chooses only square tiles, utilization
varies dramatically for different matrix sizes. Low cache utilization for lrw occurs
when the largest nonconflicting square tile is very small. For matrix size 256, for
instance, lrw computes an 8x8 tile. Utilization for euc is comparatively high,
since it may choose rectangular tiles. The lower graph gives cache utilization
for eucPad and lrwPad. Utilization for lrwPad is much higher overall than
for lrw since padding is used to avoid small tiles. Often we see utilization by
both lrwPad and eucPad remain level for small intervals of problem sizes.
This occurs when an especially favorable tile is available at a particular column
size N . In these cases, lrwPad and eucPad will perform the padding necessary
to attain that tile in several of the problem sizes leading up to N .
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Fig. 11. Matrix multiplication: Cache utilization of tiling heuristics

5 Related Work

Data locality has been recognized as a significant performance issue for both
scalar and parallel architectures. A number of researchers have investigated tiling
as a means of exploiting reuse. Lam, Rothberg, Wolf show conflict misses can
severely degrade the performance of tiling [13]. Wolf and Lam analyze tempo-
ral and spatial reuse, and apply tiling when necessary to capture outer loop
reuse [25], Coleman and McKinley select rectangular non-conflicting tile sizes [6]
while others focus on using a portion of cache [24]. Temam et al. analyze the pro-
gram to determine whether a tile should be copied to a contiguous buffer. Mitchel
et al. study interactions between tiling for multiple objectives at once [16].

In addition to tiling, researchers working on locality optimizations have con-
sidered both computation-reordering transformations such as loop permuta-
tion [9,17,25] and loop fission/fusion [15,17]. Scalar replacement replaces array
references with scalars, reducing the number of memory references if the com-
piler later puts the scalar in a register [3]. Many cache models have been designed
for estimating cache misses to help guide data locality optimizations [8,9,17,25].
Earlier models assumed fully-associative caches, but more recent techniques take
limited associativity into account [10,22].

Researchers began reexamining conflict misses after a study showed conflict
misses can cause half of all cache misses and most intra-nest misses in scientific
codes [18]. Data-layout transformations such as array transpose and padding
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have been shown to reduce conflict misses in the SPEC benchmarks when ap-
plied by hand [14]. Array transpose applied with loop permutation can improve
parallelism and locality [5,12,19]. Array padding can also help eliminate conflict
misses [1,20,21] when performed carefully.

6 Conclusions

The goal of compiler optimizations for data locality is to enable users to gain
good performance without having to become experts in computer architecture.
Tiling is a transformation which can be very powerful, but requires fairly good
knowledge of the caches present in today’s advanced microprocessors. In this
paper, we have examined and improved a number of tiling heuristics. We show
non-conflicting tile widths can be calculated using a simple recurrence, then
demonstrate intra-variable padding can avoid problem spots in tiling. Exper-
imental results on two architectures indicate large performance improvements
are possible using compiler heuristics. By improving compiler techniques for au-
tomatic tiling, we allow users to obtain good performance without considering
machine details. Scientists and engineers will benefit because it will be easier for
them to take advantage of high performance computing.
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Abstract. Current parallelizing compilers cannot identify a significant
fraction of parallelizable loops because they have complex or statically
insufficiently defined access patterns. We advocate a novel framework
for the identification of parallel loops. It speculatively executes a loop
as a doall and applies a fully parallel data dependence test to check
for any unsatisfied data dependencies; if the test fails, then the loop is
re–executed serially. We will present the principles of the design and
implementation of a compiler that employs both run-time and static
techniques to parallelize dynamic applications. Run-time optimizations
always represent a tradeoff between a speculated potential benefit and a
certain (sure) overhead that must be paid. We will introduce techniques
that take advantage of classic compiler methods to reduce the cost of
run-time optimization thus tilting the outcome of speculation in favor of
significant performance gains. Experimental results from the PERFECT,
SPEC and NCSA Benchmark suites show that these techniques yield
speedups not obtainable by any other known method.

1 Run-Time Optimization Is Necessary

To achieve a high level of performance for a particular program on today’s super-
computers, software developers are often forced to tediously hand–code optimiza-
tions tailored to a specific machine. Such hand–coding is difficult, increases the
possibility of error over sequential programming, and the resulting code may not
be portable to other machines. Restructuring, or parallelizing, compilers address
these problems by detecting and exploiting parallelism in sequential programs
written in conventional languages. Although compiler techniques for the auto-
matic detection of parallelism have been studied extensively over the last two
decades, current parallelizing compilers cannot extract a significant fraction of
the available parallelism in a loop if it has a complex and/or statically insuffi-
ciently defined access pattern. Typical examples are complex simulations such
as SPICE [16], DYNA–3D [27], GAUSSIAN [14], CHARMM [1].
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It has become clear that static (compile–time) analysis must be comple-
mented by new methods capable of automatically extracting parallelism at run–
time [6]. Run–time techniques can succeed where static compilation fails because
they have access to the input data. For example, input dependent or dynamic
data distribution, memory accesses guarded by run–time dependent conditions,
and subscript expressions can all be analyzed unambiguously at run–time. In
contrast, at compile–time the access pattern of some programs cannot be deter-
mined, sometimes due to limitations in the current analysis algorithms but often
because the necessary information is just not available, i.e., the access pattern is
a function of the input data. For example, most dependence analysis algorithms
can only deal with subscript expressions that are affine in the loop indices. In the
presence of non–linear expressions, or of subscripted subscripts, compilers gener-
ally conservatively assume data dependences. Although more powerful analysis
techniques could remove this last limitation when the index arrays are computed
using only statically–known values, nothing can be done at compile–time when
the index arrays are a function of the input data [12,25,28].

We will present the principles of the design and implementation of a com-
piling system that employs run-time and classic techniques in tandem to auto-
matically parallelize irregular, dynamic applications. We will show that run-time
optimizations always represent a tradeoff between a speculated potential benefit
and a certain (sure) overhead that must be paid. This work models the com-
peting factors of this optimization technique and outlines a guiding strategy for
increasing performance. We will introduce techniques that take advantage of
classic compiler methods to reduce the cost of run-time optimization thus tilting
the outcome of speculation in favor of significant performance gains. 1

The scope of presented work will be initially limited to loop level paralleliza-
tion and optimization of Fortran programs in a shared memory environment
using the SPMD programming paradigm. The run–time techniques described
here are designed to be used in the automatic parallelization of ’legacy’ Fortran
applications as well as in explicit parallel coding of new, dynamic codes, where
concurrency is a function of the input data.

2 Run-Time Optimization

Maximizing the performance of an application executing on a specific parallel
system can be derived from three fundamental optimization principles: (i) max-
imizing parallelism while minimizing overhead and redundant computation, (ii)
minimizing wait-time due to load imbalance, and (iii) minimizing wait-time due
to memory latency.

Maximizing the parallelism in a program is probably the most important
factor affecting parallel, scalable performance. It allows full concurrent use of all
the resources of any given architecture without any idle (wait) time. At the limit,

1 This paper and the techniques presented in detail here is complimentary to those
recently published in [18].
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full parallelism also allows perfect scalability with the number of processors and
can be efficiently used to improve memory latency and load balancing.

The most effective vehicle for improving multiprocessor performance has been
the restructuring compiler [5,10,19,9]. Compilers have incorporated sophisticated
data dependence analysis techniques(e.g., [3,20]) to detect intrinsic parallelism in
codes and transform them for parallel execution. These techniques usually rely on
a static (compile time) analysis of the memory access pattern (array subscripts
in the case of Fortran programs) and on parallelism enabling transformations like
privatization, reduction parallelization, induction variable substitution, etc. [7].
When static information is insufficient to safely perform an optimizing transfor-
mation the classic compiler emits conservative code. Alternatively it might delay
the decision to execution time, when sufficient information becomes available.
This strategy implies that a certain amount of code analysis has to be performed
during the time which was initially allocated to useful data processing. This shift
of activity will inherently account for a priori performance degradation. Only
when the outcome of the run-time analysis is a safe optimization can we hope
that the overall execution time will decrease. For example, if the parallelization
of a loop depends on the value of a parameter that is statically unavailable the
compiler can generate a two-version loop (one parallel and one sequential) and
code that will test the parameter at run-time and decide which version to ex-
ecute. While this is a very simple case it shows that time will be ’lost’ testing
the parameter and, depending on the outcome, may or may not lead to an op-
timization. Furthermore, even if the loop under question is executed in parallel,
performance gains are not certain. All this implies that run-time optimizations
always represent a tradeoff which needs a guiding strategy; they represent a spec-
ulation about a potential benefit for which a certain (sure) overhead will have
to be paid.

2.1 Principles of Run-Time Optimization

Loop parallelization is the most effective and far reaching optimization for scien-
tific applications. Briefly stated, a loop can be safely executed in parallel if and
only if its later iterations do not use data computed in its earlier iterations, i.e.,
there are no flow dependences. The safety of this and other related transforma-
tions (e.g., privatization, reduction parallelization) is checked at compile time
through data dependence analysis (i.e., analyzing array subscript functions).
When static analysis is not possible the access pattern is analyzed at run-time
through various techniques which we will shortly introduce and analyze.

Inspector/Executor vs. Speculative run-time testing. All run-time op-
timizations in general, and parallelization in particular, consist of at least two
activities: (a) a test of a set of run-time values (e.g., the values taken by array
subscripts) and (b) the execution of one of the compiler generated options (e.g.,
multi-version loops).

If the test phase is performed before the execution of the loop and has no side
effects, i.e., it does not modify the state of the original program (shared) variables
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then this technique is called inspector/executor [4]. Its run-time overhead consists
only of the time to execute the inspection phase.

If the test phase is done at the same time as the execution of the aggressively
optimized loop and, in general, the state of the program is modified during
this process, then the technique is called speculative execution. Its associated
overhead consists at least of the test itself and the saving of the program state
(checkpointing). If the optimization test fails, then extra overhead is paid during
a program ante loop state restoration phase before the conservative version of the
code can be executed. In this scenario the the initial optimized loop execution
time becomes additional overhead too.

Although it might appear that the more ’sedate’ inspector/executor method
is a better overall strategy than the speculative technique, there is in fact a much
more subtle trade-off between the two. An inspector loop represents a segment of
code that must always be executed before any decision can be made and always
adds to the program’s critical path. However, if the test is executed concurrently
with the actual computation (it is always quasi-independent of it – computation
cannot possibly depend on the test) then some of the overhead may not add
additional wall-clock time. The same is true if checkpointing is done ’on-the-fly’,
just before a variable is about to be modified. In other words with respect to
performance alone the two methods are competitive.

A potential negative effect of speculative execution is that the optimization
test’s data structures are used concurrently with those of the original program,
which could increase the working set of the loop and degrade its cache perfor-
mance.

The previous comparison assumes an important principle: any run-time par-
allelization technique must be fully parallel to scale with the number of proces-
sors. For the speculative method this is always implicitly true – we test during
a speculative parallel execution. Inspectors may be executed sequentially or in
parallel – but, with the exception of simple cases, only parallel execution can
lead to scalable performance. Inspector loops cannot always be parallelized. If
there exists a data or control dependence cycle between shared data and its ad-
dress computation then it is not possible to extract an address inspector that
can be safely parallelized and/or that is side effect free. In fact the inspector
would contain most of the original loop, in effect degenerating into a speculative
technique (will need checkpointing) without its benefits.

In summary we conclude that both run-time techniques are generally com-
petitive but that the speculative method is the only generally applicable one.

2.2 Obtaining Performance

Run-time optimization can produce performance gains only if the associated
overhead for its validation is outweighed by the obtained speedup or,

Speedup = SuccessRate× (Optimization Speedup− Testing Overhead) > 0

This Speedup function can be maximized by increasing the power of the intended
optimization and decreasing the time it takes to validate it. Because run-time
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optimizations are speculative, their success is not guaranteed and therefore, their
SuccessRate, needs to be maximized.

Performance through Run-time Overhead Reduction. The optimization
representing the focus of this paper is loop parallelization within a SPMD com-
putation. This transformation generally scales with data size and number of
processors and its overall potential for speedup is unquestionable. Its general
profitability (when and where to apply it) has been the topic of previous re-
search and its conclusions remain valid in our context.

Thus, the task at hand is to decrease the second term of our performance
objective function, the testing-overhead. Regardless of the adopted testing strat-
egy (inspector/executor or aggressive speculation) this overhead can be broken
down into (a) the time it takes to extract data dependence information about the
statically un-analyzable access pattern, and (b) the time to perform an analysis
of the collected data dependence information.

The first rule we have adopted is that all run-time processing (access tracing
and analysis) must be performed in parallel — otherwise it may become the
sequential bottleneck of the application. The access pattern tracing will be per-
formed within a parallel region either before the loop in case of the inspector ap-
proach or during the speculative execution of the transformed loop. The amount
of work can be upper bounded by the length of the trace but (see Section 5) can
be further reduced (at times dramatically) through reference aggregation and
elimination of duplicated (redundant) address records. This type of optimiza-
tion can be achieved through the use of static, i.e., compile time information.
Usually, when a compiler cannot prove independence for all referenced variables,
the partial information obtained during static analysis is discarded. In such a
case our run-time compiler phase will retrieve all previously considered useless,
but valid information and complement it with only the really dynamic data. This
tight integration of the run-time technique with the classic compiler methods is
the key to the reduction of tracing overhead.

Another important tool in reducing overhead is the development of static
heuristics for uncovering the algorithms and data structures used in the original
program. For example, pattern matching a reduction can encourage the use of a
run-time reduction validation technique. An inference about the use of structures
may reduce the number of addresses shadowed.

Increasing the Success Rate of Speculation. Collecting the outcome of
every speculation and using this data in the computation of a statistic could
drastically alter the success rate of speculation. The use of meaningful statistics
about the parallelism profile of dynamic programs will require some evidence
that different experiments on one application with different input sets produces
similar results (with respect to parallelism). Feeding back the results of specula-
tive parallelization during the same execution of a code may be, for the moment,
a more practical approach. For example, after failing speculation on loop several
consecutive times a more conservative approach can adopted ’on-the-fly’.

A more difficult but more effective strategy in enhancing both the success
rate of speculation as well as lowering run-time overhead is to find heuristics that
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can ’guess’ the algorithmic approach and/or data structure used by the original
program and drive the speculation in the right direction. A simple example
is reduction recognition: if a statement ’looks’ like a reduction then it can be
verified by generating a speculative test for it – the chances of success are very
high. Making the correct assumption at compile time whether an access pattern
is sparse or dense or whether we use linked lists or arrays (regardless of their
implementation) can go a long way in making run-time optimization profitable
(see Section 5).

3 Foundational Work: Run-Time Parallelization

We have developed several techniques [21,22,23,24] that can detect and exploit
loop level parallelism in various cases encountered in irregular applications: (i)
a speculative method to detect fully parallel loops (The LRPD Test), (ii) an
inspector/executor technique to compute wavefronts (sequences of mutually in-
dependent sets of iterations that can be executed in parallel) and (iii) a technique
for parallelizing while loops (do loops with an unknown number of iterations
and/or containing linked list traversals). We now briefly describe a simplified
version of the speculative LRPD test (complete details can be found in [21,22]).
The LRPD Test. The LRPD test speculatively executes a loop in parallel
and tests subsequently if any data dependences could have occurred. If the test
fails, the loop is re–executed sequentially. To qualify more parallel loops, array
privatization and reduction parallelization can be speculatively applied and their
validity tested after loop termination.2 For simplicity, reduction parallelization is
not shown in the example below; it is tested in a similar manner as independence
and privatization. The LRPD test is fully parallel and requires time O(a/p +
log p), where p is the number of processors, and a is the total number of accesses
made to A in the loop.

Consider a do loop for which the compiler cannot statically determine the
access pattern of a shared array A (Fig. 1(a)). We allocate the shadow arrays for
marking the write accesses, Aw, and the read accesses, Ar, and an array Anp, for
flagging non-privatizable elements. The loop is augmented with code (Fig. 1(b))
that will mark during speculative execution the shadow arrays every time A
is referenced (based on specific rules). The result of the marking can be seen
in Fig. 1(c). The first time an element of A is written during an iteration, the
corresponding element in the write shadow array Aw is marked. If, during any
iteration, an element in A is read, but never written, then the corresponding
element in the read shadow array Ar is marked. Another shadow array Anp is
2 Privatization creates, for each processor cooperating on the execution of the loop,
private copies of the program variables. A shared variable is privatizable if it is always
written in an iteration before it is read, e.g., many temporary variables. A reduction
variable is a variable used in one operation of the form x = x ⊗ exp, where ⊗ is
an associative and commutative operator and x does not occur in exp or anywhere
else in the loop. There are known transformations for implementing reductions in
parallel [26,15,13].
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used to flag the elements of A that cannot be privatized: an element in Anp is
marked if the corresponding element in A is both read and written, and is read
first, in any iteration.

A post-execution analysis, illustrated in Fig. 1(c), determines whether there
were any cross-iteration dependencies between statements referencing A as fol-
lows. If any(Aw(:) ∧ Ar(:))3 is true, then there is at least one flow- or anti-
dependence that was not removed by privatizing A (some element is read and
written in different iterations). If any(Anp(:)) is true, then A is not privatizable
(some element is read before being written in an iteration). If Atw, the total
number of writes marked during the parallel execution, is not equal to Atm,
the total number of marks computed after the parallel execution, then there is
at least one output dependence (some element is overwritten); however, if A is
privatizable (i.e., if any(Anp(:)) is false), then these dependencies were removed
by privatizing A.

(a) (b) (c)

do i=1,5
   z = A(K(i))
   if (B1(i) .eq. .true.) then
       A(L(i)) = z + C(i)
   endif
enddo

B1(1:5) = (1 0 1 0 1)
K(1:5) = (1 2 3 4 1)
L(1:5) = (2 2 4 4 2)

do i=1,5
   markread(K(i))
   z = A(K(i))
   if (B1(i) .eq. .true.) then
        markwrite(L(i))
        A(L(i)) = z + C(i)
   endif
enddo

Aw

Anp

Ar(:)
Anp(:)

Operation
Value

3
2

Ar

Aw(:)
Aw(:)

Atw
Atm

^
^

1    2    3    4

0    1    0    1
1    1    1    1
1    1    1    1

0    1    0    1
0    1    0    1

5

0
0

0
0

0

Fig. 1. Do loop (a) transformed for speculative execution, (b) the markwrite and
markread operations update the appropriate shadow arrays, (c) shadow arrays after
loop execution. In this example, the test fails.

4 Variations of the LRPD Test

Static compilation can generate a wealth of incomplete information that, by it-
self, is insufficient to decide whether parallelization is safe but can be exploited
to reduce run-time overhead. When we can establish statically that, for example,
all iterations of a loop first read and then write a shared array (but nothing else)
then we can conclude that privatization is not possible, and therefore should not
test for it. This approach of using partial information has led to the develop-
ment of simplified variants of the LRPD test. The overall purpose of the various
specialized forms of the LRPD test presented in this section is (a) to reduce
the overhead of run-time processing to the minimum necessary and sufficient
to achieve safe parallelization (but without becoming conservative), and (b) to
extend the number of access patterns that can be recognized as parallelizable.
3 any returns the “OR” of its vector operand’s elements, i.e., any(v(1 : n)) = (v(1) ∨
v(2) ∨ . . . ∨ v(n)).
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We will now enumerate some of the more frequently used variants of the LRPD
test that we have developed and elaborate on those that have not been presented
in our earlier paper [18]. Further refinements and related issues (such as choice
of marking data structures) are discussed in Section 5.

– Processor–wise LRPD test for testing cross-processor instead of cross-
iteration dependences, qualifying more parallel loops with less overhead.

– A test supporting copy-in of external values to allow loops that first read-in
a value to be executed in parallel.

– Early failure detection test to reduce the overhead of failed speculation.
– Early success detection test with on-demand cross-processor analysis.
– A test that can distinguish between fully independent and privatizable ac-

cesses to reduce private storage replication for privatized arrays.
– An Aggregate LRPD test – aggregates individual memory the references in

contiguous intervals or sets of points.

4.1 A Processor–Wise Version of the LRPD Test

The LRPD Test determines whether a loop has any cross–iteration data depen-
dences. It turns out that essentially the same method can be used to test whether
the loop, as executed, has any cross–processor data dependences [2]. The only dif-
ference is that all checks in the test refer to processors rather than to iterations,
i.e., replace “iteration” by “processor” in the description of the LRPD test so
that all iterations assigned to a processor are considered as one “super–iteration”
by the test. It is important to note that a loop that is not fully parallel (it has
cross-iteration dependences) could potentially pass the processor–wise version of
the LRPD test because data dependences among iterations assigned to the same
processor will not be detected. This is desirable (and correct) provided that each
processor executes its assigned iterations in increasing order. The processor–wise
version of the test can therefore parallelize more loops and, at the same time
incur less time and space costs: the shadow structures need to be initialized only
once and can use boolean values (bits) for marking. When last value assignment
is required, i.e., when the last written value needs to be copied out from the pri-
vatized array to the original shared array, the needed last–write timestamps can
be expressed implicitly in the value of the processor identifier if static scheduling
of iterations is used.

4.2 Supporting Copy-In of External Values

Suppose that a loop is determined as fully parallel by the LRPD test except for
the accesses to one element a. If the first time(s) a is accessed it is read, and
for every later iteration that accesses a it is always written before it is read,
then the loop could be executed as a doall by having the initial accesses to
a copy–in the global value of a, and the iterations that wrote a used private
copies of a. In this way a loop with a (read)∗(write|read)∗ access pattern can
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be safely transformed into a doall. The LRPD test can be augmented to de-
tect this situation by keeping track of the maximum iteration i+r that read a
(before it was ever written), and the minimum iteration i−w that wrote a. Then,
if i+r ≤ i−w , the loop can be executed in parallel. Two additional private shadow
structures are needed to verify this condition. In the processor–wise LRPD test,
these additional shadow structures are not necessary because the information
is available implicitly if static scheduling is employed. If the iteration space is
assigned to the processors in contiguous chunks, i.e., processor i gets iterations
(n/p) ∗ i through (n/p) ∗ (i + 1) − 1, 0 ≤ i < p, then, we need only check that
the first write to a appears on a processor with an id that is not less than the
last processor id in which a is marked as non-privatizable or read-only.

4.3 Aggregate LRPD Test

The simple, and rather naive way to insert the marking code into a loop is to
simply add a markwrite, markread, markredux macro for every occurrence of
a write and read access to the shadowed array.

There are however many programs that although irregular in general have
a specific ’local’ or partial regularity. These types of access patterns can be
classified in the following manner:

– Arrays in nested loops accessed by an index of the form (ptr, affine fcn).
The innermost loop index generates points for the affine function, and the
outermost loop for the pointer. Generally the first dimension of the array
is relatively small and is often traversed in an innermost loop or, for very
small loop bounds, completely unrolled. It usually represents the access to
the components of an n-dimensional vector. The bounds of this inner loop
never change throughout the program.

– Multi-dimensional access patterns described by complex but statically de-
termined functions, but where one more of the inner dimensions are simple
functions.

A commonality in these cases is the fact that they all perform portion-wise
contiguous accesses. The length of this regular interval can be either fixed (vec-
tors with n-components, structures) or of variable length (e.g., in sparse matrix
solvers). This characteristic can be exploited by marking contiguous intervals
rather than every element accessed. Depending on the actual length of the inter-
vals this technique can lead to major performance improvements. In the case of
fixed-size intervals the information is kept implicitly (not stored in the shadow
structures themselves) and the analysis phase needs only minor adjustment to
the generic LRPD test. When intervals are variable in size within the context of
the tested loop, their length will be kept explicitly and the shadow structures
adapted accordingly into shadow interval structures (e.g., interval trees). The
analysis phase will change to a more complex algorithm to reflect the parallel
merge of complex data structures. While the asymptotic complexity increases
the problem size can decrease dramatically (depending on the average length of
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intervals). We detect of these types of semi-irregular access patterns by using
recently developed array region analysis techniques [17].

5 Implementation Issues

Merging the Phases of LRPD Test

In Section 3 we have presented the LRPD test as a sequence of phases: initial-
ization, checkpointing, speculative execution, analysis and possible sequential
re-execution. Every phase adds its contribution to the critical path of the pro-
gram and may negatively affect the state of the caches. Some of the steps of
a speculative execution can be merged, i.e., they can be executed concurrently.
The major advantage of merging the various steps is that without increasing the
working set, they add fine grain parallelism and thus may hide communication
latencies.

Through on-demand copy-in we can copy-in values that are read from the
original shared array and write them into their private counterparts by taking
advantage of the shadow information. (If an element has not been written before,
then read from the original array, else read from the private array; always write
to the private array) On-demand checkpointing allows us to copy ’on-the-
fly’, to a private storage area, only the memory elments modified by the loop
instead of saving entire data structures (e.g., arrays), a significant saving in
the case of sparse access patterns. Cross-processor last value assignment,
merge-out and reduction, when necessary, can be done concurrently after
a successful speculation. For example, the shadow structures give the needed
information on the processors contributing to the reductions (those that have
their elements marked as reductions) to schedule the update of the shared arrays
without contention.

Choosing Shadow Structures

The choice of shadow structures is dictated by the characteristics of the access
pattern and the data structures used (implicitly or explicitly) of the original pro-
gram. From our experience we have seen arrays used as arrays, C-like structures,
linked lists, etc. The access pattern can be regular dense, regular sparse (fixed
strides), or irregular sparse. Heuristics (omitted here for brevity but explained in
final version of the paper) are used to guess the character of the access pattern.
In the following, we will give a few examples of how these choices are made in
our implementation.

Sparse/Dense access pattern can be inferred from the ratio between array
dimension and number of references (distinct references if known). If the ratio is
much larger than unity, then we can conclude that we have a sparse access. For
the dense case we choose shadow arrays where the Write / Read / NotPrivate /
NotReduction tags are represented by a maximum of 4 bits for the processor-
wise test. For the sparse case we choose hash-table shadow structures or other
specialized data structures.
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Irregular/regular access pattern. Use of pointers (subscripted subscripts) is
an indication of irregular accesses. If it is also sparse, then hash tables can be
useful.
Portion-wise contiguous regular accesses. If intervals are fixed size, then
regular arrays are chosen. Alternatively, when intervals are loop variant, interval
trees are a better choice.

Repetitive Program Behavior

Schedule reuse, inspector decoupling. If the speculatively executed loop
is re-executed during the program with the same data access pattern, then the
results of the first LRPD test can be reused (this is an instance of schedule
reuse [25]). If the defining parameters of an inspector loop are available well be-
fore the loop will be executed, then the test code can be executed early, perhaps
during a portion of the program that does not have enough (or any) parallelism,
possibly hiding the run-time testing overhead completely.

Use of statistics. One of the most effective ways to reduce the cost of failed
parallelization attempts is to ’guess’ correctly when a loop might be parallel. A
powerful heuristic could be using statistics collected during past instantiations of
the loop. Simply put, if the loop has been found to be parallel in the past, then
there is a good chance that it will be parallel in the future. Such techniques have
been extensively used in predicting paging behavior, cache misses and branch
outcome. Unfortunately there is no experimental evidence that statistics about
loop data dependence structure are significant.

5.1 The Run-Time Pass in Polaris

Based on the previously presented techniques, we have implemented a first ver-
sion of run-time parallelization in the Polaris compiler infrastructure [8] that is
loosely based on the experimental work described in [22] and [11]. Due to space
limitations we only give a very general overview of this ’run-time pass’.

Currently, candidate loops for run-time parallelization are marked by a spe-
cial directive in the Fortran source code. Alternatively, all loops that Polaris
leaves sequential are run-time parallelized. As a statistical model of loop paral-
lelism in irregular applications will be developed we will be able to automatically
select the candidates which have the highest possibility of success.

The bulk of the run-time pass is placed after all other static analysis has
been completed and just before the post-pass (code generation). It can therefore
use all the information uncovered by the existing Polaris analysis. In this pass
the compiler proceeds as follows:

1. From all candidate loops, all those containing I/O statements, premature
exits and while loops will be removed (these last two limitation will be soon
relaxed).

2. For every loop we filter from the list of all their variables found independent
or privatizable by previous Polaris analysis. The remainder will be run-time
tested.
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3. The selection of the appropriate LRPD test variant will be made based on a
heuristic. If a reduction has been pattern matched then we apply reduction
test. If it cannot be proven that a memory element is read before it is written
the we test for privatization.

4. All references to variables under test will be instrumented with a call to
the marking (shadowing) routines. These subroutines have been developed
in a separate parallel Fortran library. A significant effort is made to remove
redundant shadowing. For instance, any reference with the same subscript
may have its shadow removed if its dominator has already been instrumented.

5. Finally, the code is generated by cloning the loop into a speculative parallel
version (with shadowing instrumentation) and a serial loop. Calls for memory
allocation, initialization, checkpointing and analysis are inserted.
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6 Experimental Results of Run-Time Test in Polaris

We will now present experimental results obtained on several important loops
from three applications that Polaris could not parallelize, namely, TFFT2,
P3M and TRACK. After inserting run-time test directives before the loop,
the codes have been automatically transformed by the compiler and executed
in dedicated mode on an SGI Power Challenge with R10K processors at NCSA,
University of Illinois. All test variant selections and other optimizations are au-
tomatic and no special, application specific compiler switches have been used.
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P3M Breakdown
SGI Origin 2000 -- 8 Processors
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TFFT2, a SPEC code has a fairly simple structure and all access patterns are
statically defined, i.e., they are not dynamic or input dependent. Nevertheless,
difficulties in its analysis arise due to (1) five levels of subroutine calls within
a loop, (2) array reshaping between subroutine calls , (3) exponential relations
between inner and outer loop bounds, and (4) array index offsets that depend
on outer loop index. We have transformed all important loops of this program
for speculative execution.

The speedups shown in Figure 3 reflect the application of the speculative
LRPD test to the five most important loops of the program: CFFTZ DO#1,

CFFTZ DO#2, CFFTZ DO #3, RCFFTZ DO 110, CRFFTZ DO 100. While
speedups are generally good Loop CFFTZ DO #2 performs poorly because we
allocated a shadow array four times larger than the actual access region (al-
location based on dimension rather than access region) and because the loop
itself is relatively small. The overall speedup of the TFFT2 program is 2.2 on 8
processors.

From the P3M, NCSA benchmark, a N-body simulation we have considered
the triply nested loop in subroutine pp which takes about 50% of the actual
sequential execution time. For better load balancing we have coalesced the loop
nest and then applied speculative parallelization to several arrays that could
not be proven privatizable by Polaris. For the best result we have employed
the processor-wise privatization test (with dynamic scheduling) with shadow
arrays and early success detection. No checkpointing was necessary because all
arrays are privatized and the final reduction is performed on private arrays that
are merged after loop execution. Figure 4 shows good speedup and scalability.
The obtained speedup is significantly less than the manually parallelized version
because the initialization phase, though short, has a cache flushing effect, thus
causing the speculative loop to slow down; misses are experienced on all read-
only arrays.

TRACK, a PERFECT code that simulates missile tracking, is one of the more
interesting programs we have encountered. The tested loop, NLFILT DO 300, has
cross-iteration dependences in some of its instantiations and their frequency is
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input dependent. For the data set presented in Figure 2 the loop fails the cross-
iteration dependence once in its 60 instantiations. However, the processor-wise
test ’hides’ the dependences and passes every time. The checkpointing overhead
is quite important when array sizes are large with respect to the actual work
that the loops performs. We believe that an improved on-demand checkpointing
scheme will reduce this overhead. Note: The hand-parallel speedup in Figure 2
is in fact an ideal speedup because the loop cannot be manually parallelized
(because its parallelism is input dependent). The value shown is still correct
because the hand-parallel version has been statically scheduled and there are no
cross-processor dependences.

7 Conclusion

While the general LRPD algorithm has been extensively presented in [24] and
briefly shown here for clarity of the presentation, this paper emphasizes the
practical aspects of its application and integration in a compiler. In essence we
advocate a very tight connection between static information obtained through
classical compiler methods and the run-time system. This resulting optimized
code will make use of all available static information and test only the necessary
and sufficient conditions for safe parallelization. This interplay between compiler
and run-time system results in testing methods that are tailored to a particular
application (within limits) and that perform better.

A major source of optimization in speculative parallelization is the use of
heuristics for inferring the data structure and access pattern characteristics of
the program. Once a hypothesis is made, it can be tested at run-time much
faster than a general method. For example, guessing the use of linked list or a
structure and testing accordingly can improve performance dramatically.

Reducing run-time overhead may also require the speculative application of
known code transformations, e.g., loop distribution, forward substitution. Their
validity will be checked simultaneously with the previously presented run-time
data dependence test, without incurring any additional overhead.

References

1. Charmm: A program for macromolecular energy, minimization, and dynamics cal-
culations. J. of Computational Chemistry, 4(6), 1983. 183

2. Santosh Abraham. Private Communication. Hewlett Packard Laboratories, 1994.
190

3. Utpal Banerjee. Loop Parallelization. Norwell, MA: Kluwer Publishers, 1994. 185
4. H. Berryman and J. Saltz. A manual for PARTI runtime primitives. Interim

Report 90-13, ICASE, 1990. 186
5. W. Blume, et. al. Advanced Program Restructuring for High-Performance Com-

puters with Polaris. IEEE Computer, 29(12):78–82, December 1996. 185
6. W. Blume and R. Eigenmann. Performance Analysis of Parallelizing Compilers on

the Perfect BenchmarksTM Programs. IEEE Trans. on Parallel and Distributed
Systems, 3(6):643–656, November 1992. 184



Implementation Issues of Loop–Level Run–Time Parallelization 197

7. W. Blume et. al. Effective automatic parallelization with Polaris. IJPP, May 1995.
185

8. W. Blume et al. Polaris: The next generation in parallelizing compilers, In Proc.
of the 7-th Workshop on Languages and Compilers for Parallel Computing, 1994.
193

9. K. Cooper et al. The parascope parallel programming environment. Proc. of IEEE,
pp. 84–89, February 1993. 185

10. M. Hall et. al. Maximizing multiprocessor performance with the Suif compiler.
IEEE Computer, 29(12):84–89, December 1996. 185

11. T. Lawrence. Implementation of run time techniques in the polaris fortran re-
structurer. TR 1501, CSRD, Univ. of Illinois at Urbana-Champaign, July 1995.
193

12. S. Leung and J. Zahorjan. Improving the performance of runtime parallelization.
In 4th PPOPP, pp. 83–91, May 1993. 184

13. Z. Li. Array privatization for parallel execution of loops. In Proceedings of the 19th
International Symposium on Computer Architecture, pp. 313–322, 1992. 188

14. M. J. Frisch et. al. Gaussian 94. Gaussian, Inc., Pittsburgh PA, 1995. 183

15. D. E. Maydan, S. P. Amarasinghe, and M. S. Lam. Data dependence and data-
flow analysis of arrays. In Proc. 5th Workshop on Programming Languages and
Compilers for Parallel Computing, August 1992. 188

16. L. Nagel. SPICE2: A Computer Program to Simulate Semiconductor Circuits. PhD
thesis, University of California, May 1975. 183

17. Y. Paek, J. Hoeflinger, and D. Padua. Simplification of Array Access Patterns for
Compiler Optimizat ions. In Proc. of the SIGPLAN 1998 Conf. on Programming
Language Design and Implementation, Montreal, Canada, June 1998. 192

18. D. Patel and L. Rauchwerger. Principles of speculative run–time parallelization.
In Proceedings 11th Annual Workshop on Programming Languages and Compilers
for Parallel Computing, pp. 330–351, August 1998. 184, 190

19. C. Polychronopoulos et. al. Parafrase-2: A New Generation Parallelizing Compiler.
Proc. of 1989 Int. Conf. on Parallel Processing, St. Charles, IL, II:39–48, 1989. 185

20. W. Pugh. A practical algorithm for exact array dependence analysis. Comm. of
the ACM, 35(8):102–114, August 1992. 185

21. L. Rauchwerger, N. Amato, and D. Padua. A scalable method for run-time loop
parallelization. IJPP, 26(6):537–576, July 1995. 188

22. L. Rauchwerger. Run–time parallelization: A framework for parallel computation.
UIUCDCS-R-95-1926, Univ. of Illinois, Urbana, IL, September 1995. 188, 193

23. L. Rauchwerger and D. Padua. Parallelizing WHILE Loops for Multiprocessor
Systems. In Proc. of 9th International Parallel Processing Symposium, April 1995.
188

24. L. Rauchwerger and D. Padua. The LRPD Test: Speculative Run-Time Paral-
lelization of Loops with Privatization and Reduction Parallelization. In Proc. of
the SIGPLAN 1995 Conf. on Programming Language Design and Implementation,
La Jolla, CA, pp. 218–232, June 1995. 188, 196

25. J. Saltz, R. Mirchandaney, and K. Crowley. Run-time parallelization and schedul-
ing of loops. IEEE Trans. Comput., 40(5), May 1991. 184, 193

26. P. Tu and D. Padua. Array privatization for shared and distributed memory
machines. In Proc. 2nd Workshop on Languages, Compilers, and Run-Time Envi-
ronments for Distributed Memory Machines, September 1992. 188



198 Devang Patel and Lawrence Rauchwerger

27. R. Whirley and B. Engelmann. DYNA3D: A Nonlinear, Explicit, Three-
Dimensional Finite Element Code For Solid and Structural Mechanics. Lawrence
Livermore National Laboratory, Nov., 1993. 183

28. C. Zhu and P. C. Yew. A scheme to enforce data dependence on large multipro-
cessor systems. IEEE Trans. Softw. Eng., 13(6):726–739, June 1987. 184



Compilation and Memory Management for

ASF+SDF

Mark van den Brand1,üPaul Klint1 , 2 and Pieter Olivier 2

1 CWI, Department of Software Engineering
Kruislaan 413, NL-1098 SJ Amsterdam, The Netherlands

2 University of Amsterdam, Programming Research Group
Kruislaan 403, NL-1098 SJ Amsterdam, The Netherlands

Abstract. Can formal specification techniques be scaled-up to industrial problems
such as the development of domain-specific languages and the renovation of large
COBOL systems?
We have developed a compiler for the specification formalism Asf+Sdf that has
been used successfully to meet such industrial challenges. This result is achieved in
two ways: the compiler performs a variety of optimizations and generates efficient C
code, and the compiled code uses a run-time memory management system based on
maximal subterm sharing and mark-and-sweep garbage collection.
We present an overview of these techniques and evaluate their effectiveness in several
benchmarks. It turns out that execution speed of compiled Asf+Sdf specifications
is at least as good as that of comparable systems, while memory usage is in many
cases an order of magnitude smaller.

1 Introduction

Efficient implementation based on mainstream technology is a prerequisite for
the application and acceptance of declarative languages or specification for-
malisms in real industrial settings. The main characteristic of industrial appli-
cations is their size and the predominant implementation consideration should
therefore be the ability to handle huge problems.

In this paper we take the specification formalism Asf+Sdf [5,19,15] as point
of departure. Its main focus is on language prototyping and on the development
of language specific tools. Asf+Sdf is based on general context-free grammars
for describing syntax and on conditional equations for describing semantics. In
this way, one can easily describe the syntax of a (new or existing) language
and specify operations on programs in that language such as static type check-
ing, interpretation, compilation or transformation. Asf+Sdf has been applied
successfully in a number of industrial projects [9,11], such as the development
of a domain-specific language for describing interest products (in the financial
domain) [4] and a renovation factory for restructuring of COBOL code [12]. In
such industrial applications, the execution speed is very important, but when
processing huge COBOL programs memory usage becomes a critical issue as
well. Other applications of Asf+Sdf include the development of a GLR parser
generator [26], an unparser generator [13], program transformation tools [14],
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and the compiler discussed in this paper. Other components, such as parsers,
structure editors, and interpreters, are developed in Asf+Sdf as well but are
not (yet) compiled to C.

What are the performance standards one should strive for when writing a
compiler for, in our case, an algebraic specification formalism? Experimental,
comparative, studies are scarce, one notable exception is [18] where measure-
ments are collected for various declarative programs solving a single real-world
problem. In other studies it is no exception that the units of measurement
(rewrite steps/second, or logical inferences/second) are ill-defined and that mem-
ory requirements are not considered due to the small size of the input problems.

In this paper, we present a compiler for Asf+Sdf that performs a variety of
optimizations and generates efficient C code. The compiled code uses a run-time
memory management system based on maximal subterm sharing and mark-
and-sweep garbage collection. The contribution of this paper is to bring the
performance of executable specifications based on term rewriting into the realm
of industrial applications.

In the following two subsections we will first give a quick introduction to
Asf+Sdf (the input language of the compiler to be described) and to µAsf (the
abstract intermediate representation used internally by the compiler). Next, we
describe the generation of C code (Section 2) as well as memory management
(Section 3). Section 4 is devoted to benchmarking. A discussion in Section 5
concludes the paper.

1.1 Specification Language: ASF+SDF

The specification formalism Asf+Sdf [5,19] is a combination of the algebraic
specification formalism Asf and the syntax definition formalism Sdf. An over-
view can be found in [15]. As an illustration, Figure 1 presents the definition of
the Boolean datatype in Asf+Sdf. Asf+Sdf specifications consist of modules,
each module has an Sdf-part (defining lexical and context-free syntax) and
an Asf-part (defining equations). The Sdf part corresponds to signatures in
ordinary algebraic specification formalisms. However, syntax is not restricted
to plain prefix notation since arbitrary context-free grammars can be defined.
The syntax defined in the Sdf-part of a module can be used immediately when
defining equations, the syntax in equations is thus user-defined.

The emphasis in this paper will be on the compilation of the equations ap-
pearing in a specification. They have the following distinctive features:

– Conditional equations with positive and negative conditions.
– Non left-linear equations.
– List matching.
– Default equations.

It is possible to execute specifications by interpreting the equations as condi-
tional rewrite rules. The semantics of Asf+Sdf is based on innermost rewriting.
Default equations are tried when all other applicable equations have failed, be-
cause either the arguments did not match or one of the conditions failed.
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imports Layout
exports

sorts BOOL
context-free syntax

true → BOOL {constructor}
false → BOOL {constructor}
BOOL “|” BOOL → BOOL {left}
BOOL “&” BOOL → BOOL {left}
BOOL “xor” BOOL → BOOL {left}
not BOOL → BOOL
“(” BOOL “)” → BOOL {bracket}

variables
Bool [0-9 ′]∗ → BOOL

priorities
BOOL “|”BOOL → BOOL < BOOL “xor”BOOL → BOOL <
BOOL “&”BOOL → BOOL < notBOOL → BOOL

equations

[B1] true | Bool = true [B5] not false = true
[B2] false | Bool = Bool [B6] not true = false
[B3] true & Bool = Bool [B7] true xor Bool = not Bool
[B4] false & Bool = false [B8] false xor Bool = Bool

Fig. 1. Asf+Sdf specification of the Booleans.

One of the powerful features of the Asf+Sdf specification language is list
matching. Figure 2 shows a single equation which removes multiple occurrences
of identifiers from a set. In this example, variables with a ∗-superscript are list-
variables that may match zero or more identifiers. The implementation of list
matching may involve backtracking to find a match that satisfies the left-hand
side of the rewrite rule as well as all its conditions. There is only backtracking
within the scope of a rewrite rule, so if the right-hand side of the rewrite rule is
normalized and this normalization fails no backtracking is performed to find a
new match.

The development of Asf+Sdf specifications is supported by an interactive
programming environment, the Asf+Sdf Meta-Environment [23]. In this envi-
ronment specifications can be developed and tested. It provides syntax-directed
editors, a parser generator, and a rewrite engine. Given this rewrite engine terms
can be reduced by interpreting the equations as rewrite rules. For instance, the
term true & (false|true) reduces to true when applying the equations of
Figure 1.

1.2 Intermediate Representation Language: µASF

The user-defined syntax that may be used in equations poses two major imple-
mentation challenges.
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imports Layout
exports

sorts ID Set
lexical syntax

[a-z][a-z0-9]∗ → ID
context-free syntax

“{” {ID “,”}∗ “}” → Set
hiddens

variables
Id “∗”[0-9]∗ → {ID “,”}∗
Id [0-9 ′]∗ → ID

equations

[1] {Id∗
0, Id, Id∗

1, Id, Id∗
2}

= {Id∗
0, Id, Id∗

1, Id∗
2}

module Booleans

signature

true; or( , );

false; xor( , );

and( , ); not( );

rules

and(true,B) = B;

and(false,B) = false;

or(true,B) = true;

or(false,B) = B;

not(true) = false;

not(false) = true;

xor(true,B) = not(B);

xor(false,B) = B;

Fig. 2. The Set equation in Asf+Sdf. Fig. 3. The Booleans in µAsf.

First, how do we represent Asf+Sdf specifications as parse trees? Recall that
there is no fixed grammar since the basic Asf+Sdf-grammar can be extended
by the user. The solution we have adopted is to introduce the intermediate
format AsFix (Asf+Sdf fixed format) which is used to represent the parse
trees of the Asf+Sdf modules in a format that is easy processable by a machine.
The user-defined syntax is replaced by prefix functions. The parse trees in the
AsFix format are self contained.

Second, how do we represent Asf+Sdf specifications in a more abstract form
that is suitable as compiler input? We use a simplified language µAsf as an in-
termediate representation to ease the compilation process and to perform various
transformations before generating C code. µAsf is in fact a single sorted (alge-
braic) specification formalism that uses only prefix notation. µAsf can be con-
sidered as the abstract syntax representation of Asf+Sdf. AsFix and µAsf live
on different levels, µAsf is only visible within the compiler whereas AsFix serves
as exchange format between the various components, such as structure editor,
parser, and compiler.

A module in µAsf consists of a module name, a list of functions, and a set
of equations. The main differences between µAsf and Asf+Sdf are:

– Only prefix functions are used.
– The syntax is fixed (eliminating lexical and context-free definitions, priori-

ties, and the like).
– Lists are represented by binary list constructors instead of the built-in list

construct as in Asf+Sdf; associative matching is used to implement list
matching.

– Functions are untyped, only their arity is declared.
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– Identifiers starting with capitals are variables; variable declarations are not
needed.

Figure 3 shows the µAsf specification corresponding to the Asf+Sdf speci-
fication of the Booleans given earlier in Figure 11. Figure 4 shows the µAsf spec-
ification of sets given earlier in Figure 2. Note that this specification is not left-
linear since the variable Id appears twice on the left-hand side of the equation.
The {list} function is used to mark that a term is a list. This extra function is
needed to distinguish between a single element list and an ordinary term, e.g.,
{list}(a) versus a or {list}(V) versus V. An example of a transformation on
µAsf specifications is shown in Figure 5, where the non-left-linearity has been
removed from the specification in Figure 4 by introducing new variables and an
auxiliary condition.

module Set

signature

{list}(_);

set(_);

conc(_,_);

t;

rules

set({list}(conc(*Id0,

conc(Id,conc(*Id1,

conc(Id,*Id2)))))) =

set({list}(conc(*Id0,

conc(Id,conc(*Id1,*Id2)))));

module Set

signature

{list}(_);

set(_);

conc(_,_);

t;

term-equal(_,_);

rules

term-equal(Id1,Id2) == t ==>

set({list}(conc(*Id0,

conc(Id1,conc(*Id1,

conc(Id2,*Id2)))))) =

set({list}(conc(*Id0,

conc(Id1,conc(*Id1,*Id2)))));

Fig. 4. µAsf specification of Set. Fig. 5. Left-linear specification of Set.

2 C Code Generation

The Asf compiler uses µAsf as intermediate representation format and gener-
ates C code as output. The compiler consists of several independent phases that
gradually simplify and transform the µAsf specification and finally generate C
code.

A number of transformations is performed to eliminate “complex” features
such as removal of non left-linear rewrite rules, simplification of matching pat-
terns, and the introduction of “assignment” conditions (conditions that introduce
1 To increase the readability of the generated code in this paper, we have consistently
renamed generated names by more readable ones, like true, false, etc.
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new variable bindings). Some of these transformations are performed to improve
the efficiency of the resulting code whereas others are performed to simplify code
generation.

In the last phase of the compilation process C code is generated which im-
plements the rewrite rules in the specification using adaptations of known tech-
niques [22,17]. Care is taken in constructing an efficient matching automaton,
identifying common and reusable (sub)expressions, and efficiently implement-
ing list matching. For each µAsf function (even the constructors) a separate C
function is generated. The right-hand side of an equation is directly translated
to a function call, if necessary. A detailed description of the construction of the
matching automaton is beyond the scope of this paper, a full description of the
construction of the matching automaton can be found in [10]. Each generated C
function contains a small part of the matching automaton, so instead of build-
ing one big automaton, the automaton is split over the functions. The matching
automaton respects the syntactic specificity of the arguments from left to right
in the left-hand sides of the equations. Non-variable arguments are tried before
the variable ones.

The datatype ATerm (for Annotated Term) is the most important datatype
used in the generated C code. It is provided by a run-time library which takes
care of the creation, manipulation, and storage of terms. ATerms consist of a
function symbol and zero or more arguments, e.g., and(true,false). The li-
brary provides predicates, such as check sym to check whether the function
symbol of a term corresponds to the given function symbol, and functions, like
make nfi to construct a term (normal form) given a function symbol and i ar-
guments (i ≥ 0). There are also access functions to obtain the i-th argument
(i ≥ 0) of a term, e.g., arg 1(and(true,false)) yields false.

The usage of these term manipulation functions can be seen in Figures 6
and 7. Figure 6 shows the C code generated for the and function of the Booleans
(also see Figures 1 and 3). This C code also illustrates the detection of reusable
subexpressions. In the second if-statement a check is made whether the first
argument of the and-function is equal to the term false. If the outcome of this
test is positive, the first argument arg0 of the and-function is returned rather
than building a new normal form for the term false or calling the function
false(). The last statement in Figure 6 is necessary to catch the case that
the first argument is neither a true or false symbol, but some other Boolean
normal form.

Figure 7 shows the C code generated for the Set example of Figure 2. List
matching is translated into nested while loops, this is possible because of the re-
stricted nature of the backtracking in list matching. The
functions not empty list, list head, list tail, conc, and slice are library
functions which give access to the C data structure which represents the
Asf+Sdf lists. In this way the generated C code needs no knowledge of the
internal list structure. We can even change the internal representation of lists
without adapting the generated C code, by just replacing the library functions.
The function term equal checks the equality of two terms.
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ATerm and(ATerm arg0, ATerm arg1) {

if(check_sym(arg0,truesym))

return arg1;

if(check_sym(arg0,falsesym))

return arg0;

return make_nf2(andsym,arg0,arg1);

}

Fig. 6. Generated C code for the and function of the Booleans.

When specifications grow larger, separate compilation becomes mandatory.
There are two issues related to the separate compilation of Asf+Sdf specifica-
tions that deserve special attention. The first issue concerns the identification
and linking of names appearing in separately compiled modules. Essentially, this
amounts to the question how to translate the Asf+Sdf names into C names.
This problem arises since a direct translation would generate names that are too
long for C compilers and linkage editors. We have opted for a solution in which
each generated C file contains a “register” function which stores at run-time for
each defined function defined in this C file a mapping between the address of
the generated function and the original Asf+Sdf name. In addition, each C file
contains a “resolve” function which connects local function calls to the corre-
sponding definitions based on their Asf+Sdf names. An example of registering
and resolving can be found in Figure 8.

The second issue concerns the choice of a unit for separate compilation. In
most programming language environments, the basic compilation unit is a file.
For example, a C source file can be compiled into an object file and several
object files can be joined by the linkage editor into a single executable. If we
change a statement in one of the source files, that complete source file has to be
recompiled and linked with the other object files.

In the case of Asf+Sdf, the natural compilation unit would be the mod-
ule. However, we want to generate a single C function for each function in the
specification (for efficiency reasons) but Asf+Sdf functions can be defined in
specifications using multiple equations occurring in several modules. The solu-
tion is to use a single function as compilation unit and to re-shuffle the equations
before translating the specification. Equations are thus stored depending on the
module they occur in as well as on their outermost function symbol. When the
user changes an equation, only those functions that are actually affected have
to be recompiled into C code. The resulting C code is then compiled, and linked
together with all other previously compiled functions.

3 Memory Management

At run-time, the main activities of compiled Asf+Sdf specifications are the
creation and matching of large amounts of terms. Some of these terms may even
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ATerm set(ATerm arg0) {

if(check_sym(arg0,listsym)) {

ATerm tmp0 = arg_0(arg0);

ATerm tmp1[2];

tmp1[0] = tmp0; tmp1[1] = tmp0;

while(not_empty_list(tmp0)) {

ATerm tmp3 = list_head(tmp0);

tmp0 = list_tail(tmp0);

ATerm tmp2[2];

tmp2[0] = tmp0; tmp2[1] = tmp0;

while(not_empty_list(tmp0)) {

ATerm tmp4 = list_head(tmp0);

tmp0 = list_tail(tmp0);

if(term_equal(tmp3,tmp4))

return set(list(conc(slice(tmp1[0],tmp1[1]),

conc(tmp3,conc(slice(tmp2[0],tmp2[1]),

tmp0)))));

tmp2[1] = list_tail(tmp2[1]);

tmp0 = tmp2[1];

}

tmp1[1] = list_tail(tmp1[1]);

tmp0 = tmp1[1];

}

}

return make_nf1(setsym,arg0);

}

Fig. 7. C code for the Set specification.

be very big (more than 106 nodes). The amount of memory used during rewriting
depends entirely on the number of terms being constructed and on the amount of
storage each term occupies. In the case of innermost rewriting a lot of redundant
(intermediate) terms are constructed.

At compile time, we can take various measures to avoid redundant term
creation (only the last two have been implemented in the Asf+Sdf compiler):

– Postponing term construction. Only the (sub)terms of the normal form must
be constructed, all other (sub)terms are only needed to direct the rewriting
process. By transforming the specification and extending it with rewrite
rules that reflect the steering effect of the intermediate terms, the amount
of term construction can be reduced. In the context of functional languages
this technique is known as deforestation [27]. Its benefits for term rewriting
are not yet clear.

– Local sharing of terms, only those terms are shared that result from non-
linear right-hand sides, e.g., f(X) = g(X,X). Only those terms will be shared
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void register xor() {
xorsym = "prod(Bool xor Bool -> Bool {left})";
register prod("prod(Bool xor Bool -> Bool {left})",

xor, xorsym);

}
void resolve xor() {

true = lookup func("prod(true -> Bool)");

truesym = lookup sym("prod(true -> Bool)");

false = lookup func("prod(false -> Bool)");

falsesym = lookup sym("prod(false -> Bool)");

not = lookup func("prod(not Bool -> Bool)");

notsym = lookup sym("prod(not Bool -> Bool)");

}
ATerm xor(ATerm arg0, ATerm arg1) {

if (check sym(arg0, truesym))

return (*not)(arg1);

if (check sym(arg0, falsesym))

return arg1;

return make nf2(xorsym,arg0,arg1);

}

Fig. 8. Generated C code for the xor function of the Booleans.

of which the sharing can be established at compile-time; the amount of shar-
ing will thus be limited. This technique is also applied in ELAN [8].

– Local reuse of terms, i.e., common subterms are only reduced once and their
normal form is reused several times. Here again, the common subterm has
to be determined at compile-time.

At run-time, there are various other mechanisms to reduce the amount of work:

– Storage of all original terms to be rewritten and their resulting normal forms,
so that if the same term must be rewritten again its normal form is immedi-
ately available. The most obvious way of storing this information is by means
of pairs consisting of the original term and the calculated normal form. How-
ever, even for small specifications and terms an explosion of pairs may occur.
The amount of data to be manipulated makes this technique useless.
A more feasible solution is to store only the results of functions that have
been explicitly annotated by the user as “memo-function” (see Section 5).

– Dynamic sharing of (sub)terms. This is the primary technique we use and it
is discussed in the next subsection.

3.1 Maximal Sharing of Subterms

Our strategy to minimize memory usage during rewriting is simple but effective:
we only create terms that are new, i.e., that do not exist already. If a term to be
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constructed already exists, that term is reused thus ensuring maximal sharing.
This strategy fully exploits the redundancy that is typically present in the terms
to be build during rewriting. The library functions to construct normal forms
take care of building shared terms whenever possible. The sharing of terms is
invisible, so no extra precautions are necessary in the code generated by the
compiler.

Maximal sharing of terms can only be maintained when we check at every
term creation whether a particular term already exists or not. This check implies
a search through all existing terms but must nonetheless be executed extremely
fast in order not to impose an unacceptable penalty on term creation. Using
a hash function that depends on the internal code of the function symbol and
the addresses of its arguments, we can quickly search for a function application
before creating it. The (modest but not negligible) costs at term creation time
are hence one hash table lookup.

Fortunately, we get two returns on this investment. First, the considerably
reduced memory usage also leads to reduced (real-time) execution time. Second,
we gain substantially since the equality check on terms (term equal) becomes
very cheap: it reduces from an operation that is linear in the number of subterms
to be compared to a constant operation (pointer equality). Note that the compiler
generates calls to term equal in the translation of patterns and conditions.

The idea of subterm sharing is known in the LISP community as hash consing
and will be discussed below.

3.2 Shared Terms versus Destructive Updates

Terms can be shared in a number of places at the same time, therefore they
cannot be modified without causing unpredictable side-effects. This means that
all operations on terms should be functional and that terms should effectively
be immutable after creation.

During rewriting of terms by the generated code this restriction causes no
problems since terms are created in a fully functional way. Normal forms are
constructed bottom-up and there is no need to perform destructive updates on
a term once it has been constructed. When normalizing an input term, this
term is not modified, the normal form is constructed independent of the input
term. If we would modify the input term we would get graph rewriting instead
of (innermost) term rewriting. The term library is very general and is not only
used for rewriting; destructive updates would therefore also cause unwanted side
effects in other components based on this term library.

However, destructive operations on lists, like list concatenation and list slic-
ing, become expensive. For instance, the most efficient way to concatenate two
lists is to physically replace one of the lists by the concatenation result. In our
case, this effect can only be achieved by taking the second list, prepending the
elements of the first list to it, and return the new list as result.

In LISP, the success of hash consing [1] has been limited by the existence of
the functions rplaca and rplacd that can destructively modify a list structure.
To support destructive updates, one has to support two kinds of list structures
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“mono copy” lists with maximal sharing and “multi copy” lists without maximal
sharing. Before destructively changing a mono copy list, it has to be converted
to a multi copy list. In the 1970’s, E. Goto has experimented with a Lisp dialect
(HLisp) supporting hash consing and list types as just sketched. See [25] for a
recent overview of this work and its applications.

In the case of the Asf+Sdf compiler, we generate the code that creates and
manipulates terms and we can selectively generate code that copies subterms in
cases where the effect of a destructive update is needed (as sketched above). This
explains why we can apply the technique of subterm sharing with more success.

3.3 Reclaiming Unused Terms

During rewriting, a large number of terms is created, most of which will not
appear in the end result. These terms are used as intermediate results to guide
the rewriting process. This means that terms that are no longer used have to be
reclaimed in some way.

After experimentation with various alternatives (reference counting, mark-
and-compact garbage collection) we have finally opted for a mark–and-sweep
garbage collection algorithm to reclaim unused terms. Mark-and-sweep collection
is more efficient, both in time and space than reference counting [20]. The typical
space overhead for a mark-sweep garbage collection algorithm is only 1 bit per
object.

Mark-and-sweep garbage collection works using three (sometimes two)
phases. In the first phase, all the objects on the heap are marked as ‘dead’.
In the second phase, all objects reachable from the known set of root objects
are marked as ‘live’. In the third phase, all ‘dead’ objects are swept into a list
of free objects.

Mark-and-sweep garbage collection is also attractive, because it can be imple-
mented efficiently in C and can work without support from the programmer or
compiler [7]. We have implemented a specialized version of Boehm’s conservative
garbage collector [6] that exploits the fact that we are managing ATerms.

4 Benchmarks

Does maximal sharing of subterms lead to reductions in memory usage? How
does it affect execution speed? Does the combination of techniques presented in
this paper indeed lead to an implementation of term rewriting that scales-up to
industrial applications?

To answer these questions, we present in Section 4.1 three relatively simple
benchmarks to compare our work with that of other efficient functional and
algebraic language implementations. In Section 4.2 we give measurements for
some larger Asf+Sdf specifications.
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Compiler Time (sec)

Clean (strict) 32.3

SML 32.9

Clean (lazy) 36.9

Asf+Sdf (with sharing) 37.7

Haskell 42.4

Opal 75.7

Asf+Sdf (without sharing) 190.4

Elan 287.0

Table 1. The execution times for the evaluation of 223.

4.1 Three Small Benchmarks

All three benchmarks are based on symbolic evaluation of expressions 2n mod 17,
with 17 ≤ n ≤ 23. A nice aspect of these expressions is that there are many ways
to calculate their value, giving ample opportunity to validate the programs in
the benchmark 2.

Note that these benchmarks were primarily designed to evaluate specific im-
plementation aspects such as the effect of sharing, lazy evaluation, and the like.
They cannot (yet) be used to give an overall comparison between the various
systems. Also note that some systems failed to compute results for the complete
range 17 ≤ n ≤ 23 in some benchmarks. In those cases, the corresponding graph
also ends prematurely. Measurements were performed on an ULTRA SPARC-5
(270 MHz) with 512 Mb of memory. So far we have used the following imple-
mentations in our benchmarks:

– The Asf+Sdf compiler as discussed in this paper: we give results with and
without maximal sharing.

– The Clean compiler developed at the University of Nijmegen [24]: we give
results for standard (lazy) versions and for versions optimized with strictness
annotations (strict).

– The ELAN compiler developed at INRIA, Nancy [8].
– The Opal compiler developed at the Technische Universität Berlin [16].
– The Glasgow Haskell compiler [21].
– The Standard ML compiler [3].

The evalsym Benchmark The first benchmark is called evalsym and uses
an algorithm that is CPU intensive, but does not use a lot of memory. This
benchmark is a worst case for our implementation, because little can be gained
by maximal sharing. The results are shown in Table 1. The differences between
the various systems are indeed small. Although, Asf+Sdf (with sharing) cannot
benefit from maximal sharing, it does not loose much either.
2 The actual source can be obtained at
http://adam.wins.uva.nl/∼olivierp/benchmark/index.html
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Fig. 9. Memory usage for the evalexp benchmark

The evalexp Benchmark The second benchmark is called evalexp and is
based on an algorithm that uses a lot of memory when a typical eager (strict)
implementation is used. Using a lazy implementation, the amount of memory
needed is relatively small.

Memory usage is shown in Figure 9. Clearly, normal strict implementations
cannot cope with the excessive memory requirements of this benchmark. Inter-
estingly, Asf+Sdf (with sharing) has no problems whatsoever due to the use
of maximal sharing, although it is also based on strict evaluation

Execution times are plotted in Figure 10. Only Clean (lazy) is faster than
Asf+Sdf (with sharing) but the differences are small.

The evaltree Benchmark The third benchmark is called evaltree and is
based on an algorithm that uses a lot of memory both with lazy and eager
implementations. Figure 11 shows that neither the lazy nor the strict imple-
mentations can cope with the memory requirements of this benchmark. Only
Asf+Sdf (with sharing) can keep the memory requirements at an acceptable
level due to its maximal sharing. The execution times plotted in Figure 12 show
that only Asf+Sdf scales-up for n > 20.

4.2 Compilation Times of Larger Asf+Sdf Specifications

Table 2 gives an overview of the compilation times of four non-trivial Asf+Sdf
specifications and their sizes in number of equations, lines of Asf+Sdf speci-
fication, and generated C code. The Asf+Sdf compiler is the specification of
the Asf+Sdf to C compiler discussed in this paper. The parser generator is an
Asf+Sdf specification which generates a parse table for an GLR-parser [26].
The COBOL formatter is a pretty-printer for COBOL, this formatter is used
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Fig. 10. Execution times for the evalexp benchmark

Specification Asf+Sdf Asf+Sdf Generated C Asf+Sdf C compiler
(equations) (lines) code (lines) compiler (sec) (sec)

Asf+Sdf compiler 1876 8699 85185 216 323

Parser generator 1388 4722 47662 106 192

COBOL formatter 2037 9205 85976 208 374

Risla expander 1082 7169 46787 168 531

Table 2. Measurements of the Asf+Sdf compiler.

within a renovation factory for COBOL [12]. The Risla expander is an Asf+Sdf
specification of a domain-specific language for interest products, it expands mod-
ular Risla specifications into “flat” Risla specifications [4]. These flat Risla speci-
fications are later compiled into COBOL code by an auxiliary tool. The compila-
tion times in the column “Asf+Sdf compiler” give the time needed to compile
each Asf+Sdf specification to C code. Note that the Asf+Sdf compiler has
been fully bootstrapped and is itself a compiled Asf+Sdf specification. There-
fore the times in this column give a general idea of the execution times that can
be achieved with compiled Asf+Sdf specifications. The compilation times in
the last column are produced by a native C compiler (SUN’s cc) with maximal
optimizations.

Table 3 gives an impression of the effect of maximal sharing on execution time
and memory usage of compiled Asf+Sdf specifications. We show the results
(with and without sharing) for the compilation of the Asf+Sdf to C compiler
itself and for the expansion of a non-trivial Risla specification.
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Fig. 11. Memory usage for the evaltree benchmark

Application Time (sec) Memory (Mb)

Asf+Sdf compiler (with sharing) 216 16

Asf+Sdf compiler (without sharing) 661 117

Risla expansion (with sharing) 9 8

Risla expansion (without sharing) 18 13

Table 3. Performance with and without maximal sharing.

5 Concluding Remarks

We have presented the techniques for the compilation of Asf+Sdf to C, with
emphasis on memory management issues. We conclude that compiled
Asf+Sdf specifications run with speeds comparable to that of other systems,
while memory usage is in some cases an order of magnitude smaller. We have
mostly used and adjusted existing techniques but their combination in the
Asf+Sdf compiler turns out to be very effective.

It is striking that our benchmarks show results that seem to contradict pre-
vious observations in the context of SML [2] where sharing resulted in slightly
increased execution speed and only marginal space savings. On closer inspection,
we come to the conclusion that both methods for term sharing are different and
can not be compared easily. We share terms immediately when they are cre-
ated: the costs are a table lookup and the storage needed for the table while the
benefits are space savings due to sharing and a fast equality test (one pointer
comparison). In [2] sharing of subterms is only determined during garbage col-
lection in order to minimize the overhead of a table lookup at term creation. This
implies that local terms that have not yet survived one garbage collection are
not yet shared thus loosing most of the benefits (space savings and fast equality



Compilation and Memory Management for ASF+SDF 213

0

50

100

150

200

250

300

350

400

450

500

550

600

650

17 18 19 20 21 22 23

tim
e 

(t
en

th
s 

of
 a

 s
ec

on
d)

Asf+Sdf
Asf+Sdf (no sharing)
Clean (lazy)
Clean (strict)
Opal
Haskell
SML
Elan

Fig. 12. Execution times for the evaltree benchmark

test) as well. The different usage patterns of terms in SML and Asf+Sdf may
also contribute to these seemingly contradicting observations.

There are several topics that need further exploration. First, we want to
study the potential of compile-time analysis for reducing the amount of garbage
that is generated at run-time. Second, we have just started exploring the im-
plementation of memo-functions. Although the idea of memo-functions is rather
old, they have not be used very much in practice due to their considerable mem-
ory requirements. We believe that our setting of maximally shared subterms will
provide a new perspective on the implementation of memo-functions. Finally,
our ongoing concern is to achieve an even further scale-up of prototyping based
on term rewriting.
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Abstract. PROMIS is a multilingual, parallelizing, and retargetable
compiler with an integrated frontend and backend operating on a single
unified/universal intermediate representation. This paper describes the
organization and the major features of the PROMIS compiler.
PROMIS exploits multiple levels of static and dynamic parallelism, rang-
ing from task- and loop-level parallelism to instruction-level parallelism,
based on a target architecture description. The frontend and the back-
end are integrated through a unified internal representation common to
the high-level, the low-level, and the instruction-level analyses and trans-
formations. The unified internal representation propagates hard to com-
pute dependence information from the semantic rich frontend through
the backend down to the code generator. Based on conditional algebra,
the symbolic analyzer provides control sensitive and interprocedural in-
formation to the compiler. This information is used by other analysis
and transformation passes to achieve highly optimized code. Symbolic
analysis also helps statically quantify the effectiveness of transforma-
tions. The graphical user interface assists compiler development as well
as application performance tuning.

1 Introduction

Most systems under design and likely to be built in the future will employ hierar-
chical organization with many levels of memory hierarchy and parallelism. While
these architectures are evolutional and meet advances in hardware technology,
they pose new challenges in the design of parallelizing compilers.

The PROMIS compiler tackles these challenges through its hierarchical in-
ternal representation (IR), the integration of the frontend and the backend,
extensive symbolic analysis, and aggressive pointer analysis. The hierarchical IR
� This work is supported in part by DARPA/NSA grant MDA904-96-C-1472, and in
part by a grant from Intel Corporation.
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Fig. 1. Overview of the PROMIS Compiler

provides a natural mapping for exploitation of multi-level memory hierarchy and
parallelism [8]. The frontend-backend integration via the unified IR enables the
propagation of more information from the frontend to the backend, which in turn
helps achieve a synergistic effect on the performance of the generated code [5].
Symbolic analysis not only produces control flow sensitive information to im-
prove the effectiveness of the existing analysis and optimization techniques, but
also quantitatively guides program optimizations to resolve many tradeoffs [9].
Pointer analysis uses information provided by symbolic analysis to further refine
aliasing information.

The PROMIS compiler is a multilingual, parallelizing, and retargetable com-
piler with an integrated frontend and backend operating on a single unified and
universal IR (or UIR). Unlike most other compilers, PROMIS exploits multiple
levels of static and dynamic parallelism ranging from task- and loop-level paral-
lelism to instruction-level parallelism, based on a target architecture description.

Fig. 1 shows the organization of the PROMIS compiler. The core of the
compiler is the unified and universal hierarchical representation of the program.
Both the frontend and the backend analysis and optimization techniques, driven
by the description of the target architecture, manipulate this common UIR.
Support for symbolic analysis is an integral part of the UIR, which provides
control sensitive information throughout the compilation process. The current
implementation of PROMIS supports C, C++, FORTRAN77, and Java bytecode
as input languages and can target wide variety of systems, such as CISCs, RISCs,
and DSPs.
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PROMIS is an on-going research project with many parts of its optimizer and
backend still under development. In this paper, we focus on the design aspects
of the compiler, while we anticipate to obtain the first performance results by
the time this paper is published (i.e., in early 1999).

The rest of the paper is organized as follows: Section 2 focuses on the
frontend-backend integration. Section 3 describes the PROMIS IR. Analysis and
optimization issues are discussed in Section 4. The PROMIS GUI is introduced
in Section 5. Section 6 discusses related work on compiler development. Finally,
Section 7 summarizes the paper.

2 Motivation for the Frontend-Backend Integration

Conventional compilation frameworks use abstract syntax information (typically
represented in the form of source or intermediate code) to connect the frontend
and the backend. Examples include restructuring tools (such as Parafrase-2 [13],
Polaris [2], and KAP [11]) and system vendors’ backend compilers. This conven-
tional approach makes the development of the frontend and the backend inde-
pendent and modular. However, the inability to transfer dependence information
from the frontend to the backend results in performance degradation [5].

For example, suppose the backend is a multiprocessor-aware compiler which
is capable of dealing with parallel directives (such as C$DOACROSS and C$OPENMP
PARALLEL DO). In this case, the frontend usually augments a parallel loop with a
parallel directive and leaves other optimizations to the backend. However, since
dependence analysis in the backend is usually less accurate than in the fron-
tend,1 intra-iteration dependence information becomes less accurate. If the loop
is not parallelizable, both inter- and intra-iteration dependences are lost dur-
ing the transition from the frontend to the backend. In both of these cases, the
loss of accuracy makes many backend optimizations less effective, and therefore
leads to lower application program performance.2 Backend compilers can also
perform equally extensive dependence analysis in the high-level representation
before optimizing in the low-level representation (but still after the high-level
transformations in the frontend). However, performing time-consuming depen-
dence analysis both in the frontend and in the backend would simply slow down
the compiler. Furthermore, due to high-level program transformations, some loss
of accuracy is inevitable [15].

In cases where the backend is a uniprocessor-oriented compiler (such as
GCC), the situation is even worse. A typical frontend replaces a parallel loop
with a call to a runtime library routine (such as DOALL()), creates a function
for the loop body, and uses the pointer to this loop body function as an argument
to the runtime library call [7]. Since the loop body is now a separate function
1 Program transformations performed by the frontend usually makes the program
harder to analyze. The backend may complicate the program by itself by linearizing
multi-dimensional arrays. Also, many backend compilers simply have less powerful
dependence analyzers than many frontends.

2 For example, more data dependence edges usually result in less ILP.
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requiring interprocedural analysis, the backend optimization is unlikely to be as
effective.

Furthermore, there are cases where inter-processor parallelism and intra-
processor parallelism can be exchanged [5]. A frontend which is independently
developed from the backend may package what could best be exploited as ILP
parallelism into iteration level parallelism. This not only leads to lower functional
unit utilization, but can also increase the total execution time.

In PROMIS, these problems are tackled by integrating the frontend and the
backend via the common IR. The following section describes the PROMIS IR
and how it is used to address these problems.

3 The PROMIS IR

In the PROMIS compiler, the frontend and the backend operate on the same in-
ternal representation, which maintains all vital program structures and provides
a robust users’ and developers’ IR interface. The IR interface makes most trans-
formations and optimizations independent of the implementation details of the
IR data structures. The PROMIS IR is capable of dealing with multiple input
languages and output ISAs (instruction set architectures). The IR structures are
semantic entities, rather than syntactic constructs. Therefore, transformations
and optimizations views and accesses the semantics of the program, rather than
the statements of a particular language or the instructions of a target architec-
ture.

The PROMIS IR is based on the Hierarchical Task Graph (HTG) [8]. The
HTG is a hierarchical control flow graph (HCFG) overlayed with hierarchical
data- and control-dependence graphs (HDDG and HCDG). The HTG has been
successfully used both in a frontend parallelizer [13] and in a backend com-
piler [12]. In the HTG, hierarchical nodes capture the hierarchy of program
statements, and hierarchical dependence edges represent the dependence struc-
ture between tasks at the corresponding level of hierarchy. Therefore, parallelism
can be exploited at each level of the HTG: between statements (or instructions),
between blocks of statements, between blocks of blocks of statements, and so on.
This flexibility promotes a natural mapping of the parallelism onto the hierarchy
of the target architecture. The entire IR framework consists of the following:

– Symbol Table
– Expression Trees
– Control Flow Edges (CFEs)
– Control Dependence Edges (CDEs)
– Data Dependence Edges (DDEs)
– Hierarchical Task Graphs (HTGs)

• HTG nodes3

3 Each top-level node summarizes the entire procedure, providing a support for in-
terprocedural analysis. This also provides a support for optimizing across multiple
input files.
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• Hierarchical Control Flow Edges (HCFEs)
• Hierarchical Control Dependence Edges (HCDEs)
• Hierarchical Data Dependence Edges (HDDEs)

– Call Graphs

3.1 Multilingual Frontend
Unlike previous attempts at a multilingual IR (such as UNCOL), PROMIS does
not try to accommodate all programming languages. Instead, PROMIS aims at
generating high performance code for the mainstream imperative programming
languages, such as C, C++, and FORTRAN. The current version of the PROMIS
IR represents a subset of the union of the language features of C++, FORTRAN,
and Java. This subset includes (but certainly is not limited to) assignments,
function calls, multi-dimensional array accesses, and pointers arithmetic. Per-
formance critical features of these languages are directly supported, and thus
represented in the PROMIS IR. On the other hand, syntax sugar is still sup-
ported in the input program but must be converted during the IR construction
process. For example, virtual function calls are directly supported, while some
of the operators, such as, comma, increment, and decrement are converted.

PROMIS translates stack-based Java bytecode into register-based statements
and applies language independent analyses and optimizations. Two major chal-
lenges in optimizing Java are exceptions and concrete type inference. In
PROMIS, both of these challenges are tackled by symbolic analysis. For ex-
ample, exception detection code can be eliminated as deadcode if the compiler
can prove the lack of exception. Such proof usually involves evaluation of sym-
bolic expressions. Another example is exception handlers. If the compiler can
prove all the exceptions handled in a catch block are actually caught by other
handlers, the catch block can be eliminated. If all catch blocks of a try block
are eliminated, the compiler may be able to convert the try block into a normal
block.4

3.2 Frontend-Backend Integration
Enhanced support for integrated compilation in PROMIS is enabled by the UIR.
The UIR propagates vital dependence information obtained in the frontend to
the backend. The backend, for example, does not need to perform memory disam-
biguation since the data dependence information from the frontend substitutes
it at a higher accuracy. Backend optimization techniques that rely on accurate
memory disambiguation can work more effectively in the integrated compiler.

The PROMIS IR has three distinctive levels of representation: high-level
(HUIR), low-level (LUIR), and instruction-level (IUIR). Although the UIR can
be at any arbitrary sub-level between the HUIR and the LUIR during the course
of the IR lowering process (and also between the LUIR and IUIR), the focus of
the current development effort is given to the three major levels. In the PROMIS
IR, statements are represented as HTG nodes.
4 Note that this is not always possible, for example, due to a finally block.



The Design of the PROMIS Compiler 219

The abstract syntax trees from the parser can have arbitrarily complex ex-
pression trees. During the construction of the HUIR, expression trees are normal-
ized to have a single side effect per statement. Function calls and assignments to
pointer dereferences are identified and isolated as separate statements. Since an
original statement may have multiple side effects, possibly to the same memory
location, it is non-trivial to normalize it without adding extraneous dependen-
cies [15]. This problem is due to the semantics (i.e., lack of strict evaluation
ordering of expressions) of the language. Therefore, it is also applicable to any
other compilers.

During IR lowering (from HUIR to LUIR), complex expression trees are
broken down to collections of simple expression trees, each of which is simi-
lar to quadruples. Data dependence information is maintained and propagated
throughout the lowering process. Therefore, the PROMIS backend utilizes the
same quality of dependence information as the frontend, unlike conventional
compilers.

Fig. 2(a) shows a HUIR representation of the statement a[i] = b * c. At
the leaf-level of the HTG, there is an AssignStmt node corresponding to this
assignment statement. The associated expression tree gives the semantics of the
statement. For the sake of simplicity, the left hand side of an assignment operator
is always an address. This is also true when the value is assigned to a virtual (or
physical) register that technically doesn’t have an address. DDEs connect the
source and the destination expressions of data dependence for this expression
tree. HDDEs connect the source and the destination HTG nodes, summarizing
detailed data dependence information provided by the DDEs. Fig. 2(b) is a
part of the LUIR corresponding to Fig. 2(a). In this example, IR lowering is
performed for register-register type architectures. During the lowering process,
local dependence information is generated and non-local dependence information
is updated to reflect the lowering. Since the statements are already normalized
during HUIR construction, it is straightforward to perform IR lowering while
maintaining the accuracy of dependence information.

In addition to providing detailed dependence information to the backend,
the UIR also enables sharing of compiler passes between the frontend and the
backend. For example, tools such as the available expression analyzer and the
constant propagator can work on the HUIR dealing with complex expressions,
on the LUIR dealing with simple expressions, and the IUIR dealing with simple
expressions, opcodes, and side effects. The ability to raise the IR from IUIR to
LUIR and from LUIR to HUIR (again, without loss of dependence information)
is unique to the PROMIS IR. Since the LUIR is a proper subset of the HUIR,
high-level analysis and transformation techniques can be seamlessly applied to
the LUIR. Raising from the IUIR to the LUIR is simply performed by removing
the opcodes and transforming each node to a set of single side-effect nodes.
Extraneous operations and dependences produced from the side effects of opcode
(e.g., many zero-flag assignments and dependences on it) can be easily eliminated
afterwards.
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3.3 Multitarget Backend

Macro code generation on the PROMIS IR converts the LUIR into the IUIR.
This involves the conversion of generic simple expression trees to a restricted
set of simple expression trees, the assignment of a macro opcode to each of the
converted expression trees, and expression tree construction for the side-effects of
the opcodes. As in IR lowering, macro code generation maintains and propagates
dependence information. It also generates dependence information for the side
effects so that they can be handled in a uniform manner. The target-level backend
optimizer operates on the IUIR, and eventually all macro opcodes are replaced
by actual opcodes of the target. The target system information is automatically
or manually generated from the target architecture description, which is common
to the compiler and the simulator.5

Fig. 2(c) shows the IUIR of Fig. 2(b) for a pseudo instruction set architec-
ture. During the macro code generation process, dependences to and from side
effects and the transformed main expressions are generated and updated, re-
spectively. The first instruction in Fig. 2(c) corresponds to the first statement in
Fig. 2(b). The instruction is still an assignment statement representing R1 = &a.
However, the HTG node is changed from AssignStmt to SESEOper (Single-Entry
Single-Exit operator) in order to attach an opcode LEA and side-effects (in this
case, none). The third instruction ADD has side effects, of which the zero-flag
(ZF) assignment is presented. ZF is assigned based on the result of the addition.
Therefore there is a data dependence (within the instruction, shown as a dashed
5 A VLIW simulator developed at UCI is used to quantitatively evaluate various trans-
formations and optimizations during the development phase.
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line) from the assignment to R3 and the use of its value. In this example, there
are dependence arcs from R3 and ZF to elsewhere, indicating that the values are
used later.

3.4 Support for Symbolic Analysis

As will be shown in the next section, symbolic analysis plays a dominant role
within PROMIS. To increase the efficiency of the symbolic interpreter the IR
has been extended in two ways.

First, variable versioning, which is similar to the SSA (Static Single
Assignment) [6], has been implemented directly into the IR. Scalar variables and
scalar fields of a structure can be versioned. Second, conditional algebra [9] opera-
tors have been included in the IR. The conditional operator τ(e)
returns 1 if e �= 0 and 0 otherwise. With this simple operator, control sensi-
tive information can be encoded into the expressions of the IR. For example,
encoding the situation where X3 is dependent on the outcome of a branch with
condition C1 would yield: X3 = X1τ(C1) + X2τ(!C1). In this expression X3 gets
the value X1 if C1 is true, else it gets the value X2. This technique is similar to
the GSA (Gated Single Assignment) [1]. However, these conditional operators
can be used in any expressions, and its algebraic theory provides a foundation
for simplifying such expressions.

3.5 IR Extensibility

The core IR is designed to provide the basic functionality that is required by
the majority of passes in the compiler. In addition to this core functionality
many additional data structures are used during the compilation process (e.g.
connectivity matrix, dominator tree, etc). Although these data structures are
useful in many compiler passes, they are transient and not a necessary part
of the IR; rather they are data structures built upon the core IR. Allowing
these transient data structures to be placed within the IR would clutter the IR
unnecessarily. Another problem is maintaining them across multiple passes. It
may not be possible (or extremely difficult) to maintain them across passes that
were developed before the addition of such transient data structures, and thus
not aware of them. Development of a new pass would also be difficult if the pass
has to maintain transient data structures it does not use.

To alleviate both these problems PROMIS provides an API called External
Data Structure Interface (EDSI). EDSI allows compiler developers to register
data with each HTG node (e.g. each node can contain the immediate predecessor
and successors of a dominator tree). In addition, a data structure can register
a call-back function to be called during certain IR events (e.g. control flow arc
removal/insertion, node addition/removal, etc). These call back functions allow
the data structures to perform the necessary tasks to maintain their consistency
with the IR.
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4 Analysis and Optimization

4.1 Symbolic Analysis

Ever since the benefits of symbolic analysis were first demonstrated for
compilers [13], many commercial and research compilers have adopted the use of
symbolic analysis. The number of analysis and transformation techniques using
symbolic analysis has increased greatly, due to the symbolic analysis capabilities
of modern compilers. In light of this, support for symbolic analysis has been inte-
grated within the internal representation of PROMIS. This integration provides
a mechanism for extending the symbolic analysis framework, thus allowing new
analysis and transformation techniques to be easily added into the framework.

The symbolic analysis framework uses a symbolic kernel that allows sym-
bolic expressions to be handled in a manner similar to numeric values. Symbolic
expressions consist of either scalar variables, scalar fields of structures, and/or
arrays. Symbolic expression types include integer, floating point, and complex.
Because the values a variable can possess may be dependent on the control
flow of the program, control sensitive values of a variable are encoded within a
symbolic expression. Control sensitive value extraction and symbolic expression
simplification are also performed by the symbolic kernel.

In PROMIS, symbolic analysis is performed via symbolic interpretation. Val-
ues (or ranges of values) for each variable are maintained by the interpreter
in environments. These environments are propagated to each statement. Each
statement is interpreted, and its side effects are computed. These side effects are
applied to the incoming environment of a statement, resulting in new versions for
the affected variables. Successive application of these side effects simulates the
execution of the program. Pointer analysis is performed during interpretation.
This tight integration between symbolic and pointer analysis allows for efficient
information flow to occur between the two passes.

Fig. 3 shows a section of code along with the corresponding interpreted HTG.
Interpretation begins with a new environment initialized with the formal param-
eters. The first node assigns 10 to the variable x. Since x is yet to be versioned,
the new version 1 is assigned to x, and x1 is added to the symbolic environment.
For the next node, y = a, the interpreter searches for the current version of the
variable a in the current environment and finds a1. The variable y in this node
also needs a version, and it becomes y1, just like the variable x in the previous
node. The variable y1 is added to the symbolic environment.

The next node is a branch statement. The conditional expression of the
branch is evaluated, and then two child environments are created (corresponding
to the true and false paths of the branch). Variable lookup requests, when they
cannot be satisfied by these child environments, are forwarded to their parent
environments. In addition, control flow tags are assigned for each child environ-
ment. A control flow tag corresponds to the condition that must be satisfied in
order for a section of code to execute.

The true and false portions of the IF-THEN-ELSE structure are evaluated. As
control flow converges, the two incoming environments into the RETURN statement
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RETURN z3

z3 = z1τ(y1 == b1+10) + z2τ(y1 != b1+10)
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int foo(int a, int b) {
     int x,y,z;

     x = 10;
     y = a;
     if (y == b+10) {
          z = a;
     } else {
          z = b;
     }
     return z;
}
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Fig. 3. Symbolic Interpretation Example

must be merged. In this example, the variables z1 and z2 are merged into the
new variable z3. Finally, the expression to be returned gets versioned to z3.

Interprocedural analysis seamlessly integrates into the symbolic analysis
framework. When a function call is encountered by the interpreter, its side ef-
fects are calculated and applied to the incoming environment, like any other
expression. Once calculated, the side effects of a function call can be saved for
subsequent interpretations or discarded to alleviate the memory footprint of the
compiler. This method of handling function calls eliminates the need for spe-
cial case function call handling in many analysis and transformation techniques.
The only caveat is that function calls are interpreted for a specific alias pattern.
Aliasing between parameters and global variables, which are used within the
function call, must be properly identified and handled.

Alias information improves the accuracy of other analysis techniques, the ef-
fectiveness of optimizations, and the compilation time. Alias information is first
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gathered during IR construction. Static aliases (e.g. Fortran EQUIVALENCE
and C/C++ unions) are analyzed, and their alias patterns are saved. Formal
parameter aliases are then analyzed iteratively before symbolic interpretation.
Although not exact, this iterative process eliminates many possible alias pat-
terns. Symbolic interpretation is then applied to the program. The interpreter
utilizes this alias information and points-to information collected during inter-
pretation.

4.2 High-Level Parallelization and Optimization

Similar to most parallelizing compilers, PROMIS will include a number of clas-
sical analysis and transformation techniques. In PROMIS however, these tech-
niques will be implemented within the symbolic analysis framework. This allows
classical optimizations to exploit the full power of symbolic analysis. Several
optimizations have been re-engineered within the symbolic analysis framework,
such as strength reduction, static performance analysis, induction variable elim-
ination [9], symbolic dependence analysis [3], and array privatization [16]. Other
techniques need not be re-engineered to benefit from symbolic analysis. These
optimizations, which include constant propagation, dead code elimination, and
available expression analysis, benefit from the control sensitive information pro-
vided by symbolic analysis. The application of these techniques can be controlled
by an integrated symbolic optimizer, which determines the ordering of the anal-
ysis and optimization techniques for each segment of code.

A quantitative measure of the synergistic effect of the combination of sym-
bolic and pointer analysis is a major goal of the PROMIS project. Symbolic
analysis will benefit from the disambiguation power of pointer analysis. Like-
wise, pointer analysis will benefit from the control sensitive value information of
pointer expressions provided to it by symbolic analysis.

4.3 Instruction-Level Parallelization and Optimization

The PROMIS backend is divided into machine independent and machine depen-
dent phases. The former works on the LUIR, while the latter works on the IUIR.
As in the frontend, symbolic information plays an important role throughout the
backend.

The machine independent phase includes classical optimizations, such as,
common subexpression elimination, copy propagation, and strength reduction.
The conversion from the LUIR to IUIR involves instruction selection and pre-
liminary code scheduling. The mutation scheduler [12] performs instruction mu-
tation, instruction scheduling, register allocation, loop unrolling, and code com-
paction on the IUIR. The machine dependent phase derives target specific infor-
mation from the target machine description, and therefore the optimizer code
itself is target independent. The PROMIS backend can also be guided by the
results of an architectural simulator, which shares the target machine description
with the compiler.
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Fig. 4. Screen Capture of the PROMIS Compiler

Unlike other backend compilers, PROMIS does not perform memory disam-
biguation because data dependence information from the frontend is available
in the backend.

5 Graphical User Interface

Graphical user interfaces (GUIs) have become a necessity for developers and
users of any compiler. The PROMIS GUI aids in compiler development and user
program optimization. Both of these tasks benefit greatly from the graphical
representation of information.

For compiler development, PROMIS provides both textual and graphical
views of the IR (Fig. 4). Since the PROMIS IR is hierarchical, both views (textual
and graphical) are also hierarchical. Users can expand or collapse a compound
node to display more or less information about the node. This is useful for
preventing unnecessary information from drowning out the needed information
that the compiler developer is seeking.

The IR can be viewed in two modes: online and offline. An offline view
takes a simplified snapshot of the IR, and saves it in a separate data structure.
This allows compilation to continue while the compiler developer explores the
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IR. Offline views are particularly useful to compare the IR before and after an
operation. Online views require the compilation of a program to stop (or pause).
While the compilation is paused, the IR can be inspected and modified (e.g.
removal of superfluous data dependence arcs). Compilation continues when the
view is closed. The offline view can be saved to disk and retrieved for comparison
to later compiler runs.

The GUI also provides a mechanism to set breakpoints at specific points in
the compilation of a program. This functionality allows compiler developers to
dynamically pause compilation and perform an offline or online view of the IR.

The PROMIS status bar informs the compiler user of the current phase of the
compiler. It also gives feedback to the compiler developer as to the time spent in
each module of the compiler. The compiler developer can use this information
to identify performance bottlenecks in the compiler.

External data structures can be added to the compiler to implement new
analysis and transformation techniques. It would be helpful if these external
data structures used the GUI in a similar manner as the IR. To promote the use
of this common interface, an API has been developed for compiler developers. By
defining several functions in the new external data structure, which the GUI can
call, the graphical display for the new data structure will be integrated within
the existing GUI. Also, the API allows new PROMIS developers to quickly use
the power of the GUI without having to spend time learning GUI programming.

Application programmers using PROMIS for performance tuning will be able
to give and receive information about the program under compilation. Program-
mers will be able to receive information, such as profiling information, which
they can then use to optimize time consuming portions of the code. Program-
mers will also be able to give information to the compiler to aid compilation.
This information will include dependence arc removal, dead code identification,
and value (or range of values) specification for variables.

6 Related Work

PROMIS is the successor of the Parafrase-2 Compiler [13] and the EVE
Compiler [12]. The PROMIS Proof-Of-Concept (POC) Prototype [5] is the com-
bination of these two compilers. The POC compiler uses semantics retention
assertions to propagate data dependence information from Parafrase-2 (fron-
tend) to EVE (backend). Experimental results on the POC compiler indicate
that propagating high-level data dependence information to the backend leads
to higher performance and underscore the significance of tradeoffs between inter-
processor and intra-processor parallelism [4]. The unified PROMIS IR propa-
gates all dependence information computed at the frontend to the backend, and
static/dynamic granularity control is used to achieve better parallelism tradeoffs.

Another compiler effort aiming at similar goals is the National Compiler In-
frastructure [14]. The infrastructure is based on the intermediate program format
called SUIF [10], and analysis and optimization modules which operate on SUIF.
These modules communicate using intermediate output files. SUIF is based on
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the abstract syntax information of the program, and data dependence infor-
mation can be represented in the form of annotations [17]. The SUIF compiler
system aims at independent development of compiler modules while PROMIS
compiler employs an integrated design approach. Zephyr [18] is the other compo-
nent of the National Compiler Infrastructure. Zephyr is a toolkit that generates
a compiler from the input language specification, the target machine description,
and a library of analyses and transformations.

7 Summary

As computer systems adopt more complex architectures with multiple levels
of parallelism and deep memory hierarchies, code generation and optimization
becomes an even more challenging problem. With the proliferation of parallel
architectures, automatic or user-guided parallelization becomes relevant for sys-
tems ranging from high-end PCs to supercomputers. In this paper we presented
the PROMIS compiler system, which encompasses automatic parallelization and
optimization at all granularity levels, and in particular at the loop and instruc-
tion level. Based on the preliminary results obtained from the Proof-of-Concept
prototype, we believe that our unique approach to full integration of the frontend
and the backend through a common IR, together with aggressive pointer and
symbolic analysis will amount to significant performance improvements over that
achieved by separate parallelizers and ILP code generators using equally powerful
algorithms. Moreover, our design approach does not compromise retargetability
and it further facilitates the ability to compile different imperative languages
using the same compiler.

PROMIS is an on-going research project with many parts of its optimizer
and backend still under development. In this paper, we focused on the design
aspects of the compiler. The first performance results on the PROMIS compiler
are anticipated to become available in early 1999. As of this writing, PROMIS
identifies parallel loops and also generates VLIW instructions.
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Abstract. In processors that do not support floating-point instructions,
using fixed-point arithmetic instead of floating-point emulation trades
off computation accuracy for execution speed. This trade-off is often
profitable. In many cases, like embedded systems, low-cost and speed
bounds make it the only acceptable option. We present an environment
supporting fixed-point code generation from C programs. It allows the
user to specify the position of the binary point in the source code and
let the converter automatically transform floating-point variables and
operations. We demonstrate the validity of our approach on a series of
experiments. The results show that, compared to floating-point, fixed-
point arithmetic executed on an integer datapath has a limited impact on
the accuracy. In the same time the fixed-point code is 3 to 8 times faster
than its equivalent floating-point emulation on an integer datapath.

1 Introduction

In order to meet the increasingly tight time-to-market constraints, code genera-
tion for complex embedded systems is shifting towards high level languages and
code compilation. The C language, although not ideal for embedded applications,
is a popular imperative specification language as it combines the capabilities of
a typical HLL with low-level assembly language features like bit manipulation.
Furthermore, C has become the de facto standard specification language of sev-
eral international standards: for example MPEG (IEC 13838)[9] and ADPCM
(G.722)[7].

One of the limitations of C is that it does not support fixed-point integer
types. For embedded systems in which tight cost constraints do not allow the
use of floating-point hardware, using a fixed-point version of the algorithm to
implement is an attractive alternative to floating-point software emulation, for
which the reported overhead ranges between a factor of 10 and 500 [6]. Often,
the trade-offs between an algorithm implementation using floating-point software
emulation and a fast, albeit less accurate, fixed-point algorithm favor the latter
solution.

In manual fixed-point programming the designer replaces the floating point
variables with fixed-point ones, encoded as integers. To avoid overflows and re-
duce the loss of precision he must scale the integer words. Determining the
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number of shifts is known to be error prone and time consuming. Automatic con-
version from floating-point to fixed-point is an attractive alternative, addressing
these problems.

This paper presents a design environment that supports semi-automatic con-
version of floating-point code into fixed-point. The user is allowed to specify
the fixed-point representation of selected, critical floating-point variables; a tool
called float2fix automatically performs floating- to fixed-point conversion of the
remaining floating-point variables and inserts the appropriate scaling operations.
The code generator can then map the converted intermediate representation (IR)
into a target instruction set that supports only integer arithmetic.

The rest of this paper is organized as follows. Section 2 reviews the basic con-
cepts of fixed-point arithmetic and introduces our approach to the specification
of the fixed-point type of a variable in C source code. Section 3 describes the
code transformations performed by float2fix. In Sec.4 the code transformations
are tested on a number of benchmarks. Section 5 presents a survey of research
on automatic fixed-point code generation from C. Finally, Sec.6 concludes this
paper and summarizes its contributions.

2 Representation and Specification of Fixed-Point
Numbers

In this section we review some basic concepts related to fixed-point arithmetic
and we address the issue of how to specify the fixed-point format in the C source.

2.1 Fixed-Point Representation

A fixed-point number can be thought of as an integer multiplied by a two’s
power with negative exponent. In other words, the weight 1 is assigned to a
bit other than the LSB of the word, and the bits to the right of that bit rep-
resent the fractional part of the value. We can associate a fixed-point type to
this representation. The minimal set of parameters that determine a fixed-point
type are the signedness, the total length of the word WL and the length of
its integer part, IWL. The fractional word length of a 2’s complement num-
ber n is thus1 FWL =WL− IWL− 1 and the value represented by its bits,
aWL−1, . . . , a0 is:

a =

(
−aWL−12WL−1 +

WL−2∑
i=0

ai2i

)
· 2FWL (1)

Figure 1 shows the signed fixed-point representation of a number. The values of
WL and IWL determine two important properties of the fixed-point representa-
tion: the range of representable numbers R and the quantization step Q:

R = [−2IWL, 2IWL); Q = 2−(WL−1−IWL)

1 Note that we do not consider the sign bit a part of IWL.
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31 30 26 0

IWL

1111 111111111111

S FWL = WL-1-IWL

00 0 0 0 0 0 0 0 0 0 0 0 0 00

Fig. 1. Signed fixed-point representation (WL = 32, IWL = 4) of the floating-
point number 14.631578947368421. The accuracy of the fractional part is equiv-
alent to 13 decimal digits.

Two more parameters must be specified to describe at source level the bit-
true behavior of a fixed-point type: casting mode and overflow mode. The casting
mode specifies what happens to a fixed-point number when it is shifted to right.
The least significant bits can be ignored (truncate mode) or used to round off
the number. The overflow mode specifies how to handle the result of a fixed-
point operation that overflows. The most significant bits can be discarded (wrap-
around mode) or the result can be replaced with the maximum value that can
be represented with that fixed-point type (saturation mode).

In our opinion, a bit-true specification at the source level, which must in-
clude overflow and rounding mode, has little use; the target machine dictates
what are the most efficient type parameters and thus the behavior of fixed-point
operations. In practice, if a particular behavior is not supported in hardware, it
must be emulated in software, and this is highly inefficient. Emulation is thus
hardly acceptable in applications where the focus is on performance. On the
other hand, if the designer can explore the target architecture solution space,
he might want to change the specifics of casting mode or overflow mode of the
target machine without having to change the source code in order to adapt it
to the new fixed-point parameters. For these reasons, we decided to let casting
and overflow be target-dependent aspects and define a fixed-point type only by
its WL and IWL.

In the following discussion, we will consider only signed fixed-point numbers
and a unique value of WL. In [1] we discuss how to implement code generation
for types with user-definable WL. We consider supporting unsigned fixed-point
types a straightforward extension that adds little to the approach presented in
the following sections.

2.2 Fixed-Point Arithmetic Rules

The following rules specify the format of the result of a fixed-point arithmetic
operation c = a � b. The IWL of the result is derived from the fixed-point
representation (1).

Addition and comparison. Two fixed-point numbers can be added or compared
by a normal integer unit, provided the position of their binary points is the same.
If the source operands have different IWL, the word with the smaller IWL must
be scaled so as to align the binary point positions:
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IWLc = max{IWLa, IWLb} (2)

Multiplication. The two’s complement integer multiplication of two words yields
a result of 2WL bits. The IWL of the result is given by:

IWLc = IWLa + IWLb + 1 (3)

Notice that the second most significant bit of the result is normally just a dupli-
cate of the sign bit and IWLa + IWLb bits are sufficient to represent the integer
part of the result.2 In many processors, integer multiplication returns only the
lower WL bits. The upper part is discarded and overflows can be signaled. The
reason for this is that in high-level languages multiplication maps two source
operands of integer type into a destination of the same type, therefore compilers
do not generate code that exploits the precision of a full result. In a fixed-point
multiplication this behavior is not acceptable, because the upper WL bits of the
result contain the integer part of the number. There are three alternatives to
obtain the upper half of the result:

1. Make the upper part of the result accessible in the source code.
2. Scale the source operands before multiplying so that the result will fit inWL

bits.
3. Implement the fixed-point multiplication as a macro computing the upper

part.

The first alternative, used in [13], is convenient when the target architecture
upper word is also accessible. However, this approach requires custom adapta-
tions to the compiler. The second approach, called integer multiplication, shows
poor accuracy. The last approach can be very accurate at the price of additional
computation. Our converter supports the latter two alternatives, but leaves the
possibility to efficiently map multiplications to target processors in which the
upper part of the result is accessible.

Division. Two fixed-point numbers can be divided using a normal integer divider.
From (1) follows that the IWL of the result is:

IWLc =WL− 1 + IWLa − IWLb = (4)

The division is the trickiest of the fixed-point arithmetic operations. Without
careful scaling of the source operands, the chances to loose accuracy are very
high. Notice that if the IWL of the denominator IWLb is small, then the accuracy
of the result is poor. If IWLa > IWLb, the result cannot even be represented
with a WL-bit word. In this case, we must clearly insert scaling operations to
reduce the resulting IWL. In Subsec.3.3 we present some strategies to limit the
loss of accuracy in fixed-point divisions.
2 It is easy to verify that the two most significant bits of the result are not equal only
if both source operands are −2WL.
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2.3 Fixed-Point Specification

Our fixed-point specification does not require special adaptations to the compiler
front-end and is transparent to the compiler. The user specifies the value for
IWL of float and double variables by means of annotations introduced by a
reserved #pragma directive. This directive is ignored by a compiler that does
not recognize it, thus the same source file can be used for both floating-point
and fixed-point compilation. The user can also specify the IWL of arguments of
external functions, as shown in the example below.

Example 1 (Specification of fixed-point variables and functions).
double sin(double);
float signal out[100], *in ptr;
#pragma suif annote "fix" signal out 5
#pragma suif annote "fix" sin 8 1

The base type of the array signal out is a fixed-point integer with IWL = 5.
The fixed-point type of the pointer in ptr will be determined by the converter
using data-flow information. The function sin() takes a fixed-point argument
with IWL = 8 and returns a fixed-point result with IWL = 1. ��

The user is expected to annotate all floating-point variables for which the
fixed-point format cannot be determined by the converter using the static anal-
ysis of the program described in Sec.3. Note that floating-point variables initial-
ized with a constant need not be annotated by the user, because float2fix can
determine their fixed-point format from the constant value. For all the interme-
diate values, like compiler defined temporaries, the fixed-point format can be
determined from the format of the other operands.

3 Fixed-Point Conversion and Code Generation

In this section we present a general view of our code generation environment,
with special attention for the aspects specifically related to floating-point to
fixed-point code conversion. Then we describe in more detail our conversion
tool, float2fix, and we demonstrate the code transformations involved through
an example.

3.1 The Code Generation Environment

The conversion to fixed point uses the SUIF (Stanford University Intermediate
Format) compiler [4] and takes advantage of its flexible intermediate representa-
tion. In SUIF new unique types can be defined by adding annotations to existing
types. This enables us to extend the IR with a fixed-point type system without
any change to the compiler. Figure 2 shows the passes necessary to generate
fixed-point code for our target architecture, called MOVE, from a C source. The
designer starts with the manual annotation of float and double variables, as
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explained in Sec.2. This annotated source file is translated into SUIF IR by the
front-end. Our converter, float2fix, is run immediately after the front-end. It
reads the annotated IR and translates it to a fixed-point (integer encoded) IR
(see (a) in Fig.2) that can be converted back to a C integer source. This source
can be compiled by gcc-move into fixed-point MOVE code (b). The annotated
source file can also be directly compiled by gcc-move into floating-point code (c)
(either hardware-supported or software emulated). This allows to run simula-
tions and perform comparisons between the two versions of the algorithm. The
user can evaluate the performance and the accuracy of the fixed-point code and
adjust the fixed-point format of the variables. An alternative path to code gener-
ation (d), not yet fully implemented, will use the SUIF based back-end and will
be able to recognize fixed-point instruction patterns (like shift-operation-shift)
and map them into dedicated instructions.

gcc-move

floating-point version
MOVE codeMOVE code

fixed-point version

gcc-moveback_end

simulator/scheduler
performance comparison

(d) (b) (c)

fixed-point
C source

s2c

IR

C source

SUIF front-end

annotated floating-point

(a)

float2fix

Fig. 2. Code generation trajectory.

3.2 Fixed-Point Conversion

Float2fix is implemented as an IR-to-IR transformation pass that translates the
SUIF representation of a floating-point program annotated by the user into a
fixed-point equivalent in the following steps:

1. It generates and installs the fixed-point types specified by the user’s anno-
tations. The type of the annotated variable is updated to the new type.

2. It converts floating-point constants to fixed-point format and installs the
corresponding types. If the constant is not linked to an annotated variable
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definition, its fixed-point format is determined by:

IWL = max{�log2 |constant|	, 0}3

For initialized arrays, |constant| is replaced with maxi {|constanti|} where i
is the index of the array element.

3. It propagates the fixed-point format along the instruction trees. The ob-
jects that may need type conversion are: variables that the user did not
annotate, compiler generated temporary variables, and single definition-use
values (edges of the instruction tree). The IWL of these objects is determined
by applying rules (2,3, 4) and the techniques to be presented in Subsec.3.3.

4. It inserts the appropriate scaling instructions to align the binary point of
source operands or to convert from one fixed-point type to another.

Figure 3 illustrates the last two transformations on a statement taken from one of
the test programs of Sec.4: acc += (*coef ptr)*(*data ptr). This expression
is shown as a graph in which the nodes represent instructions and the boxes
represent variables. Edges represent definition-uses of data. Next to every edge
is the type of the transferred datum; the first letter indicates whether the type is
floating-point (f) or integer (i), the following number indicates the wordlength,
WL. Enclosed in square brackets is the value of IWL. Note that a 32-bit int
type would be described with (i.32)[31]. The fixed-point multiply is translated
to the macro invocation mulh(a, b), that computes the upper part of the integer
multiplication using one of the following formulae4

ah ∗ bh + ((ah ∗ bl + al ∗ bh) >> 16) (5)
ah ∗ bh + (((ah ∗ bl + al ∗ bh) + (al ∗ bl >> 16)) >> 16) (6)

where
ah = a >> 16; al = a & 0xFFFF

Note that (5) introduces some approximation due to the fact that the product
between the lower parts is disregarded; in (6) the first shift is unsigned.

3.3 Precision-Improving Techniques

Hereby we present a number of heuristics that improve the precision attainable
with fixed-point arithmetic operations.

Multiplication. As stated in Sec.2, one bit of the result’s integer part is a copy of
the sign bit and conveys no additional information. We can therefore scale down
the result by one position. This gives us one additional bit for the fractional part.
Moreover, a chain of multiplications automatically converted to fixed-point can
3 Notice that we could allow negative values of IWL, i.e. numbers whose binary point
falls out of the word. An analogoue extension is possible to represent numbers for
which IWL ≥WL.

4 These formulae are valid for WL = 32.
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add

(f.32)

acc

(f.32)

acc mul

(f.32)

loadload

(f.32) (f.32)

add

<<1

(i.32)[5]

(i.32)[4]

acc

call mulh()

(i.32)[5]
(i.32)[5]

>>1

acc

(i.32)[4]

coef_ptrcoef_ptr data_ptr

load

(i.32)[4]

load

(i.32)[0]

data_ptr(a) (b)

Fig. 3. Example of code transformation on a SUIF instruction tree, representing:
acc += (*coef prt)*(*data ptr). (a) Original tree. (b) Transformed tree.

produce a result with unnecessarily high IWL and therefore little accuracy. By
scaling the result we alleviate this problem.

Another important improvement is possible for macro (6) when the desti-
nation of the multiply is a fixed-point variable d, and the IWL of the result,
as computed by (3), is higher than IWLd. In this case, we can modify the
macro so that it computes exactly the bits that are to be found in d. Given
D = IWLa + IWLb + 1− IWLd, the modified macro mulh(a, b,D) is

((ah ∗ bh) << D) + (((ah ∗ bl + al ∗ bh) + ((al ∗ bl) >> 16)) >> (16−D)) (7)

Division. Equation (4) summarizes the difficulty of fixed-point division: a de-
nominator with small IWLb with respect to IWLa yields very poor accuracy.
The solution is to scale the denominator and increase IWLb before performing
the division. This is necessary when IWLb > IWLa, as the division would oth-
erwise produce an overflow. When the denominator is a constant value B, it is
possible to shift out the least significant bits that are ‘0’ without introducing
any loss of accuracy. We can extend this idea by computing Errdenom, the error
caused by shifting out the n least significant bits of the denominator:

Errdenom = Bn−1:0/(B − Bn−1:0)

where Bn−1:0 is the unsigned integer value represented by the n least significant
bits. We can then compare this error with the maximum quantization error of the
result, ErrQ, and estimate an amount of shifting that minimizes both Errdenom

and the potential quantization error. This approach can be further generalized
into a heuristic that can be applied to variable denominators. We compute the
amount of shifting using the following expression

�(FWLb) · α� (8)
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31 30 0

100 0 0 0 0 0 0 000000 01 00000000

23

0 a0 0 1 1 10

00 0 0 0 0 0 0 0 00 00000 01 000100000 b00 11 1

00 0 0 00 00000 00000 c0 00 0 0 000 101010 10

Fig. 4. Example of fixed-point division between a = 0.015720487 and b =
0.054935455; the fixed-point format of the result c = 0.28616285 is the most
accurate one among the many that are possible for a/b.

α is a parameter representing the aggressiveness of scaling; it is the fraction of
bits of the fractional part that have to be shifted out. The above expression takes
into account both Errdenom and ErrQ. Although this technique is risky, in that
it may introduce spurious divisions by zero, it turned out to work very well in
practice, as shown in Sec.4. Example 2 demonstrates the idea

Example 2 (Scaling the denominator to improve division accuracy). Consider
the operation c = a/b where a, b are the fixed-point numbers whose value and
IWL are shown in Fig.4. An integer division delivers zero as quotient, and thus
a 100% error. The same result is obtained if b is shifted one position right. If
we scale b by 2 to 5 positions, we are shifting out zeroes and we cannot loose
accuracy. Shifting out the first 4 bits gives invariably 0.25, which corresponds to
an error of 12%; shifting by 5 position drastically improves the accuracy: 0.28125
(1.72% error). Shifting out the first ‘1’, in the sixth position, does not affect the
result. Shifting out all the subsequent ‘0’ bits steadily improves the accuracy: by
shifting 8 positions the error becomes 0.35%, by shifting 11 positions 0.01%. By
shifting out 12 bits the error increases to 0.42%. From this point on, shifting more
bits makes the accuracy smaller, because the new least significant bits computed
are erroneous. Only when we start to shift out the three most significant ‘1’ bits
Errdenom increasingly offsets the reduction of quantization error, and the overall
error rises up to 76%. If also the last non-zero bit of b is shifted out we have a
division by zero. The macro that we implemented will replace it with the largest
number that can be represented with WL bits. ��

4 Experimental Results

In this section we present experimental results of our fixed-point code generation
trajectory and we compare them with two possible floating-point implementa-
tions. The chosen test applications are FIR, a 35th-order fir filter and IIR, a
6th-order iir filter [3]. Both have been coded using float variables and then
converted to fixed-point C, compiled, scheduled and simulated. We tested four
versions of the programs:
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FIR Filter IIR Filter
Version Cycles Moves Instr. SQNR Cycles Moves Instr. SQNR

fp-hw 32826 86862 66 – 7422 22367 202 –
fp-sw 151849 542200 170 70.9 dB 39192 107410 258 64.9 dB
fix-s 23440 102426 58 33.1 dB 5218 27861 61 20.3 dB
fix-m 39410 175888 68 74.7 dB 8723 51899 81 55.1 dB

Table 1. Performance and accuracy results for the test applications.

1. fp-hw Floating-point implementation using floating-point unit.
2. fp-sw Floating-point implementation using software emulation.
3. fix-s Fixed-point implementation using integer multiplication (see Sec.2).
4. fix-m Fixed-point implementation using invocation to multiply macro (5).

Table 1 shows the accuracy and performance of these four versions. Each row
shows the results for the version whose name is in the first column. The cycle
counts in columns 2 and 6 were obtained by scheduling the code on a processor
with 2 load-store units, 2 immediate units, 2 integer units an a floating-point
unit (FPU). In this architecture the FPU supports double-precision only. The
float source operands are extended when loaded from memory. Columns 3
and 7 show the number of moves. This relates to a peculiar characteristic of our
target architecture: data transports, or moves, are explicitly programmed [2];
we roughly need 2 moves per basic (RISC-like) operation. Our target machine
has 8-move busses and therefore can execute around 4 instructions per cycle.
The fundamental unit of ‘control’ of the processor is the data transport, as
opposed to the machine instruction. Columns 4 and 8 show the code static size.
As accuracy metric we chose the Signal to Quantization Noise Ratio (SQNR),
defined as follows:

SQNR = 10 log10

(
S

N

)

where S is the average of the signal’s absolute value and N is the average of
the error, defined as the difference between the original signal and the quantized
signal. Column 5 and 9 show the SQNR of the last three implementations in
comparison to fp-hw. From these results we can draw the following conclusions:

1. For both programs, the speedup factor of fixed-point implementations rel-
ative to fp-sw is large, above 6 for fix-s, above 3 for fix-m. Good resource
utilization contributes to this result: in fix-m, for example, the machine buses
were busy 55% of the execution time in FIR and 74% in IIR.

2. The SQNR of fix-s implementations is poor, whereas fix-m FIR shows a ratio
of 74dB, which is acceptable in most applications. For IIR the accuracy of
the results is not completely satisfactory.

3. The SQNR ratio of fp-sw implementation shows that it introduces some error
compared to fp-hw. This is due to the fact that the software really emulates
float values, whereas the FPU uses double precision.
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4. Remarkably, in FIR the SQNR of fix-m is higher than that of fp-sw. This
is due to the fact that, for floating-point numbers that have a small expo-
nent, the fixed-point representation can use up to 31 bits for the fractional
part, whereas in a float (IEEE 754) only 24 bits are used to represent the
significand.

5. The execution overhead due to macro (5) is 68% respect to fix-s. This in-
dicates that the compiler and the scheduler were effective at optimizing the
code and reducing the impact of the macro computations. In particular, a
feature related to the explicit programming of moves, namely software by-
passing,5 reduced the register pressure to a level very close to that of fix-s.

6. In IIR the scheduler did not find enough parallelism to keep the 8 busses
busy in the fp-hw implementation. As a result, fix-m is only slightly slower,
while fix-s outperforms fp-hw. These cases suggest the use of more accurate
macros, like (6) and (7).

We tested some of the precision improvements presented in Subsec.3.3. By scaling
down the result of (5) by one bit we obtained a 9% cycle count reduction and
at the same time measured an improvement of accuracy of 1.1dB. More tests
remain to be done using macros (6) and (7).

Scalability of converted fixed-point code The high level of parallelism allowed by
the target configuration used in the tests is somewhat biased towards fixed-point
code, which shows a higher amount of inherent parallelism. To verify this, we
run a number of tests with smaller target configurations on FIR, to see how
much impact do restricted resources have on the overhead of the fixed-point
implementations (see Fig.5). Reducing the number of busses and integer units
by half increased the cycle count by 76% and 44% in fix-m and fix-s, respectively,
whereas fp-sw resulted only 30% slower. This suggests that fp-sw does not scale
with the machine resources as effectively as a fixed-point implementation. One
of the reasons is that floating-point operations are implemented by function
calls, which reduce the scope of the scheduler. On the other hand, fixed-point
conversion introduces operations in the expression trees without affecting the
scheduling scope. As a result, fix-m is still 4.4 times faster than fp-sw. Even on
a minimal configuration with two busses, fix-m is 3.7 times faster.

Notice that the tests of all versions were performed on the same processor
configuration. Since the integer versions do not use the FPU, this choice is biased
towards the fp-hw version, since the expensive resources utilized by the FPU, or
part of them, could be invested in more busses and integer units.

Accuracy of division. Although the test programs did not contain fixed-point
divisions, we also measured the accuracy attainable with the heuristic (8). We
performed a large number of fixed-point divisions on random values and col-
lected statistical data. Usually floating-point operands of real programs are not
5 Software bypassing is a technique whereby a transport from the result register of a
functional unit to the functional unit that uses it is explicitly programmed, bypassing
the write and read of a general purpose register.
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Fig. 5. Scalability of the four program versions.

randomly distributed over the entire range; to account in part for this, we added
a parameter that determines the ratio between range of the random distribution
for the numerator and the denominator. Figure 6 shows the results when the
largest number is smaller than 2.0 (IWL = 1 bit). On the X axis is the value
of the heuristic’s parameter, α. On the Y axes is the error introduced by the
fixed-point conversion, expressed in dB. As one can see, the precision steadily
increases for all versions up to α = 0.4. For high values of α, the error due
to coarse quantization of the denominator offsets the accuracy gained due to a
smaller IWL for the result. The effect of the heuristic is less pronounced when
IWL is larger. As a limit case, the heuristic gracefully degrades to integer divi-
sion when the range of both operands is WL− 1, and we obtain flat curves with
integer precision, which entirely depend on the ratio.
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5 Related Work

In the last years the field of automatic conversion of C programs from floating-
point to fixed-point has gained much attention. This is due to the appearance of
digital signal processors offering hardware support for fixed-point arithmetic (like
the popular Texas Instruments’ TMS320C50). Usually, the design of a fixed-point
algorithm starts with floating-point code which is then converted to fixed-point,
manually or in a semi-automatic fashion. Two alternatives have been considered
regarding instantiation of the fixed-point format of a floating-point variable:

1. Instantiation at definition time involves a unique instantiation at the loca-
tion where the variable is defined.

2. Instantiation at assignment time requires that the optimal format be deter-
mined every time the variable is assigned.

According to Willems et al.[14], the implementation of algorithms for specific
target machines requires a bit-true specification at source level. This specifica-
tion can then be transferred into a HDL or a programming language. In [11]
he proposes a non-ANSI extension to C in which two fixed-point parameterized
types are introduced. The first allows the user to instantiate the fixed-point for-
mat of a variable at definition time. With the second, more flexible type the
converter determines the best format at assignment time. This approach leads
to very accurate fixed-point conversion. The behavior of the operators on the
new types is fully specified, including overflow handling and rounding mode6 .
The user is free to specify the fixed-point format for some variables and let the
converter determine the format for the remaining ones. This result is achieved by
propagating the known formats along the data-flow graph and by profiling the
floating-point variables left unspecified by the user. Statistics of these variables
are collected by means of a hybrid (floating-point and fixed-point) simulator and
are used to estimate the optimal number of bits for the integer and the fractional
parts. The process is interactive: the converter can ask the user to supply addi-
tional data when the information available is not sufficient. Once the fixed-point
format of all the variables has been determined, the conversion tool can generate
new ANSI-C code based only on integers types, with the appropriate scaling and
masking operations. An open question is how well can compiler optimizations
reduce the overhead due to integer bit-true transformations when generating
code for a specific target. Also, it is questionable whether a bit-true control of
the algorithm at the source level is “cost-effective”. The target machine in fact
dictates what are the most efficient overflow and rounding modes. Software emu-
lation of a different behavior is inefficient, hardly acceptable in implementations
for which execution speed is critical.

One disadvantage of the instantiation at assignment time used by Willems is
that it requires two specific simulators: a hybrid and a bit-true simulator. The
former, as mentioned above, is needed for profiling, the latter to simulate the
accuracy of the application on the target processor. Another complication comes
6 In ANSI-C these aspects are dependent on the implementation.
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from pointers. The converter must estimate the result of loads and the values
that might have been stored into a location. The fixed-point format of all the
possible values must then be combined.

In [13][8] Sung, Kum et al. propose an automated, fixed-point transforma-
tion methodology based on profiling. Also in this case, the user can specify
the fixed-point format of selected variables. The range, mean and variance of
the remaining variables are measured by profiling. A range estimator [12] uses
the collected statistical data to determine the optimal fixed-point format. The
conversion uses the concept of definition time instantiation only. The authors
focus on specific target architectures (TSM320C5x) with dedicated hardware for
fixed-point arithmetics. Moreover, their approach requires custom adaptations
to existing compilers. Their results show that fixed-point programs using 16-bit
integer words are 5 to 20 times faster than the software floating point simulation.
The speedup drops to a factor 2 when 32-bit fixed-point words are used.

The simulation based format determination, used in both mentioned ap-
proaches, has two disadvantages. One of them is that it depends on the profiling
input data. A more serious problem is that it is slow, as the optimal fixed-point
format is determined running several simulations for every single variable. The
estimator is typically implemented by means of C++ classes, which introduce a
severe overhead compared to a base type [10].

Our approach differs in several aspects from the above described ones. The
choice of definition time instantiation, substantially simplifies the algorithm.
Also, it contributes to more efficient code, as the number of shift operations
is likely to be smaller. Although we do not support profiling to determine the
fixed-point format, the results showed that static analysis and the described
heuristics can deliver the same accuracy. Finally, and differently from the other
approaches, we generate machine code for a wide target space [5].

6 Conclusions

Data type conversion of a floating-point specification to a fixed-point specifi-
cation has been implemented and tested on two digital filter algorithms. We
devised several alternatives for fixed-point multiplication. The results show that
the loss of accuracy due to the fixed-point representation is highly dependent
on the implementation of the multiplication. With the most accurate alterna-
tives, we obtain a Signal to Quantization Noise Ratio of 74dB and 55dB with
respect to a double-precision, hardware supported implementation. For one test
program, the comparison with a floating-point implementation on an integer dat-
apath (software emulation) showed that, depending on the level of parallelism
sustainable by the target machine, a speedup factor from 3.7 to 5.9 is achieved
with the more accurate fixed-point version, and a speedup from 8.2 to 9.9 with
the less accurate one, compared to floating-point software emulation.

The accuracy and the execution speed attained in the experiments show
that the approach presented in this paper is promising. The results encourage
us to continue in the direction of fine-tuning the heuristics and generating code
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for specialized targets with direct support for fixed-point, like shifters at the
functional unit inputs and access to the upper part of the integer multiplication
result.
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Abstract. Certain features of the object-oriented paradigm are a se-
rious impediment for the runtime performance of object-oriented pro-
grams. Although compiler techniques to alleviate this problem were de-
veloped over the years, we will present some real-world examples which
show that these solutions fall short in making any significant optimiza-
tions to systems that are required to be very flexible and highly reusable.
As a solution, we propose a radically different approach: using an open
compiler to ”compile away” whole designs by performing architectural
transformations based on programmer annotations. We will discuss this
approach in detail and show why it is more suited to solve the efficiency
problems inherently associated with object-oriented programming.

1 Introduction

It is well known that certain distinguishing features of the object-oriented
paradigm are a serious impediment for the runtime performance of an object-
oriented system. The most important and powerful feature of object-oriented
programming languages which is hard to implement efficiently is polymorphism,
or the ability to substitute any object for another object which understands
the same set of messages in a certain context. Due to this feature, a compiler
cannot predict at compile time which method will be executed at runtime by a
particular message. Thus, so called dynamic dispatch code has to be generated
for message sends, which looks up the appropriate method based on the runtime
type of the receiver. In comparison to code for a normal function call, dynamic
dispatch code is clearly much slower. Apart from this direct cost, polymorphism
is also responsible for the fact that traditional compiler optimizations can no
longer be performed. For example, inline substitution of method bodies is no
longer possible, because the compiler cannot statically determine which method
will be invoked by a particular message. This is called the indirect cost. It is
stated in [6] that some programs spend up to 47 % of their time executing dy-
namic dispatch code, and that this number is still expected to increase in the
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future. One of the main reasons thereof is that object-oriented programming en-
courages a programmer to write many small methods (a few lines of code) that
get polymorphically invoked by each other. Unfortunately, recent insights in the
programming style fostered by the object-oriented paradigm precisely encourage
the use of these features. Proof thereof is the tremendous success of programming
conventions such as design patterns [7] and idioms [1, 3].

Of course, the reason for the success of these programming techniques is
that there currently exists a trend to make a software system comply to many
important non-functional requirements, such as reusability, extendability and
adaptability, enabling the developers to reuse major parts of it. This leads to
systems in which a lot of attention is paid to the global architecture. How the
different classes in a system are combined and the specific ways in which their
objects interact becomes very important in order to be able to easily reuse or
extend the system. The techniques that support fulfilling this goal however,
encourage the use of the specific features of object-oriented languages even more.
Thus, more often than not, system developers are confronted with a dilemma:
should a system be written in a very flexible and highly reusable way (thereby
heavily relying on late binding polymorphism), which may lead to inefficient
code, or should they take into account the efficiency of a system and not care
about the non-functional aspects of the code? As a result, developers are often
tempted to avoid using inefficient features, which clearly does not contribute
much to the quality of the software.

Not surprisingly, techniques have been developed over the years which focus
on trying to eliminate dynamic dispatch code. This is achieved by trying to
predict the exact type an object will have at runtime, which then allows the
compiler to statically bind the messages sent to this object. Although the results
are encouraging, we will argue why these techniques in isolation are not sufficient
to significantly optimize future object-oriented systems. The main deficiency is
that they only have a narrow local view of the system. We will show that they fail
to incorporate global knowledge about the system’s structure and architecture
and are therefore forced to make local and more conservative optimizations. To
alleviate this problem, we propose to use an open compiler, which is able to
reason about programs at the meta level and which can perform architectural
transformations based on the information gathered this way. The compiler is
open so that developers can annotate their source code and provide the compiler
with detailed architectural knowledge about their system. Further, it is able to
reason about a system at the meta level in order to deduce even more knowledge
about its architecture.

The paper is structured as follows. The next section discusses existing tech-
niques for improving the performance of object-oriented systems, while section
3 provides a representative example and an in-depth discussion as to why these
techniques on their own are not capable to improve performance of (future)
object-oriented systems significantly. In section 4, we present our approach and
explain the framework we use for reasoning about programs and using program-
mer annotations. Section 5 explains how our approach enables significant opti-
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mization of, amongst others, the example introduced in section 3, while section
6 describes future work and section 7 concludes.

2 Current Optimization Techniques

This section presents some of the most important techniques developed to over-
come the efficiency problem of object-oriented languages. More specifically, class
hierarchy analysis, customization and exhaustive class testing will be discussed.
We present the overall picture and elaborate only on the properties needed to
understand the discussions in the following sections. We refer the reader to [5, 2]
for detailed descriptions of these techniques and a detailed report of the results.

2.1 Class Hierarchy Analysis

Class hierarchy analysis tries to avoid dynamic dispatch code by providing the
compiler with the class hierarchy of the whole program. It is based on the ob-
servation that sometimes, when compiling a class, knowledge about its super-
classes and subclasses can help in determining which method will be invoked by
a particular message send. An example will make this more clear. Consider the
inheritance hierarchy in Figure 1 and suppose that method p of class G performs
a self send of the message m. When straightforwardly compiling the method p,
dynamic dispatch code will have to be generated for this message send, since
there are different implementations of the method m in the hierarchy. However,
if the compiler takes into account the class hierarchy of class G, it is able to
statically bind the message. The method m is never overridden: not in class G,
nor in any of its subclasses. Thus, the method m that will be executed at runtime
by method p is the one that is defined in class C.

2.2 Customization

Customization statically binds message sends by compiling different versions of
the method in which they occur. Each version is specialized for one particular
receiver. Since the receiver is thus statically bound in each of these different
versions, the compiler is able to avoid dynamic-dispatch code for each self send
occurring in that method.

Consider again the class hierarchy in Figure 1. The method o of class B
has three different types of possible receivers: the classes B, D and E. Thus,
the method o is compiled to three different versions, corresponding to each of
the three possible receivers. In each of these three versions, the receiver of the
message is statically bound. If method o of class B performs a self send of message
m, the specialized method o for class B will bind this message to method m of
class B and the specialized version for class D will bind this message to method
m of class D. Note that class hierarchy analysis would not be able to statically
bind this self send, since the method m is overridden in subclass D of B.
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o() { this.m(); }
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Fig. 1. Class A and its subclasses.

A disadvantage of this technique is the risk of code explosion: when a large
number of classes are possible receivers for a certain message, many specialized
versions of the corresponding method need to be generated. Also, methods are
only specialized for the receiver of a message, which only enables statically bind-
ing self sends. Other message sends occurring in the method body, for example
messages sent to an argument or to an instance variable, are not taken into
account. For these reasons, an extension of the customization technique, called
specialization was developed. However, the problem of code explosion becomes
even worse using this technique, since even more different versions need to be
generated for a method. Also, specialization requires support for multi-methods
in the runtime environment, something popular languages as C++ or Java lack.

2.3 Exhaustive Class Testing

Exhaustive class testing is a technique which statically binds a message by in-
serting appropriate class tests around it, taking into account the class hierarchy.
Consider again the hierarchy in Figure 1. Instead of specializing the method o
for each of its possible receivers, the compiler could generate the following code
for the message m:

if(receiver instanceof D) { <code of method m in class D> }
else if(receiver instanceof B || receiver instanceof E} {

<code of method m in class B>
}
else { receiver.m(); } // send the message

At first sight, it might seem that this code can be optimized even further by
using a switch-statement (e.g. a dispatch table). This is however not the case,
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since most of the time this table would be sparse. The problem of finding a
numbering scheme for the classes in the system so that for every message send a
dense table can be constructed is very hard, or even impossible. For this reason,
class testing is very efficient only if the number of possible receivers for a message
send is small and if the execution of dynamic dispatch code is more costly then
the execution of a class test and all tests that failed before. This means that
there can be a loss in performance when there are many possible receivers, since
many tests will have to be performed. Furthermore, it is always possible that
the same method is executed each and every time, which means that the other
tests will never succeed, but they still have to be executed.

2.4 Conclusion

This section presented some of the techniques developed recently in order to
alleviate the efficiency problem of object-oriented languages. The primary focus
of all these techniques lies in trying to avoid the generation of expensive dynamic
dispatch code. This is achieved by statically binding as much message sends as
possible. An important observation that can be made is that no one technique
is able to solve the problem on its own. Depending on the situation and the
context of a message send, one certain technique is better suited than another.

3 An Illustrating Example

In this section, we will present a representative example which shows how writing
software in a flexible and reusable way often incurs an inherent performance loss.
Also, it will become clear that, in order for software to be reusable, heavy reliance
on late binding polymorphism is required. Furthermore, we will point out why
the techniques discussed in the previous section are not sufficient to significantly
optimize code for this and other examples.

A generally accepted collection of techniques for writing reusable and adapt-
able software today is design patterns [7]. Given their popularity and widespread
use, it is extremely relevant to discuss the efficiency of systems using these pat-
terns. The example presented here is thus taken from [7]. For a more in-depth
discussion of the use, the advantages and the disadvantages of design patterns,
we refer the reader to this book.

3.1 The Visitor Design Pattern

Problem Statement and Solutions. The prototypical example of the use of
the Visitor pattern is the architecture of a compiler that needs to traverse the
abstract syntax tree (AST) of a program many times in order to pretty-print,
typecheck or generate code for it. Instead of implementing these operations on
the elements that make up the AST, as is depicted in Figure 2, we could imple-
ment each operation in a different class, called a Visitor class, and pass objects
of this class to the elements of the AST. These elements then call the appropriate
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method in the Visitor object. This solution is depicted in Figure 3. This way of
defining operations on element classes has several advantages. Clearly, the code
becomes much easier to understand, maintain and reuse, since element classes
are not cluttered with code for different operations. Also, adding new operations
becomes much easier, as this simply boils down to implementing the appropriate
subclass of the Visitor class and no element classes need to be changed.

AssignmentNode

typecheck()
prettyprint()
generatecode()

VariableRefNode

typecheck()
prettyprint()
generatecode()

Node

typecheck()
prettyprint()
generatecode()

Fig. 2. The straightforward solution.

Node

visit(v: Visitor)

TypeCheckingVisitor

visitAssignmentNode(x: AssignmentNode)
visitVariableRefNode(x: VariableRefNode)

CodeGeneratingVisitor

visitAssignmentNode(x: AssignmentNode)
visitVariableRefNode(x: VariableRefNode)

Visitor

visitAssignmentNode(x: AssignmentNode)
visitVariableRefNode(x: VariableRefNode)

AssignmentNode

visit(v: Visitor) {
   v.visitAssignmentNode(this); }

VariableRefNode

visit(v: Visitor) {
   v.visitVariableRefNode(this); }

Fig. 3. The Visitor design pattern solution.

The Visitor pattern relies on a technique called double dispatch [1]. By using
this technique, one can ensure that the method that will eventually get executed
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by a message send not only depends on the runtime value of the receiver, but
also on the value of the message’s argument. The visit method in the Node
class and its subclasses is an example of this technique. The method that will
get called is dependent on both the type of the receiver of the visit-method
and the type of the Visitor argument passed to it.

Why Current Optimization Techniques Fail. Clearly, since current opti-
mization techniques only focus on statically binding the receiver of the message,
they fall short in optimizing methods that use double dispatch. In order to arrive
at the method that will perform the actual work, at least two message sends need
to be statically bound. This is not a trivial task, since these two messages are
nearly always subject to late binding, because many subclasses of the Node and
the Visitor classes exist. Often, simply sending the message will thus be more
efficient then inserting many class tests or compiling many specialized meth-
ods. A more important reason for the failure of these techniques, however, is
that they do not take into account the specific architecture of this pattern. The
whole idea behind it is to separate the operations that classes need to define
from these classes themselves. As a result, many more messages need to be sent.
Instead of trying to statically bind these messages, a better approach would
consist of avoiding these message sends altogether. A significant performance
gain can be achieved, for example, by moving the operations back to the specific
subclasses of class Node, avoiding at least half the total number of messages
sent1. The result of this operation would then be the architecture depicted in
Figure 2. Of course, as already mentioned, this architecture is much less flexible
and reusable. Therefore, the compiler should be able to perform the transfor-
mation of the architecture automatically, so that developers can still produce
flexible code. Current techniques do not make this possible, however.

3.2 Conclusion

Similar observations can be made for other design patterns, but other examples
were left out due to space limitations. These observations lead us to conclude that
compliance to many important non-functional requirements, such as reusability
and flexibility, incur an inherent performance loss. The primary reason for this
is that developers have to rely heavily on features which are hard to compile effi-
ciently. Furthermore, current compiler techniques are not capable of optimizing
such systems significantly, as the example we presented clearly showed. This is
because those techniques focus only on statically binding messages and do not
incorporate a more architectural view of a system. Design patterns and other
techniques for writing flexible software often introduce extra abstractions and
make clever use of inheritance and delegation in order to make objects more
interchangeable and to prepare for future extensions. Since current techniques
1 In reality, the performance gain will even be higher as it is a characterizing property

of a visitor to access the state variables of the visited object through accessors. These
can also be removed easily.
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fail to recognize these extra abstractions, it is clear that they are not able to
eliminate them, thereby reducing the number of message sends. For a compiler
to be able to optimize such systems, it should incorporate some techniques to
transform one architecture into another more efficient one, eliminating redun-
dant message sends instead of trying to statically bind them.

4 Architectural Optimization Through Transformations

The main reason why current compilers are not able to significantly optimize
highly flexible systems is because they cannot automatically infer the intentions
of the developer. A compiler does not know, for example, why a specific abstrac-
tion is introduced, so it cannot eliminate it to produce better code. Therefore, in
our approach, these intentions are made explicit. For this purpose, an annotation
language is provided in which these intentions can be expressed. In order for the
compiler to be able to use this information in a useful way, it should incorporate
some knowledge on how to optimize a certain intention. Again, this knowledge
should be provided by the developer and can be expressed in the transformation
language.

A drawback of our approach is that a lot of user intervention is required for
the optimization of a system. We believe this is unavoidable however, as systems
tend to get more complex and because there are limits to the amount of infor-
mation that can be deduced automatically by dataflow analysis techniques [11].
It should be stressed however, that we strive to minimize developer intervention
as much as possible. First of all, some work has been published recently in the
area of the automatic detection of design principles, such as design patterns [10].
By integrating this work into our framework, the burden of manually specifying
intentions becomes obsolete. Second, popular techniques for constructing flexi-
ble systems, such as design patterns, are used over and over again. This means
a library of commonly used transformations can be constructed, which can be
reused for compiling different systems and which releaves developers from spec-
ifying the same transformations over and over again. Furthermore, the fact that
the intentions of a developer are made explicit in the software can also aid in
other areas besides performance. First of all, documentation and understandabil-
ity can be improved upon. Second, the information revealed by the intentions
can be used to study the evolution conflicts of object-oriented systems in more
detail [9].

It is important to note that the transformations performed by our compiler
are source-to-source transformations. This has two main advantages. First of all,
the code our compiler outputs can still be optimized by current optimization
techniques in order to achieve even better performance. Second, current tech-
niques will benefit from the fact that unnecessary abstractions are removed by
our compiler, as this allows them to statically bind even more messages.

In what follows, we will explain how all these different aspects can be inte-
grated into one uniform framework which allows for architectural optimization
of object-oriented systems.
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4.1 A Uniform Framework

The transformational approach we propose poses some important requirements.
In order to be able to specify and perform the transformations on a program
easily, a suitable representation of it has to exist. Surely, the transformations
can be performed on the abstract syntax tree of the program, although it has
been argued that this representation is not very well suited for this purpose [8].
Also, the representation should be designed in such a way that it allows for
easy recognition of specific (user defined) patterns in a program, which the AST
certainly is not. The work done in [10] and the conceptual framework introduced
in [4] inspired us to represent a program in a special-purpose logic language. For
our purposes, the declarative nature of such languages and the builtin matching
and unification algorithms are very important features.

Following [4], we represent a program in the logic language TyRuBa by means
of a set of logic propositions. How constructs of the base-language (the language
in which the program is implemented) are represented in the logic language is
specified by the representational mapping. We will discuss this in more detail
below. A code generator is associated with the representational mapping, speci-
fying how code should be generated from the logic propositions representing the
program. It can be seen as the inverse function of the representational mapping.

We will now describe some important properties of TyRuBa, the logic lan-
guage we use, and will then continue explaining in more detail how a base-level
program is represented in this language and what the annotation and the trans-
formation language look like.

TyRuBa. The TyRuBa system is basically a simplified Prolog variant with a
few special features to facilitate code generation. We assume familiarity with
Prolog and only briefly discuss the most important differences.

TyRuBa’s lexical conventions differ from Prolog’s. Variables are identified by
a leading “?” instead of starting with a capital. This avoids confusion between
base-language identifiers and variables. Some examples of TyRuBa variables are:
?x, ?Abc12, etc. Some examples of constants are: x, 1, Abc123, etc. Because
TyRuBa offers a quoting mechanism which allows intermixing base-language
code and logic terms, the syntax of terms is also slightly different from Prolog’s.
To avoid confusion with method calls, TyRuBa compound terms are written
with “<” and “>” instead of “(” and “)”.

TyRuBa provides a special kind of compound term that represents a piece
of “quoted” base-language code. Basically this is simply a special kind of string
delimited by “{” and “}”. Instead of characters however, the elements of such
quoted code blocks may be arbitrary tokens, intermixed with logic variables or
compound terms. The following is an example of a quoted term, in Java-like
syntax. Note the variables and logic terms that occur inside the code.

{ void foo() {
Array<?El> contents = new ?El[5];
?El anElement=contents.elementAt(1); }

}
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The Representational Mapping. The representational mapping specifies
how a program is represented in the logic language. This basically means that
constructs of the base-language are represented in the logic language by means
of a set of logic propositions. The mapping scheme between logic representation
and base-language may vary and determines the kind of information that is ac-
cessible for manipulation. For our purpose, a fine-grained mapping is necessary,
since we want to be able to manipulate a program at every level of detail. Fur-
thermore, more structural and higher-level information, such as the relationship
between different classes and their specific interaction, also needs to be modeled
in the logic language to enable easy reasoning about the architecture of the pro-
gram. It should be stressed that the representation of a program is generated
automatically by the compiler and that it is thus not the task of the developer.

We will explain this representational mapping by using the following running
example:

class Test extends SuperTest {
boolean b;
int m(int i) {

if(b)
return i;

else
return 0;

}
}

The presence of a class and its position in the inheritance hierarchy is made
explicit by the following facts:

class(Test).
extends(Test,SuperTest).

Classes are regarded as being composed out of instance variables, methods
and constructors. The instance variables of a class are represented as follows:

field(Test,boolean,b).

The field predicate thus always indicates to which class the field belongs
and specifies the type and the name of the variable. The presence of methods
and constructors is asserted in a different way: their declarations are chopped
up into little pieces, each of which represents one particular aspect. It is the
responsibility of the code-generator to assemble the various parts and generate
code accordingly. The method m can be represented as follows:

method(Test,m,[int],method1).
returntype(method1,int).
formalparameter(method1,int,i).
body(method1,blocknode).

These predicates specify the returntype, the formal parameters and the body
of the method. The first argument of each predicate specifies to which method
the particular feature belongs. This is necessary for the code generator so that it
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can assemble all parts of a specific method in order to generate code for it. Note
that the method predicate not only lists the name of the class and the name of
the method, but also the type of the formal parameters. This is needed in order
to uniquely identify the method, as it can possibly be overloaded.

Bodies of methods and constructors consist of statements and expressions
and can thus be represented by a normal parse tree. The nodes of this parse
tree need to be unique, and we need to be able to refer to them in an easy
way. Therefore, a proposition representing a node has an extra argument, which
specifies its (unique) name. The body of the method m, for example, will be
represented as follows:

blockstatementnode(blocknode,[ifnode1]).
ifstatementnode(ifnode1,expr-node,then-node,else-node).
fieldaccessnode(expr-node,this,b).
returnstatementnode(then-node,ret-expr).
returnstatementnode(else-node,litnode0).
variableaccessnode(ret-expr,i);
literalnode(litnode0,0).

As should be clear, all nodes point to their child nodes via their specific
names. The ifstatementnode, for example, mentions its three child nodes, a
condition node, a then node and an else node, by their respective names. Fur-
thermore, the two returnstatementnodes picture why nodes need to have a
name: two nodes of the same kind can exist and we need to be able to make
a distinction between them, because they can occur in different parts of the
program. Again, this representation is generated automatically by our compiler.

The Annotation Language. The declarative nature of a logic language allows
developers to straightforwardly provide the compiler with architectural knowl-
edge by means of logic facts. When annotating a particular design pattern in a
system, for example, the developer should state which classes are the primary
participants in the architecture of that pattern. Consider for example the anno-
tated occurrence of a visitor design pattern below:

/** ConcreteVisitor(PrettyPrintVisitor).
operationname(PrettyPrintVisitor,prettyprint).

*/
public class PrettyPrintVisitor extends Visitor { ... }

/** ConcreteElement(AssignmentNode). */
public class AssignmentNode extends Node { ... }

/** ConcreteElement(VariableRefNode). */
public class VariableRefNode extends Node { ... }

The assertions, which are embedded in javadoc-like comments, state that
the classes AssignmentNode and VariableRefNode are instances of the concrete
element participants and that the class PrettyPrintVisitor is an instance of
the concrete visitor participant of this pattern. The predicate operationname
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specifies the name of the operation that is implemented by the particular con-
crete visitor. The reason for its presence will become clear soon. Using this
information, together with the rules expressing which transformations should
be performed, our compiler is able to transform the visitor architecture into a
more efficient architecture (this will be shown in section 5). Of course, apart
from classes, individual methods, fields and constructors can also be annotated
in this way.

An advantage of specifying this information through javadoc-like comments
is that the source code of the system is not mixed with the annotations that
handle its performance. This is important because mixing the code with direc-
tives makes it less readable. Also, current compilers will treat annotations as
comments and can thus still be used to compile this code, although the result
will not be as efficient as when the program is compiled with our optimizing
compiler.

The Transformation Language. A transformation that should be performed
on a program basically expresses “if this particular pattern occurs then replace
it by this pattern”. An intuitive way to express a transformation is thus via a
logic rule: the condition of the rule corresponds to the condition of the if and the
head of the rule corresponds to the then part of the if. Consider the following
example:

messagenode(?nodename,?rec,?var,[]):-fieldaccessnode(?nodename,?rec,?var).

The result of this rule is that the compiler will replace all direct variable
references, such as this.b, by message sends, such as this.b()2. Note that
the name of the messagenode predicate is copied from the fieldaccessnode
predicate. This is to ensure that the code generator will generate code for the
message send only. Remember that node names need to be unique, so the code
generator has special provisions so that code is generated only once for a specific
node.

5 The Illustrating Example Revisited

In this section, we will show how the example presented in section 3 can be
optimized by using architectural transformations. The main idea upon which
this revisited example relies is that the complete architecture of the particular
design pattern is compiled away. This is achieved by transforming the solution
it proposes into a more straightforward solution for the same problem. As
already shown in previous sections, the result of this operation will be more
efficient, as a straightforward solution is often much less flexible and does not
rely on polymorphism as much. As a consequence, much less messages will need
to be sent and thus the performance of the system will be improved significantly.

2 Note that this is only an illustrative example. Expressions of the form this.b = 2
will be replaced by this.b() = 2 which is of course not correct.
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The Visitor pattern defines an architecture in which Visitor classes implement
an operation over some object structure. As already explained, this architecture
can be optimized by implementing the operation defined by a specific Visitor
class on the elements that make up this object structure. A concrete example
should make this more clear. Consider a visitIfStatementNode method in a
PrettyPrintVisitor class, which could look like this:

void visitIfStatementNode(IfStatementNode x) {
this.printOnOutputStream(‘‘if(‘‘);
x.getCondition().visit(this);
this.printOnOutputStream(‘‘) ’’);
x.getThenPart().visit(this);
this.printOnOutputStream(‘‘ else ‘‘);
x.getElsePart().visit(this);

}

This method should be moved to the IfStatementNode class and the code
should be changed so that it looks like this:

void prettyprint(PrettyPrintVisitor x) {
x.printOnOutputStream(‘‘if(‘‘);
this.getCondition().prettyprint(x);
x.printOnOutputStream(‘‘) ’’);
this.getThenPart().prettyprint(x);
x.printOnOutputStream(‘‘ else ‘‘);
this.getElsePart().prettyprint(x);

}

A number of changes needs to be made to the first code fragment in order
to arrive at the second. First of all, the visitIfStatementNode method should
be moved to the class of its formal parameter (e.g. the IfStatementNode class)
and its name should be changed to prettyprint. Note that, since the method
is moved and not copied, the original visitIfStatementNode method will be
deleted from the PrettyPrintVisitor class. Second, the type of the formal
parameter of the method should be changed to the concrete visitor class (e.g.
PrettyPrintVisitor). This is necessary so that methods and instance variables
of this visitor class can still be accessed. Third, since the method is moved to
the class of its formal parameter, all references to the formal parameter should
be replaced by self-references. All self-references in turn have to be changed to
references to the formal parameter, as this now points to the visitor class where
the method was originally defined. Finally, recursive calls to the visit method
of child nodes should be replaced by calls to the prettyprint method of these
nodes. The following rules can be used to describe these changes:

method(?concreteElement,?operationname,[?visitor],?methodid) :-
ConcreteVisitor(?visitor),ConcreteElement(?concreteElement),
method(?visitor,?methodname,[?concreteElement],?methodid),
operationname(?visitor,?operationname).

formalparameter(?methodid,?concreteVisitor,?name) :-
formalparameter(?methodid,?concreteElement,?name),
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concreteVisitor(?concreteVisitor),concreteElement(?concreteElement).
thisexpressionnode(?node) :- variableaccessnode(?node,x).
variableaccessnode(?node,x) :- thisexpressionnode(?node).
messagenode(?node,?rec,?operationname,?args)
:- messagenode(?node,?rec,visit,?args),

ConcreteVisitor(?visitor),operationname(?visitor,?operationname).

These rules make use of the architectural knowledge provided by the devel-
oper, as is described in 4.1. Note, for example, how the rules make use of the
operationname predicate in order to provide a meaningful name to the methods
that implement the operation of the visitor. Given these rules and this knowl-
edge, the compiler is able to remove the extra indirections and abstractions
introduced by this architecture. The code it emits can then be further optimized
by already existing techniques, enabling even better optimization conditions.

6 Future Work

Further investigation into different areas is needed in order to complete the
work presented in this paper. First of all, we only tested our approach on some
small but prototypical systems, which showed good results. The next step thus
consists of trying to optimize real-world object-oriented systems. Second, we will
study the impact of our techniques on current optimization techniques. We hold
the position that the latter can benefit from our optimizations, as unnecessary
abstractions and indirections are removed, which enables better conditions for
statically binding and inlining messages. Third, we will integrate our work with
the work of [10] and develop a library of transformations in order to automate the
optimization process and eliminate developer intervention as much as possible.

7 Conclusion

In this paper, we showed that current techniques for optimizing object-oriented
systems fall short when applied to systems which conform to important non-
functional requirements such as reusability, adaptability and extendability. This
is mainly due to the fact that these techniques only try to statically bind mes-
sage sends by predicting the exact type of an object at runtime. They do not
incorporate global knowledge about the architecture of a system, with all its
specific abstractions and relationships between classes and methods. As a con-
sequence, they fail to see that it is the architecture of such systems that is the
principal reason for the performance loss. To alleviate this problem, we proposed
to use a compiler incorporating architectural knowledge which is able to trans-
form one architecture into another, more efficient one, thereby reducing the total
number of messages sent, instead of simply statically binding them. In order to
achieve this, a uniform framework was presented, consisting of a representation
for a program suited for our purpose, an annotation and a transformation lan-
guage. Using this framework, developers are able to provide the compiler with
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architectural information and can specify rules to manipulate and transform the
internal representation of the program. We showed how to use this framework
for performing architectural optimizations on systems implemented using design
patterns.

8 Acknowledgements

The authors would like to thank Theo D’Hondt for promoting the work presented
in this paper. Special thanks to Kris De Volder for fruitful discussions about
and important contributions to this work. Many thanks to Carine Lucas, Kris
De Volder and Kim Mens for proofreading. Thanks to all other members of the
Programming Technology Lab for making it an inspiring place to work.

References

[1] Kent Beck. Smalltalk Best Practice Patterns. Prentice Hall, 1997.
[2] Craig Chambers. The Design and Implementation of the SELF Compiler, an

Optimizing Compiler for Object-Oriented Programming Languages. PhD thesis,
Stanford University, 1992.

[3] James O. Coplien. Advanced C++ programming styles and idioms. Addison-
Wesley Publishing Company, 1992.

[4] Kris De Volder. Type-Oriented Logic Meta Programming. PhD thesis, Vrije Uni-
versiteit Brussel, 1998.

[5] Jeffrey Adgate Dean. Whole Program Optimization of Object-Oriented Languages.
PhD thesis, University of Washington, 1996.

[6] Karel Driesen and Urs Holzle. The direct cost of virtual function calls in c++. In
Proceedings of the OOPSLA 96 Conference, pages 306–323. ACM Press, 1996.

[7] Erich Gamma, Richard Helm, Ralph Johnson, and John Vlissides. Design Pat-
terns, Elements of Reusable Object-Oriented Software. Addison-Wesley Profes-
sional Computing Series, 1995.

[8] William G. Griswold. Program Restructuring as an Aid to Software Maintenance.
PhD thesis, University of Washington, 1991.

[9] Carine Lucas. Documenting Reuse and Evolution with Reuse Contracts. PhD
thesis, Vrije Universiteit Brussel, 1997.

[10] Roel Wuyts. Declarative reasoning about the structure of object-oriented systems.
In Technology of object-oriented languages and systems, 1998.

[11] Hans Zima and Barbara Chapman. Supercompilers for Parallel and Vector Com-
puters. Addison Wesley, 1990.



S. Jähnichen (Ed.): CC'99, LNCS 1575, pp. 259-273, 1999.
 Springer-Verlag Berlin Heidelberg 1999

Virtual Cache Line: A New Technique to Improve Cache
Exploitation for Recursive Data Structures

Shai Rubin, David Bernstein, Michael Rodeh

IBM Research Lab in Haifa, MATAM – Advanced Technology Center
Haifa 31905, Israel

{rubin, bernstn}@haifa.vnet.ibm.com
IBM Research Lab in Haifa and Computer Science Department

The Techion, Haifa Israel
rodeh@us.ibm.com

Abstract. Recursive data structures (lists, trees, graphs, etc.) are used
throughout scientific and commercial software. The common approach is to
allocate storage to the individual nodes of such structures dynamically,
maintaining the logical connection between them via pointers.  Once such a
data structure goes through a sequence of updates (inserts and deletes), it may
get scattered all over memory yielding poor spatial locality, which in turn
introduces many cache misses. In this paper we present the new concept of
Virtual Cache Lines (VCLs). Basically, the mechanism keeps groups of
consecutive nodes in close proximity, forming virtual cache lines, while
allowing the groups to be stored arbitrarily far away from each other.  Virtual
cache lines increase the spatial locality of the given data structure resulting in
better locality of references. Furthermore, since the spatial locality is
improved, software prefetching becomes much more attractive. Indeed, we
also present a software prefetching algorithm that can be used when dealing
with VCLs resulting in even higher data cache performance. Our results show
that the average performance of linked list operations, like scan, insert, and
delete can be improved by more than 200% even in architectures that do not
support prefetching, like the Intel Pentium. Moreover, when using prefetching
one can gain additional 100% improvement. We believe that given a program
that manipulates certain recursive data structures, compilers will be able to
generate VCL-based code. Also, until this vision becomes true, VCLs can be
used to build more efficient user libraries, operating-systems and applications
programs.

1 Introduction

When dealing with recursive data structures the problem of high latencies in
accessing memory is well recognized. Significant efforts have been directed in the
past on reducing its harmful effects.  Advanced memory designs have been
developed [2], e.g., by way of cache memories and prefetch instructions, and offer
partial remedy to this problem.  Actually, Mowry [1] showed that many scientific
programs spend more than half of their time waiting for data.  In [1,6] software
methods and tools to overcome this problem for scientific code are proposed.
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Memory latency impacts both the instruction stream and the data stream.  The locality
of the instruction stream may be improved by code reorganization [14,18].  Also,
code usually has natural locality by itself.  Therefore, larger instruction caches reduce
the instruction cache miss ratios considerably.
Data locality is more difficult to cope with as data can grow in size to magnitudes
which do not fit into cache (or even into memory) for any practical cache size.  Even
worse, data may be scattered in memory in a rather random way unless measures are
taken to cluster related pieces. A common approach, especially for scientific
programs, is to reorganize the computation while leaving the data layout intact [ 20].
Unfortunately, this approach is only marginally applicable to scattered data since the
machine stalls while the next piece of data to be processed is fetched.  Prefetching
offers only partial remedy – it is the data layout itself, which should be optimized for
better spatial locality.
Spatial locality can be achieved by storing neighboring nodes in close proximity.
When seeking a solution to this problem, three measures have to be balanced: (a) The
data structure operations have to be efficient.  For example, if a linked list is stored in
consecutive locations in memory, search is fast but insert and delete operations
become inefficient. (b) Memory has to be utilized effectively.  For example, by
allowing gaps between nodes, update operations may become more efficient, at the
expense of lower memory utilization. (c) The machine architecture should be
exploited.  For instance, in machines that support memory prefetch instructions, they
should be used to reduce memory latency. Examples of such balance between these
three measures are B-trees [13]; special data structures designed to cope with long
disk latencies when using virtual memory. The technique presented in this paper takes
the intuition from this basic data structure, however it deals with memory latencies
rather than disk latencies.

1.1 Recursive Data Structures (RDS)

Recursive Data Structures (RDSs) are usually defined in terms of nodes and links
connecting them.  Only in rare cases do they specify the relative positioning of the
nodes.  It is this degree of freedom which we try to exploit.
Consider a program which manipulates an RDS.  The nodes of the RDS are typically
dynamically allocated on the run-time heap and are, in general, scattered in memory.
Therefore, cache hit ratio is rather low, and frequent calls to the memory manager are
time consuming. To improve, Luk and Mowry [5] have suggested to linearize the
data, namely, to map heap-allocated nodes that are likely to be accessed closely in
time into contiguous memory locations.
We extend this notion of data linearization by dynamically grouping nodes into
Virtual Cache Lines (VCLs) – a software concept that is a generalization of the
hardware-oriented structure of cache lines. This grouping have four major positive
effects: (a) The number of cache misses decreases. (b) The number of calls to the
memory manager is reduced. (c) Memory fragmentation improves. (d) Ability to use
prefetching when dealing with RDS is much higher than before.   One negative effect
is that managing the VCLs is somewhat more complicated.  The good news are that
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compared with the common implementation of the linked list the VCLs overall
performance can be improved by 300%.
In order to confirm the fact that VCLs might be useful regardless the architecture one
uses, we measured the performance for two common platforms. The first is a non-
prefetching architecture of Intel’s Pentium [3] and the second architecture is the IBM
PowerPC [4] that supports prefetching instructions.

1.2 Compilers Techniques for Handling RDSs.

While improving spatial locality is a clear objective, finding ways to achieve this goal
is quite a challenge:
1. The problem is global, namely, the entire program has to be taken into account.  A

data layout, which is good for one segment of the code, may be suboptimal for
another portion of the program. This introduces heavy dependency on
interprocedural analysis.

2. Discovering the data structure that a program uses is a very hard problem.
Moreover – what we really need is to discover not only the nature of the data
structure, but also the code segments which implement the data structure
operations.  For example – not only do we have to find that a program manipulates
a binary tree, but we also have to identify the code sections that implement the
insert and delete operations.

In view of recent research results in the area of shape analysis [9,10,15] we do believe
that the above mentioned difficulties may be circumvented for many programs.  We
hope that this paper will encourage shape-analysis researchers to focus not only on
discovering the data structures layout the program manipulates, but also to find the
places (in the program) where certain operations are performed. For example, in order
to fully automate the process of replacing the user-defined data structures with more
sophisticated structures (like ours), we need to know where in the program the user
does an insert or a delete operation.
However, this paper takes a more pragmatic approach, the method is simply to
implement data structures in a cache-aware way. The paper presents this new idea
from two different aspects.  First, it suggests a new software data layout technique
that exploits a given memory hierarchy regardless the processor one uses. Second, it
points to a more sophisticated design to highly optimize the original basic technique,
by using prefetching instructions that exist in some of the more common architectures
such as PowerPC [4].
Several compiler related applications might gain from using the proposed technique:
1. User libraries. Recently user libraries become part of the official C++ language [8].

Our technique for cache optimization can be easily integrated into specific
structures (e.g. singly-linked lists, doubly-linked lists) of these libraries.

2. Memory allocators and garbage collectors . A lot of research work was conducted
investigating the way to improve the cache conscious data placement of memory
allocators. Additionally the importance of garbage collectors is increasing in the
recent years as Java becomes more popular. Since lists are basic part of these
mechanisms, it might be very useful to take into account cache consideration when
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building these parts of the compiler. Actually first signs of such research can be
found in [16,17,21].

The rest of this paper concentrates on presenting our novel data layout technique and
the exploitation of prefetching in the context of this data layout.  It is our plan to carry
this research all the way to automatic generation of efficient data layouts of recursive
data structures by optimizing compilers.

1.3 Outline of the Paper

Section 2 reviews the VCL model in more details and presents a linked list
implementation that uses it. This section also presents an evaluation of the VCL
technique when it was tested on Intel’s Pentium. Section 3 discusses and presents a
prefetching algorithm that further improves the cache behavior of the linked list data
structure. This time the evaluation is done by using an existing prefetching
architecture - the IBM PowerPC. This section also presents a comparison between the
known Greedy-Prefetch [5] and our new proposed technique. Section 4 concludes the
paper, presents future work, and introduces the new research opportunities the VCL
idea opened for the compiler and program analysis researchers.

2 Virtual Cache Lines - A Cache-Aware Data Structure

This section presents the concepts behind the Virtual Cache Lines model.  First, it
discusses the relation between the configuration of the physical cache lines (currently
only the L1 cache) on a given system and the virtual cache lines arrangement. The last
sub-section presents performance evaluation of the proposed model implemented on
the popular Intel’s Pentium architecture.

2.1 Aggregating Nodes of a Linked List

Consider a linked list with nodes which span 8 bytes1, and assume that the machine
has cache lines of size 64.  Let us start with a VCL size which is equal to that of a
physical cache line.  Therefore, each VCL can contain 8 or fewer nodes.  If we break
the linked list into sublists each of which contains 8 consecutive nodes (except,
possibly, for the last sublist), the cache miss ratio is reduced by up to a factor of 8
(Figure 1). Moreover, prefetching becomes very attractive since in this data layout, it
is rather easy to find the address of the next VCL prior to processing the current one,
thereby leaving as many as 8 nodes to be visited and processed before accessing the
next VCL.
                                                          
1 Throughout this paper we limit ourselves to relatively small nodes. The motivation behind this

assumption is that large nodes can, in many cases, be split into two sections: (a) the key
section which contains the node’s identifier. (b) The  data section.  If we store the second
part separtly from the first, then the first becomes rather small.  It is the first section which is
visited more often. This method is partially adopted in the STL [8] library.
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Figure 1. Organization of nodes of a link list in the VCL mechanism. The links between nodes
inside the VCL are omitted for readability.

2.1.1  Relaxing Memory Density
While a dense layout such as the one shown in Figure 1 is indeed very effective for
traversal operations, it performs rather poorly when it comes to update operations
such as insert and delete, since every such operation will invoke massive re-
organization of the entire list.  A way out of this trap is to trade memory density for
performance, namely, allow gaps in the data layout.  In the case of linked lists, let us
allow the number of nodes per VCL to vary between min and max (Figure 2), except
maybe the last VCL. The next section shows that the mechanism to keep the number
of nodes between these limits is fairly simple and efficient.

Figure 2. Practical implementation of the VCL model. The number of nodes in each VCL
varies between min and max (in this case min=5, max=8).
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2.1.2  Supporting Insert/Delete Operations Efficiently
Two situations may arise: Either an update operation can be done within the min/max
imposed limits, or multiple VCLs have to be involved to resolve either a VCL
overflow situation or VCL underflow situation.  In case of a VCL overflow (max is
exceeded), either some nodes of the current VCL are spilled into the next VCL(s), or
a new VCL (or maybe more) is allocated dynamically.  Similarly in cases of
underflow – either we rebalance or we delete a VCL by invoking the memory
manager (Figure 3).

A. Insert operation that causes a line
overflow but does not create of a new
VCL.

Before:

After:

B. Insert operation that causes a line
overflow and creates a new VCL.

Before:

After:

C. Delete operation with line
underflow that requires deletion of a
VCL.

Before:

After:

D. Delete operation with line
underflow but without deletion of a
VCL.

Before:

After:

Figure 3. Cases of insert/delete operations (in all cases min=5, max=8).

The insert2 algorithm of a new node to the list is shown in Figure 4. This procedure is
being invoked each time a node should be inserted to a line and the line is full,
meaning the VCL already contains max nodes.
We will save from the reader the formal details proving inductively that after
performing the code derived from Figure 4 each VCL (except, maybe, the last one)
contains between min and max nodes. However, intuitively it is easy to see that in all
cases this inductive invariant holds. In Case 1 we found a VCL with at least one
empty place so, shifting the nodes towards this empty place will enable us to insert
the new node. Since we did not add any new line it is obvious that each line contains
between min and max nodes. In Case 2 we scan min lines, each contains max nodes.
This means we have seen min×max nodes. Since we created (max-min) new lines, it
is clear that dividing the min×max original nodes to max lines yields min nodes in
each line. Clearly in the first line we will have an extra node – the one we intended to
insert. Case 3 is an end case. Since we allowed the last line to contain less then min
nodes, it is possible to divide the original nodes in the desired fashion.

                                                          
2 The algorithm for the delete operation is completely analog. In order to increase readability we will save

the details from the reader.

Insert a new node Insert a new node

Delete a node Delete a node
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It is important to realize two major points: (a) In all cases, VCL overflow and VCL
underflow require constant time only. (b) The two parameters - min and max - have to
be chosen carefully.  If they are too close to each other, then the number of memory
allocations and deallocations caused by VCL overflow and underflow situations will
increase and performance will degrade. In the other extreme, when min is much
smaller than max, memory utilization diminishes, potentially introducing high
overhead by way of paging.

Scan the list from the overflowed line till one of
the following is true:

Case 1: You reached a line that contains less then
max nodes.

Case 2: You scanned min lines and all of them
contain max nodes.

Case 3: You reached the end of the list.

In Case 1:
Reorganize the nodes in the lines you have just
scanned (including the one that has less than max
nodes) such that each line will have at least min
nodes

In Case 2:
Create (max – min) new VCLs. Reorganize the nodes
in the lines you have just scanned and the new
lines such that each line will have at least min
nodes.

In Case 3:
Reorganize the nodes in the lines you have just
scan such that each line will have at least min
nodes except the last one – if necessary create a
new VCL.

Figure 4. The insert algorithm in case of line overflow.

2.2 Performance Evaluation of the VCL Model in
Non-prefetching Architecture

To assess the performance of the VCL scheme, the efficiency of a simple scan on the
list was evaluated. It is easy to realize the importance of a highly efficient scan
operation on the list. Since the linked list is a very basic data structure, most of its
common operations like insert (after specific item), delete (a specific item) and find
require at least partial scanning of the list.
We have measured the performance of three implementations of linked lists:
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1. Scattered lists -- the standard implementation of linked lists, where each node is
individually allocated by the memory manager. We were careful and constructed
these lists by doing a large number of random insert and delete operations. In this
way we promised that the nodes are truly scattered in memory, a typical situation
to programs that manipulate large number of  heap objects. This model is widely
used in programs and user libraries [8].

2. Smart lists -- a linked list that uses the VCL mechanism.
3. Compressed lists -- a linked list that is mapped to an array. This can serve as a

reference model since it offers optimal spatial locality. While this model is of no
interest when it comes to update operations, it may be used as a lower bound when
assessing performance of scan operations.

For convenience we assumed that the linked lists to be studied are sorted by a specific
field called key. The Scattered and Smart lists implementations present the same
interface to the invoking applications.
As a representative of non-prefetching architectures we chose the Intel Pentium.
Moreover, testing the proposed model on such a popular processor is tempting. Intel’s
Pentium processor  has an on-chip 8Kb data cache and a 256Kb L2 cache (instruction
and data).  Both caches have line size of 32 bytes.  The operating system that we used
was Windows 95. The Pentium  architecture does not support prefetch instructions.
One last remark should be noted. Our main purpose is to show the potential
improvement when using VCLs. We performed our experiments on lists that are
constructed from nodes that span 8 bytes. It should be cleared that the improvement
percentage (relatively to the Scattered list) one might gain when dealing with larger
nodes is smaller. However, this improvement percentage is not the right way to light
out results. The correct view is measuring the performance difference between the
Smart list and the best performance one might achieve - the Compressed list. This
difference is small regardless the nodes size.

2.2.1  Performance of List Scanning Operation
To assess the performance of scanning the list we ran 15,000 experiments.  In each
such experiment we randomly selected a value to be searched for, and then performed
the search on the three list implementations. Since the search is a linear process,
searching is actually scanning of the list. The code that we ran in all three cases is
shown in Figure 5. In all cases lists with the same number of nodes are identical,
meaning the contents of the nodes and the order between them is the same. The only
difference between lists with the same length is their memory layout.

1. current = list->head_address();
2. while (current) {
3. if (current->key == key_to_find)
4. return current; // End of the current
search
5. current = current->next;
6. }

Figure 5. The code for a single search operation. This code was performed for each of the lists’
models.
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We measured the time it took to complete the 15,000 searches in each of the
implementation of the linked list. The test was repeated for several list sizes.  We used
a VCL with min=8 and max=10. The size of a single node (including the next pointer)
was 8 bytes.  Therefore, each VCL consumed 80 bytes out of which at least 64 were
used.  On the Pentium processor these numbers mean that the “busy” part of each
VCL consumes 2-3 physical cache lines.

Figure 6. Time measured when performing
15,000 continuous searches on various sizes
of lists using the three implementations of
the linked list (Scattered, Compressed and
VCLs).

Figure 7. Number of cache misses which
occurred during a search operation using
the three implementations of the linked list.

Figure 6 shows the performance results that we obtained.  On average, Smart lists
perform 2.48 times better than Scattered lists.  For comparison reasons, observe that
Scattered lists perform 3.4 times worse than Compressed lists. It is clear that when the
list is smaller than the cache size, say 512 nodes which require 4Kb, the performance
of the repeated searches through the list in the three implementations is similar.
Figure 7 presents the total number of cache misses which occurred during the run.
The cache misses where measured by using Vtune® - commercial tool shipped by
Intel. Two main observations are worth mentioning:
Observation 1: There is a high correlation between run-time performance and cache
misses in the three implementations of the linked list.
Observation 2:  The performance (time and cache misses) of Smart lists is close to
that of Compressed lists.

The last observation is somewhat surprising. We see that the Smart list achieves a
very close performance to the compressed list. However, the smart list is still
scattered around in memory. In this case the nodes of the Smart list are allocated in
groups of tens, which means we have a large number of independent groups

Cache MissesCache MissesCache MissesCache Misses

0

20000

40000

60000

80000

100000

120000

34
1

68
2

13
65

20
46

27
28

34
10

40
92

47
74

List size (nodes)

M
is

se
s

Scattered
Smart
Compressed

Search comparision Search comparision Search comparision Search comparision 
(Pentium)(Pentium)(Pentium)(Pentium)

0
2
4
6
8

10
12
14
16
18

51
2

15
36

25
60

35
84

46
08

56
32

66
56

List size (nodes

Ti
m

e 
(s

ec
)

Scattered
Smart
Compressed

Cache size



268      Shai Rubin et al.

(between 50 and 710 in the case of  Figure 6. It seems that in order to get an ‘array’
performance small groups are enough.

2.2.2  Performance Evaluation of Insert/Delete Operations
Next, let us see how does insert and delete perform.  The following experiment shows
that maintaining linked lists is more efficient in the VCL model. In this experiment
we compared the performance of Scattered and Smart lists (min=8, max=10).  The
two lists were built, by performing the same sequence of insert and delete operations.
Obviously, the number of inserts was bigger than the number of deletes. Figure 8
presents the time it takes to build these lists with various sizes. The most important
observation from this experiment is:
Observation 3:  It is more efficient to maintain linked list in the VCL model than in
the scattered implementation due to reduced number of memory manager invocations
as well as lower number of cache misses (because of the implicit search operation).

Figure 8.  Comparison of the time it takes to maintain Scattered and Smart lists.

One point should be cleared. The relation between min and max values will influence
the results of this experiment. If the difference between min and max will be large,
then the number of node reorganizations (as described in 2.1.2) will decrease and the
performance gap between the smart and the scattered list will widen. We choose these
specific values for min and max for two main reasons:
1. These values were discovered as the appropriate values when trying to optimize the

scan operation.
2. We want to demonstrate that even when the gap between min and max is small, the

improvement in the performance of the insert and the delete operation is still
measurable.

3 Prefetching Techniques for the VCL Model

This section presents an algorithm that improves the performance of the VCL scheme
by using various aspects of the software prefetch mechanism. As a representative for
architectures that support prefetching we choose the IBM PowerPC processor

Insert/Delete PerformanceInsert/Delete PerformanceInsert/Delete PerformanceInsert/Delete Performance

0
1
2
3
4
5
6
7
8

1024 2048 3072 4096 5120 6144 7168

List size (nodes

Ti
m

e 
(s

ec
)

Scattered
Smart



A New Technique to Improve Cache Exploitation for Recursive Data Structures      269

(model 604e) that implements the ‘dcbt’ (Data Cache Byte Touch) non-interrupted
prefetch instruction. Another advantage of the PowerPC 604e processor is the fact
that it has a prefetch queue that can tolerate up to four consecutive prefetch
operations. The processor has an on-chip 32Kb data cache and a 512Kb L2 cache
(instruction and data). Both caches have line size of 32 bytes. The operation system is
AIX ver 4.1.

3.1 The Prefetch Algorithm

The most popular prefetch technique in the case of recursive data structures is the
Greedy-Prefetching [5]. The basic idea is very simple; when traversing the data
structure, prefetch the nodes that are directly pointed by the current node. Figure 9
illustrates Greedy-Prefetch when traversing a linked list.

1. current := list->head_address();
2. while (current != NULL) {
3. PREFETCH(current->next)
4. WORK(current);
5. current := current->next;
6. }

Figure 9. Greedy-Prefetching on a linked list.

Our prefetch approach takes a similar direction. However, instead of performing inter-
prefetching between the nodes of the data structure, we perform inter prefetching
between the VCLs. The prefetch method uses the fact that the VCLs themselves can
be arranged in a linked list data structure. Therefore, when traversing the current
VCL, the algorithm performs a prefetch to the next VCL. VCL prefetching means not
only bringing a specific physical cache line into the cache, but using an arbitrary
number of bytes starting from a specific address. This can be achieved by the new
prefetch queue implemented on the PowerPC processor model 604e. This model
supports a prefetch queue of up to four prefetch instructions, where each instruction
refers to a single physical cache line. Therefore, prefetching the next VCL can be
achieved by several sequential prefetches that refer to a small linear part of memory
(our VCL). Figure 10 shows how to achieve a prefetch of a single VCL that is 128
bytes long using four ‘regular’ prefetch instructions.

1. address = start_of_VCL
2. prefetch(address,0);
3. prefetch(address,32);
4. prefetch(address,64);
5. prefetch(address,96);

Figure 10. Prefetching a VCL with length of 128 bytes by applying 4 regular prefetch
instructions each of 32 bytes.

By prefetching VCLs instead of the original nodes of the data structure, the proposed
approach should overcome the main disadvantage of Greedy-Prefetching. As
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mentioned above, the Greedy-Prefetch performs prefetch to the ‘closest’ nodes. In
some cases this prefetch will be done too late and hence fails to hide the memory
latency caused by a cache miss. Actually, our results (in the next section), show that
the Greedy-Prefetch can degrade performance in cases where a small amount of work
is done on each node. By prefetching VCLs instead of nodes, the algorithm increases
the gap between the prefetch instruction and the data usage. For example, assume that
a single VCL consists of 12 original nodes; we can prefetch 12 nodes ahead instead of
one. Figure 11 presents the code that traverses the list of  VCLs and performs prefetch
one VCL ahead.

1. current_VCL = list->first_VCL();
2. current = list->head_address();
3. while (current_VCL) {
4. prefetch_next_VCL(current_VCL->next));
5. num = current_VCL->num_of_items();
6. for (I=0 ; I< num ; I++) {
7. WORK(current);
8. current = current->next;
9. }
10. current_VCL = current_VCL->next;
11. }

Figure 11. Prefetch of VCLs instead of original nodes.

Determining the length of the VCL is done by taking into account several
architectural features. The number of nodes in each VCL is determined as follows: the
time it takes to perform lines 6-9 in Figure 11 should be (approximately the same as)
the time it takes to bring the following VCL into the cache. Hence, the optimal
number of nodes in the VCL is directly influenced by an architectural feature; the
time it takes to bring data into the cache. The second architectural component that we
should consider when building the VCLs is the depth of the prefetch queue. As
mentioned, prefetch of a single VCL is performed by several sequential physical
cache line prefetches (Figure 10). Hence, the length of a VCL (in bytes) should be
smaller than the maximal number of bytes that can be simultaneously prefetched by
the prefetch queue.

3.2 Performance Evaluation of the VCL Model in Prefetching
Architecture

To evaluate the suggested prefetching mechanism, we repeated the scan test on the
three types of lists. We also compared our prefetch algorithm with the known Greedy-
Prefetch (Figure 9). We repeated the comparison in several cases where the program
performed a different amount of work in each node when traversing the list. The
amount of work is measured in clock cycles and determined in the function call
WORK (Figures 9,11).  Again, each node is 8 bytes long and since the 604e processor
supports up to four sequential prefetches, we built the VCLs with a maximum length
of 128 bytes. This way we could simulate a VCL prefetch using up to four prefetch
instructions.
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Figure 12 presents the results we got. Some major points should be noted:
1. The Smart list with prefetching behaves better (approximately 25% improvement)

than the Smart list without prefetching.
2. When the amount of work is small (less than 16 cycles per node) Greedy-Prefetch

degrades performance.
3. The proposed prefetch method is better than Greedy-Prefetching in most cases and

performs equally to it when we perform considerable amount of work on each
node. This means that one can use the proposed method and achieve performance
at least as good as the Greedy-Prefetch.

From these last points we can conclude the following main observation:
Observation 4: The combination of the VCL data layout and the prefetching
technique improves the cache behavior of the Scattered linked list between 100%
to 300%.

Figure 12. Evaluation of the prefetch algorithm

4 Future Work and Conclusions

Based on the lessons we learned from these preliminary results, we intend to continue
our research in the following directions. First, we intend to find the precise
connections between the length of the physical cache line and the virtual cache line.
This connection is related to correctly choosing the values for the min and max
parameters. Second, this research might be extended higher in the memory hierarchy
and to more sophisticated data structures such as trees. However, we believe that the
promising research direction is found in the shape analyses area. The opportunity to
automatically transform a naive data structure and its implementation programmed by
the user to more sophisticated structures and methods would enable us to insert the
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cache-aware data structures by the compiler without any assistance from the
programmer.
Programs that use Recursive Data Structures (RDSs) usually suffer from poor cache
behavior due to the lack of locality in their data layout. One of the most common
ways to deal with memory latency is to use prefetching. While this approach wins a
success in numeric applications [1,11], in a pointer intensive environment the prefetch
solution is more complex and not widely applicable [5]. This paper presents a new
method to deal with this challenging problem. The Virtual Cache Line mechanism
groups together sequential nodes of a linked list. This grouping concept results in a
notably higher spatial locality of the linked list and therefore improves its cache
performance. Our results show that not only it is possible to handle the linked list  in
the VCL manner, it is even more efficient to do so. The insert/delete operation
becomes more efficient, but the main result is that even without prefetching scanning
the list  improves by 200%. Combining the VCL method with our two new
prefetching algorithms further improves the performance gain by an average factor
of 300%.
We believe that these preliminary results provide motivation to keep and develop
prefetching methods and mainly to make compilers to use them automatically.
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Abstract. We describe an extension of modulo scheduling, called “mem-
ory reference merging”, which improves the management of cache band-
width on microprocessors such as the DEC Alpha 21164. The principle
is to schedule together memory references that are likely to be merged
in a read buffer (LOADs), or a write buffer (STOREs). This technique
has been used over several years on the Cray T3E block scheduler, and
was later generalized to the Cray T3E software pipeliner. Experiments
on the Cray T3E demonstrate the benefits of memory reference merging.

1 Introduction

As a result of the increasing gap between microprocessor processing speed, and
memory bandwidth, cache optimization techniques play a major role in the per-
formance of scientific codes. Cache optimization, like many other performance-
improving optimizations, can be classified as high-level, or as low-level:

– High-level cache optimizations apply on a processor-independent program
representation. High-level cache optimizations include loop restructuring
transformations such as distribution, fusion, blocking, tiling, unimodular
transformations [19], and unroll-and-jam [2].

– Low-level cache optimizations occur after instruction selection, when the
program is represented as symbolic assembly code with pseudo-registers. The
main motivation for low-level cache optimizations is that they may cooperate
closely with instruction scheduling.

An important cache optimization, which is applied at high-level, low-level, or
both, is prefetching / preloading [20] (non-binding / binding prefetching [10]):

– Prefetching describes the insertion of an instruction that has no architectural
effects, beyond providing a hint to the hardware that some designated data
should be promoted to upper levels of the memory hierarchy.

– Preloading consists in the execution of a some LOAD instructions early
enough so that the corresponding datum has time to move through the
memory hierarchy up to a register before its value is actually used.

A typical application of preloading as a low-level loop optimization is the static
prediction of hit / miss behavior, so as to provide instruction schedulers with
realistic LOAD latencies [4].

S. Jähnichen (Ed.): CC’99, LNCS 1575, pp. 274–288, 1999.
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In the case of the Cray T3E computer, the interplay between instruction
scheduling (block scheduling and software pipelining), and low-level cache opti-
mizations, appears as a challenging problem. The processing nodes of this ma-
chine are based on DEC Alpha 21164 microprocessors, backed up by a significant
amount of Cray custom logic, including hardware stream prefetchers [25]. As we
developed the software pipeliner of the Cray T3E [5,6,7], we assumed that the
subject of low-level cache optimizations would reduce to: insertion of prefetch-
ing instructions, conversion of some LOADs into preloading instructions, and
scheduling of these with the suitable latency.

However, a number of prefetching and preloading experiments conducted on
the Cray T3E revealed a complex behavior: neither the insertion of prefetching
instructions, nor preloading with the off-chip access latency, yield consistent
results [14]: a few loops display significant performance improvements, while
most others suffer performance degradations. Currently, software prefetching on
the Cray T3E is limited to library routines that were developed and optimized
in assembly code. Compiler preloading amounts to scheduling LOADs that are
assumed to miss with the level-2 (on-chip) cache latency.

Among the explanations is the fact that prefetching and preloading consume
additional entries in a read buffer called “Miss Address File” on the DEC Alpha
21164. For a number of codes, MAF entries end up being the critical resource
of inner loops. Performance of such loops used to be quite unpredictable, as
merging of memory references in the read buffer and the write buffer happened
as an uncontrolled side-effect of instruction scheduling. On these loops, block
scheduling1 would often perform better than software pipelining, because the
latter technique spreads unrolled memory references across the loop schedule,
eventually resulting in a lower amount of memory reference merging.

In this paper, we describe the “memory reference merging” optimization,
which evolves from the simple “LOAD grouping” technique originally imple-
mented in the block scheduler of the Cray T3D by Andrew Meltzer. Section 1
states the performance problem presented by memory hierarchies such as found
on the DEC Alpha 21164, which motivates the memory reference merging op-
timization. Section 2 describes the design and implementation of this technique
in the scheduling engine of the Cray T3E software pipeliner. Section 3 presents
some of the experimental results of the memory reference merging optimization,
obtained with the current Cray T3E production compilers.

2 Motivating Problem

2.1 Read and Write Buffers of the DEC Alpha 21164

Modern microprocessors have non-blocking data caches [9]: a LOAD instruc-
tion that misses in cache does not prevent subsequent instructions from be-
1 On the Cray T3E this includes “bottom-loading”, a loop pipelining technique where
the loop body is rotated before block scheduling so as to schedule LOADs with a
longer latency.
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ing issued, at least up to the first read reference to the LOAD’s destination
register. A restricted support for non-blocking LOADs was found on the DEC
Alpha 21064 microprocessor, whose “load silo” could hold two outstanding
level-1 cache misses, while servicing a third LOAD hit. In the DEC Alpha
21164 microprocessor [8], the load silo has been generalized to a Miss Address
File, which is in fact a MSHR (Miss Status Holding Register) file as defined by
Kroft [15].

More precisely, the DEC Alpha 21164 microprocessor includes [11]: a memory
address translation unit or “Mbox”; a 8 KB level-1 data cache (Dcache), which
is write-through, read-allocate, direct-mapped, with 32-byte blocks; a 96 KB
level-2 instruction and data cache (Scache), which is write-back, write-allocate, 3-
way set-associative, and is configured with either 32-byte or 64-byte blocks. The
Dcache sustains two reads or one write per processor cycle. Maximum through-
put of the Scache is one 32-byte block read or write per two cycles.

The Mbox itself contains several sections: the Data Translation Buffer (DTB),
the Miss Address File (MAF), the Write Buffer (WB), and Dcache control
logic [11]. When a LOAD instruction executes, the virtual address is translated,
and Dcache access proceeds. In case of a Dcache miss, the six entries of the MAF
are associatively searched for an address match at the 32-byte block granularity.
If a match is found, and other implementation-related rules are satisfied, the new
miss is merged in the matching MAF entry. If no match is found, or if merging
cannot take place due to some reason, a new entry is allocated in the MAF. In
case the MAF is full, the processor stalls until a new entry is available.

On the DEC Alpha 21164, the MAF is the read counterpart of a write
buffer [26]: its purpose is to buffer unsatisfied read requests directed to a given
32-byte cache block, so that they can all be served in a single 2-cycle transaction
when data returns from the Scache (or from external memory). Indeed, the WB
on the DEC Alpha 21164 also maintains a file of six associative 32-byte blocks,
and may store any of them to the Scache in a single 2-cycle transaction. Write
buffer merging rules are less constrained than MAF merging rules though, mainly
because a WB entry does not have to maintain a list of destination registers.

The performance implications of the MAF are quite significant: assuming
all data read by a loop fits into the Scache, and that the access patterns and
the instruction schedule are such that four 64-bit LOAD misses merge in every
MAF entry, then the loop runs without memory stalls, provided that LOADs
are scheduled with a suitable latency. On the other hand, if MAF merging is not
exploited due to poor spatial locality, or because the LOADs to the same cache
blocks are scheduled too many cycles apart, or due to some MAF implementation
restriction, then the memory throughput cannot be better than one LOAD every
other cycle, a fourfold decrease compared to Dcache bandwidth.

The ability to run at full speed when data is in Scache and not in Dcache
is especially important on the DEC Alpha 21164. Indeed, there is no guarantee
that floating-point data ever reaches Dcache when it is LOADed into a register
from the Scache. The reason is that floating-point Dcache refills have the low-
est priority when it comes to writing into Dcache [11]. In fact, for instruction
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scheduling purposes, Dcache behavior regarding to floating-point data is so un-
predictable that it is better to assume it is not there [14]. In this respect the
DEC Alpha 21164 appears quite similar to the MIPS R8000, whose memory
system bypasses level-1 cache in case of floating-point references [12].

Just like the MAF, correct exploitation of the write buffer on DEC Alpha
like processors yields significant performance improvements, as reported in [26].

2.2 Problem Statement

As discussed in the previous section, careful exploitation of the merging in a
read buffer and/or a write buffer, such as the MAF and the WB of the DEC
Alpha 21164, can significantly improve performance. The stage of compilation
where such exploitation best takes place is instruction scheduling, as merging
behavior ultimately depends on the relative issue dates of the mergeable instruc-
tions.

In this paper, we shall focus on modulo scheduling [21,16,3,22], a widely
used software pipelining technique which encompasses block scheduling as a
degenerate case. Modulo scheduling is a software pipelining technique where
all the loop iterations execute the same instruction schedule, called the local
schedule [22,16], and such that the execution of any two successive iterations
is separated by a constant number of cycles, called the Initiation Interval (II ).
The general process of modulo scheduling can be summarized as follows:

1. Compute the lower bound recMII on the II, which makes scheduling possible
as far as recurrence constraints are concerned. Compute the lower bound
resMII on the II set by the resource constraints. This provides an initial
value min(recMII, resMII ) for the II.

2. Schedule the instructions, subjected to: (a) the modulo resource constraints
at the current II must not be violated; (b) each instruction must be scheduled
within its margins, that is, its current earliest and latest possible schedule
dates (called Estart and Lstart by Huff [13]).

When all the instructions can be scheduled this way, the local schedule of the
software pipeline is obtained. From this local schedule, the complete software
pipeline code is constructed [23,7].

In case the current instruction to schedule modulo resource conflicts with the
already scheduled instructions for all dates within its margins, a failure condition
is detected. Although failure at the current II can be handled in a variety of
ways, the last resort is to increase the II, and to restart scheduling from scratch.
Eventually this strategy succeeds, as modulo scheduling degenerates to block
scheduling when the II grows large enough.

Within the framework of modulo scheduling and block scheduling, we state
the problem of memory reference merging as follows:

– Compute the merge intervals associated to pairs of memory references. A
merge interval is defined to contain the relative issue dates of the two ref-
erences in the pair such that merging is possible, assuming that an entry is
available in the read buffer (LOADs) or the write buffer (STOREs).
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– While scheduling instructions, assume suitable read buffer or write buffer
resource conflicts for any pair of mergeable memory references whose relative
issue dates do not belong to one of the merge intervals of that pair.

Still the purpose of the instruction scheduler is to reduce execution times, either
by minimizing the length of the instruction schedule (block scheduling), or by
maximizing the loop throughput (software pipelining).

Although motivated by the DEC Alpha 21164 memory hierarchy, memory
reference merging has wider applications than optimizing instruction schedules
for that microprocessor. In particular, the recently available DEC Alpha 21264
microprocessor extends the number of entries in the read buffer and the write
buffer to eight, while the block size of the individual buffer entries increases
from 32 to 64 bytes. Unlike the Scache of the DEC Alpha 21164, the level-2
cache of the DEC Alpha 21264 is not on-chip. As a result, memory reference
merging is likely to become a key optimization on the DEC Alpha 21264.

On the MIPS R8000, best performing instruction schedules are obtained by
“pairing” memory references. The principle of pairing is to allow dual-issuing
of memory references only in cases they are guaranteed to access distinct cache
banks [27]. Pairing is implemented in the MIPSpro heuristic-based modulo sched-
uler, which betters the MIPS R8000 optimum integer linear programming mod-
ulo scheduler [24] by as much as 8% geometric performance mean on SPEC FP
benchmark. It was not until after the latter was extended to include pairing that
performance of the two software pipeliners became comparable [27]. As we shall
see, pairing is a special case of memory reference merging.

Other simple forms of memory reference merging apply to other processors,
such as fusing pairs of LOADs on the IBM POWER 2 to take advantage of the
higher cache bandwidth available from quad-word (128 bits) LOAD instructions.

3 Memory Reference Merging

3.1 Approximating Merge Intervals

Memory reference merging is an optimization that applies during instruction
scheduling of inner loops. At this stage of the compilation process, memory
references can be partitioned into three classes:

– memory references whose effective address is a loop-invariant expression;
– memory references whose effective address is an inductive expression with a

compile-time constant step (simple inductions [7]);
– memory references whose effective address is a complex loop-variant expres-

sion, including inductive expressions with a symbolic step.

Let k be the normalized loop counter of the inner loop. We shall abstract
the effective address of memory reference i in the loop body as (ri + kδi + oi),
where ri is a base value, δi is the induction step, and oi is a constant offset.
In cases of complex loop-variant effective address expressions, we shall assume
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that the induction step value δi is ⊥ (undefined). Merge buffer entry block size
is denoted b (32 bytes on the DEC Alpha 21164). All the quantities ri, δi, oi, b
are expressed in the lower addressable unit of the machine, typically a byte.

The first step of memory reference merging is to partition the memory refer-
ences of the loop body into base groups. A base group contains all the references
that can share the same base value and induction step, perhaps after some ad-
justments of the offset values. As a matter of illustration, let us consider the
following cases, where the value of j is unknown at compile-time:

while (i < n) { while (i < n) { while (i < n) {
... = a[i]; ... = a[i]; ... = a[i];
i = i + 1; i = i + j; ... = a[i-3];
... = a[i-3]; ... = a[i-3]; i = i + j;

} } }

In the first case, the two memory references to a belong to the same base group,
with respective offsets 0 and -2. In the second case, the unknown value of j
forces the two memory references into different base groups. In the third case,
even though the induction step is a compile-time unknown, the two memory
references to a can again be folded into the same group, with offsets 0 and -3.

Once base groups are available, we define the mergeable memory references
as those that will use an entry in the read buffer or the write buffer. On the DEC
Alpha 21164, this rules out Dcache hits, which we assume only for integer LOADs
with a loop-invariant effective address. Then, among the mergeable memory
references, we identify the incompatible pairs:

– Any two memory references from different base groups do not merge.
– A LOAD and a STORE cannot merge, since they go respectively to the read

buffer (MAF on the DEC Alpha 21164), and to the write buffer.
– The read buffer may rule out merging for implementation-related limitations.

For instance the MAF of the DEC Alpha 21164 prevents LOADs of different
data sizes, data types, or 4-byte alignment, from merging [11].

The merge intervals of incompatible pairs are obviously the empty set. For the
other (compatible) pairs, we assume that merging is possible provided that:

(1) the two effective addresses fall in the same merge buffer entry, which is an
aligned block of b addressable units;

(2) in the case of LOADs, the two effective addresses must not refer to the same
word2, which is an aligned block of w addressable units;

(3) the two issue dates ti and tj are no more than m cycles apart.

This value m represents the upper limit on the number of cycles below which
the hardware may consider two memory references as candidates for merging.
2 This is an implementation-related restriction. On the DEC Alpha 21164, w is 8
bytes.
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Absolute alignments are impractical to manage at compile-time, since the
number of cases to consider grows exponentially with the number of memory
reference streams in the loop. Thus we approximate conditions (1) and (2) as:

(1’) the two effective addresses differ by no more than b addressable units.
(2’) the two LOAD effective addresses differ by more than w addressable units.

Although conditions (1’), (2’), and (3), are accurate enough for the purposes
of block scheduling, they miss many opportunities of merging in the case of
modulo scheduling. Indeed modulo scheduling works by overlapping the execu-
tion of successive loop iterations. For any two memory references i and j of the
loop body, we must account for the possibility of merging between ik′ and jk′′ ,
where ik′ and jk′′ denote respectively the k′-th and k′′-th instances of memory
references i and j. Conditions (1’), (2’), (3) then become:

(a) (r + k′′δ + oj) − (r + k′δ + oi) ∈ [−b+ 1, b− 1]
(ri = rj = r, and δi = δj = δ, since i and j are in the same base group)

(b) (r + k′′δ + oj) − (r + k′δ + oi) �∈ [−w + 1, w − 1]
(assume w = 0 in case of STOREs, so that [−w + 1, w − 1] = ∅)

(c) (tj + k′′λ) − (ti + k′λ) ∈ [−m+ 1,m− 1]
(λ is the current value of the initiation interval of the software pipeline)

Computing merge intervals for memory references i and j now reduces to:

– Find the set Kij of all values k def= k′ − k′′ that satisfy (a), (b), and (c).
– The merge intervals are [kλ−m+ 1, kλ+m− 1] ∩ [t−ij , t

+
ij ], k ∈ Kij .

Here [t−ij , t
+
ij ] denotes the admissible range of tj−ti while scheduling instructions.

The set Kij associated to a memory reference pair (i, j) is actually straight-
forward to compute using interval arithmetic. Let us first define, for any integers
a, b, c, the reduce operation on interval I def= [a, b] as:

reduce([a, b], c) def=

∣∣∣∣∣∣∣∣∣∣

c > 0 → [�a
c 	, 


b
c�]

c < 0 → [�−b
−c	, 


−a
−c �]

c = 0 ∧ a ≤ 0 ∧ b ≥ 0 → ] −∞,+∞[
c = ⊥ ∧ a ≤ 0 ∧ b ≥ 0 → [0, 0]
default → ∅

In other words, I ′ def= reduce(I, c) is the maximum interval such that cI ′ ⊆ I.
The reduce operation allows to compute Kij in just four simple steps:

– I−o
def= [oj − oi − b+ 1, oj − oi − w]

(I−o contains all the kδ such that oj − oi − kδ ∈]w − 1, b− 1])
– I+

o
def= [oj − oi + w, oj − oi + b− 1]

(I+
o contains all the kδ such that oj − oi − kδ ∈ [−b+ 1,−w + 1[)
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– Id
def= [t−ij −m+ 1, t+ij +m− 1]

(Id contains all the kλ such that tj − ti − kλ ∈ [−m+ 1,m− 1])
– Kij

def= (reduce(I−o , δ) ∪ reduce(I+
o , δ)) ∩ reduce(Id, λ)

It is easy to check that Kij computed this way is tight, that is, it does not
contain values of k def= k′ − k′′ which do not satisfy conditions (a), (b), and (c).

An important property is that we are able derive non-empty Kij even if the
induction step δ is undefined (⊥). In that case, only memory reference pairs
from the same iteration may merge together, a condition which is good enough
for many of the loops unrolled by the high-level optimizer. The main point of
handling undefined induction steps however is that the technique now applies
to block scheduling as well. All that is required in this case is to carry the Kij

computations with a suitably large value of λ.

3.2 Modulo Scheduling Extensions

According to the description of modulo scheduling given in section 2.2, the in-
tegration of memory reference merging involves the following extensions:

– Introduce a single “Cache Bandwidth” (CB) resource in the processor mod-
elization. Extend the reservation tables so that all mergeable memory ref-
erences use the CB resource for some time. Only two mergeable memory
references that are scheduled within one of the associated merge intervals
may use the CB resource at the same time. This CB resource modelizes the
bandwidth limit between the two levels of the memory hierarchy where read
buffers and write buffers operate.
First, we considered introducing resources to represent individual read buffer
and write buffer entries. However, the primary purpose of these buffers is to
supply a continuous flow of read or write requests to the lower level of the
memory hierarchy (the Scache on the DEC Alpha 21164). As long as these
buffers do not overflow, the single CB resource accurately represents the run-
time behavior of the memory system. In our implementation, a mergeable
memory reference reserves CB for 2 cycles.

– When computing resMII, take into account the fact that some memory ref-
erences will be merged. Compared to modulo scheduling without memory
reference merging, the only difference is the need to introduce the minimum
possible use of the CB resource as a lower bound for resMII.
The minimum possible use of the CB resource is computed by constructing
the merge sets, defined as all the subsets of the equivalence classes of the
“merge intervals are not empty” binary relation. These sets are weighted by
their minimum collective use of the CB resource, and the total minimum use
of the CB resource is obtained as the solution of the so-called “Weighted
Vertex Cover” problem [1]
An exact computation of the minimum possible use of the CB resource could
be expensive, but is not required. Indeed this value only impacts the com-
putation of resMII. Assuming zero as the minimum possible use of the CB
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resource when computing resMII only enables the modulo scheduler to at-
tempt modulo scheduling at values of the II that are too low to succeed.

– In case of a heuristic modulo scheduler, when selecting a mergeable memory
reference as the current instruction to schedule, we first try the schedule
dates that intersect the maximum number of merge intervals from the pairs
whose first member is the current instruction, and whose second member is
an already scheduled memory reference instruction.
Indeed heuristic modulo schedulers make decisions at two levels: what is the
next instruction to schedule, and what are the schedule dates to try first.
In our implementation, memory reference merging only impacts the first
decision in an indirect way: our scheduling priority function weights the not
yet scheduled instructions by adding their use of the loop critical resource,
and by subtracting their scheduling slack [13]. Trying the schedule dates
where merging will occur first is a very light modification of the scheduling
engine that produces very satisfactory results.

4 Experimental Results

The experimental results presented in this section are performance numbers ob-
tained in dedicated mode3 on a Cray T3E-600. On this first-generation Cray T3E,
the microprocessor clock frequency is 300 MHz, leading to a theoretical peak per-
formance of 600 MFLOPS per processing node. The more recent Cray T3E-900
presents several improvements over the Cray T3E-600, including versions of the
DEC Alpha 21164 microprocessor with the redesigned DEC EV-56 logic core,
and a microprocessor clock frequency increased to 450 MHz.

In order to better appreciate our performance numbers, let us first provide
some quantitative data about the memory bandwidth problem on machines pow-
ered by a DEC Alpha 21164 such as the Cray T3E. Typical scientific applica-
tions are known to require a balance of about two LOADs and one STORE per
floating-point multiplication-addition. By tabulating the floating-point opera-
tions (FLO) per cycle scaled from the bandwidth by 2/3, we obtain a realistic
upper bound on the floating-point performance of a typical scientific application:

Level Words / Cycle Scaled FLO / Cycle Restrictions
Dcache 2 1.33 Direct-Mapped
Scache 2 1.33 32-byte Block

Streams .53 .35 6 Streams
E-registers .33 .22 Distribution

DRAM Page Hit .31 .20 1-Entry Buffer
DRAM Page Miss .21 .14 Local Memory

For more details about the various levels of the Cray T3E memory hierar-
chy, please refer to [25]. Although the DEC Alpha 21164 of a Cray T3E-600 is
3 Special thanks to Sean Palmer, Tuyet-Anh Tran, and Anand Singh, from Cray Re-
search, for preparing and running these experiments.
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rated at 600 MFLOPS peak, a 2/3 ratio between floating-point operations and
memory accesses imply that the performance upper bound is more in the range
of 450 MFLOPS under the best cases of Scache bandwidth exploitation. For ap-
plications that need to access memory off-chip, an upper bound of 84 MFLOPS
is expected in cases the accesses hit the DRAM in non-paged mode.

When running the experiments, the Cray f90 Fortran compiler was used with
options -Ounroll2 -Opipeline2. The -Ounroll2 option enables automatic un-
rolling by a compiler-selected amount, typically 4. Unrolling by 4 is a good overall
tradeoff, as it creates groups of 4 memory references which could theoretically
merge in a single MAF or WB entry, in the case of dense 64-bit access streams.
Higher levels of unrolling can be specified at the source code level by inserting
compiler directives. Unrolling by 8 potentially yields higher performance, but sig-
nificantly increases the chance that the software pipeliner runs out of registers.
When this happens, the loop is not software pipelined.
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Fig. 1. Livermore loops.

The first set of results, displayed in figure 1, was obtained by running the
livkern.f program (9/OCT/91 version mf523), also known as the Livermore
loops. Although performance numbers are collected by this program for 24
kernels, we only include results for the loops that were successfully software
pipelined. In particular kernels 7, 8, 9, 13, are not software pipelined under
-Ounroll2, due to high register pressure. The other reason some of the kernels
are not software pipelined is the lack of IF-conversion in the Cray T3E compiler.
In figure 1, memory reference merging is effective on loops K1, K10, and K12.
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Fig. 2. Linpack benchmark.

The second set of results, displayed in figure 2, comes from the “Linpack”
benchmark by Dongarra. Among the 19 loops in this program that do not contain
subroutines calls nor conditionals, 17 were software pipelined. A geometric mean
performance improvement of 1.41 was obtained, and is explained by the fact that
all data referenced is in Scache, while all the pipelined loops are parallel or vector
with dense access streams. Under these conditions, memory reference merging is
able to exploit most of the Scache bandwidth available.

The third set of of results appears in figure 3, which displays the percentages
of relative performance improvement of memory reference merging over the non-
merging case for different applications from the Applied Parallel Research suite.
Here again some improvements are significant, in particular for programs X42
(351 lines, 21.75% increase), and APPSP (4634 lines, 9.5% increase). In some cases
such as SCALGAM and SHALLOW77, performance is degraded by as much as 2%. We
could trace these degradations to MAF entry full conditions, which are triggered
because memory reference merging only manages bandwidth between Dcache and
Scache, and not the number of read or write buffer entries.

5 Related Work

The principle of memory reference merging is to compute and associate “merge
intervals” to “mergeable” memory reference pairs, and to introduce a single
“Cache Bandwidth” (CB) resource in the processor modelization. The modulo
scheduler is then extended to assume pairwise conflicts on the CB resource for
all mergeable memory references, except for those that are scheduled within one
of the merge intervals associated to the mergeable memory reference pair.
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Computing the merge intervals bears similarities with reuse analysis, that is,
identifying the number of distinct cache blocks referenced in a loop, in order to
guide locality-enhancing loop restructuring [19], or to insert a minimum number
of prefetch instructions [20]. Although we only perform reuse analysis at the
innermost loop level, we are able to handle compile-time unknown induction
steps, whereas traditional techniques require compile-constant induction steps.
Work reported in [4] applies reuse analysis to the static prediction of hit / miss
behavior. It can be seen as a preliminary step for memory reference merging, as
we do not consider LOAD hits as mergeable (they do not use the CB resource).

Following an innovative line of research, López, Valero, Llosa, and
Ayguadé [18,17] develop a compilation technique where loop bodies are un-
rolled, and the memory accesses are packed in case the target architecture sup-
ports “widened” data and memory paths. The resulting scheduling graph is then
scheduled using a traditional modulo scheduler. The primary difference between
“compaction of memory accesses” [18] and memory reference merging, is that
the technique of López et al. operates before modulo scheduling, and requires
a specific architectural support: packed versions of arithmetic and memory in-
structions.

More related to our work is the “memory bank pairing” optimization formu-
lated by Stoutchinin [27]. This technique avoids level-2 cache bank conflicts on
the MIPS R8000 by preventing two loads that may access the same cache bank
from issuing at the same cycle. This optimization appears as a form of memory
reference merging with single-cycle merge intervals (m = 1), once the constant
offsets of the effective addresses are reduced modulo 16. This work is significant
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to us, as it demonstrates that a simpler variant of the memory reference merg-
ing problem can be formulated and solved in the framework of optimal modulo
scheduling using integer linear programming.

6 Conclusion

This paper describes the design, implementation, and experimental results, of
the memory reference merging extension of the Cray T3E modulo scheduler. This
technique takes advantage of the read and write buffers present at the higher
levels of a memory hierarchy, specifically the MAF and the WB of the DEC
Alpha 21164 microprocessor. Experiments demonstrate that memory reference
merging is quite effective: on the Cray T3E-600 production compiler, it improves
the geometric mean performance of the Linpack benchmark by as much as 41%.

More generally, memory reference merging improves block scheduling and
modulo scheduling on processors whose memory hierarchy favors a regular form
of coupling between spatial (effective addresses) and temporal (schedule dates)
locality of memory references: read and write buffers (DEC Alpha 21164, DEC
Alpha 21264), and multi-banked interleaved caches (MIPS R8000). Memory ref-
erence merging also provides the proper foundations for automatic packing of
memory references (IBM POWER 2, “widened” [18] processors).
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Abstract. This short paper1 introduces TRAP, a small but powerful
compiler development system based on the object-oriented, dynamic lan-
guage Python. Employing a very high level language as a compiler tool’s
base language reduces the need for additional tool support and importing
library functionality to a minimum. Python in particular has the addi-
tional advantage of being a powerful and already quite popular general-
purpose component integration framework, which can be utilized both
for incorporating subcomponents and for embedding the compiler de-
veloped into a larger system. Exploiting these strengths, TRAP enables
rapid prototyping and development of compilers - in particular, transla-
tors for medium-complexity special purpose languages - on a very high
level of abstraction.

1 Starting Point: Modelica, Smile, and Python

Modelica[1] is a unified, object-oriented description language for dynamic mod-
els of complex physical systems being developed in an international effort. GMD
is developing an experimental Modelica compiler for integration into the Smile
dynamic simulation environment[2] which in its latest revision heavily builds on
the object-oriented dynamic language Python[3] as an open component integra-
tion platform. For that reason the Modelica compiler, too, was to be integrated
using a Python interface. This situation triggered a closer investigation of the
idea of implementing the compiler directly in Python. The language turned out
to be very suitable for the purpose; in addition basic compiler construction tool
components in Python were already available. As the extra effort needed was
limited, the approach taken was to integrate these components and fill the re-
maining gaps to obtain a Python-based compiler construction system called
TRAP, based on which the Modelica compiler is implemented.

2 Python as a Compiler Implementation Language

Python has many features using which common compiler problem patterns can
be approached effectively. These problems would require considerable coding,
1 A long version is available from the author on request
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debugging and maintenance efforts using standard implementation languages,
whereas compiler tool support is often insufficient, overspecialized, or handi-
capped by unrelated tool limitations. The following Python features are most
relevant:

Lists and tuples, i.e. (mutable and immutable) sequence types with their
built-in operations are useful to express simple, incremental set-manipulation
based algorithms which are ubiquitous in compilers.

Dictionaries represent mappings between sets of Python objects, and perfectly
model compiler concepts like “symbol table” or “name space”.

Python’s Object model is well-suited for modeling abstract syntax tree- or
graph-shaped internal representations (IRs) , i.e., node types ordered into
a hierarchy. The language’s dynamic type system can be easily exploited
to enforce local IR wellformedness constraints. Generally, the language en-
ables the application of modern, object-oriented compiler implementation
techniques.

Functional and imperative programming. Python’s object-reference pass-
ing semantics together with the sequence types already mentioned allows the
user to mix functional and imperative programming as appropriate for the
task at hand.

Automatic memory management saves the developer much trouble as ex-
tensive manipulation of recursive data structures is central in compilers.

Of course there are other very high level languages offering comparably well-
suited, or even richer feature sets. However, compilers (in particular those for
special-purpose languages, like in the Smile/Modelica case) often need to be
embedded into larger software systems, at which point aspects like ease of inte-
gration, portability, ease of reuse, readability, ease of learning, popularity, avail-
ability of library modules and development tools, and development productivity
become at least equally important as the language’s internal qualities. Being ad-
mittedly prepossessed, we still find Python to represent a pretty unique balance
among this interdependent (and partly conflicting) set of goals.

3 Designing TRAP

Compiler construction tools offer a set of more or less compiler-specific pro-
gramming abstractions in the form of dedicated compiler description language
constructs. From the description, the tool generates the actual compiler in some
implementation or base language. As each tool’s functionality has its limits, es-
cape mechanisms to the base language are usually offered (and tend to be heavily
used in nontrivial compilers). Unfortunately, this language often turns out to be
inadequate, i.e., too low-level, for the problem that required the escape; C is
employed frequently in this role. Each concrete instance of this problem can be
“solved” by putting in additional coding effort, integrating suitable libraries,
etc. However apart from the immediate cost, this can increase the complexity of
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the compiler as a software system to an extent not justified by the purpose and
severely damage its readability and maintainability.

To generally avoid this problem while at the same time reduce the function-
ality to be added by the compiler tool to a necessary minimum, we propose to
use a very high level language in the role of the base language. As motivated in
the previous section, we found Python to be an excellent candidate.

The main (technical) problem areas in compiler development, which should
be well supported by any compiler tool or set thereof, are: construction of the
front-end (scanner and parser), definition of the internal IR data structure, and
description of the transformation algorithms working on the IR.

With Python as the implementation language, we found that a new genera-
tive tool would only be needed to support the definition of IR data structures:
Front-end generation tools are available and can be reused easily. W.r.t. trans-
formation algorithms, we found Python’s own expressiveness (enhanced by a set
of generated IR manipulation methods) sufficient.

Based on these observations, a compiler description language consisting of
a grammar description part and an IR description part was designed, and a
Python-based compiler tool TRAP (Translator RApid Prototyping) was devel-
oped, processing it as follows: From the grammar description part, a scanner
and parser module is generated using an LR parser generator2. From the IR
description part, an IR module is generated. The resulting compiler consists of
these generated Python modules and an arbitrary number of transformation and
auxilliary modules directly written in or interfaced with Python. In more detail,
TRAP has the following main characteristics:

Integrated syntax/semantics description. An EBNF-like grammar
description language is offered which tightly integrates concrete syntax (in-
cluding lexics), the construction of initial semantics values., and the spec-
ification of type constraints to the latter. The computation of a semantics
value is expressed as Python code right in the corresponding grammar rule.
Where no semantics action is specified, an appropriate default semantics
takes effect. EBNF-style repetition constructs are supported, with an auto-
matic semantics constructing Python sequences. Semantically insignificant
separators and terminators can be specified here, too. A sample nonterminal
definition with one rule (including an explicit semantics action):

nterm print stmt::STMT # type constraint: node type
<- "print" ["," expr *]=eList: # comma-sep. list

Print stmt(eList) # invoke node constructor

Hierarchical IR description language. The IR description allows to con-
cisely describe IR data structure patterns (i.e., node sorts with typed fields)
ordered into a type hierarchy, very similar to ast [7]. From this description,
a set of Python class definitions to be used in the compiler being developed
is generated. These classes also contain generated methods for constructing,

2 currently, A.Watters’ kwParsing package (http://www.chordate.com/kwParsing)
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typechecking, printing, traversing, and matching IR subgraphs, to be used
in initial semantics actions as well as in transformation modules.

“No” transformation language. Transformations and other IR processing
algorithms are expressed directly in Python, relying on generated methods
in the IR module as needed. Python is flexible enough to express impor-
tant compiler-specific concepts without syntactic extensions; for example,
Pythons ’^’ operator was overloaded to represent pattern matching when
applied to IR objects, with patterns expressed by nested node constructors,
and ’ ’ acting as a wildcard. Thus, for transformations, there is no separate
description level, no interfacing problems between both levels, and no gen-
eration step in each (transformation) development cycle (only IR definition
changes require re-generation).

Rapid prototyping/development (RP/RAD). Python’s power as a com-
ponent integration framework and its efficient development methodology are
applicable to the domain of compiler construction. It is easy to replace a com-
piler component developed in Python by an “extension”, i.e., an optimized
low-level implementation. For instance, a graph algorithm is prototyped as
a Python class and later on substituted by a bitset-based C implementation
equipped with the same Python class interface, without a need for modifying
its “client code”.

The design of TRAP’s compiler description language was inspired heavily
by concepts from and/or experience with the following tools: Gentle[4], CoSy[5],
Smart[6], Cocktail[7], Depot[8], PCCTS[9], and JAMOOS[10]. Its “look and feel”
attempts to stay close to the base language.

4 Conclusions

TRAP, a Python-based compiler construction tool was presented. TRAP largely
integrates successful concepts from other compiler tools. Its main contribution
is their combination with a very high level , object-oriented implementation lan-
guage. TRAP was succesfully applied for generating compilers for two nontrivial
languages: TRAP’s own compiler description language, and Modelica, the latter
being already a medium-sized example. The RP/RAD methodology was proven
feasible by integrating a fast, handwritten Modelica lexer subcomponent.

Its characteristics should make the TRAP system well-suited for a broad
range of compiler prototyping and development tasks, in particular for special-
purpose languages of small-to-medium complexity. Its high level of abstraction
and its platform-independent availability could make it attractive also for edu-
cational purposes.
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Abstract. Source code transformations are a very effective method of paral-
lelizing and improving the efficiency of programs. Unfortunately most compiler
systems require implementing separate (sub-)programs for each transformation.
This paper describes a different approach. We designed and implemented a fully
programmable C code transformation engine, which can be programmed by
means of a powerful and easy to use transformation language. Its possible ap-
plications range from coarse-grain parallelism exploitation to optimizers for
multimedia instruction sets.

1 Introduction

Due to advances in IC technology, multiprocessor systems are becoming ever more
affordable these days. While most of these systems are used in either the server mar-
ket or in scientific research, it can be expected that multiprocessor systems will also
show up in embedded systems. Especially, because of the feasibility of single-chip
multi-processor implementations.

To be able to use the full computing power that is available in such systems, it is
necessary to execute the embedded applications in a parallel mode. Unfortunately
most of the existing embedded codes are written in a sequential programming lan-
guages. Also the programmers usually feel more at ease in writing sequential pro-
grams. (Semi-) automatically transforming sequential programs to their parallel
equivalents represents therefore an attractive alternative. Direct parallelization how-
ever often does not lead to an efficient implementation. A series of code transforma-
tions [6] are necessary to enable efficient parallelization. Since the number of stan-
dard transformations (and combinations of them) is large, writing separate (sub-)pro-
grams for each of them represents a long-term and tedious task. Even if finished, any
new transformation requires each time a substantial effort, due to the very low code
reuse. Tools that make writing such programs easier ([3,5]), represent only a partial
solution. They make programming faster, but still the transformations have to be
coded separately. An alternative is to design a programmable transformation engine,
which could be easily configured for most useful code transformations.

This paper presents one such source-to-source code transformation tool itself
(called ctt, Code Transformation Tool), targeted at translation of ANSI C programs.
It can be configured with new transformations by means of a dedicated transforma-
tion language. The language has been carefully designed to enable efficient specifica-
tion of most common code transformations. Its syntax has been derived from ANSI C.
Thanks to that the language is easy to learn and powerful to use. Note that the tool
does not decide if a possible transformation should be applied. This decision is cur-
rently left to the user. The design of the program allows its use in any ANSI C trans-
lation context. Potential applications include coarse-grain parallelism exploitation [4],
ILP enhancement, and optimizations for multi-media instruction sets.
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This work has been inspired by a system called MT1 [1], developed at the Univer-
sity of Utrecht and the University of Leiden, both in the Netherlands. MT1 is a system
that performs a translation from Fortran77 to Fortran90. Unfortunately it has some
drawbacks making it useless in our context. First of all, the research within our labo-
ratory is mainly concerned with embedded applications (which are most often written
in C). Secondly, with MT1 it is impossible to apply a number of interesting types of
transformations (for example inter-procedural). It has no explicit control over vari-
ables and it is impossible to create new variables in a transformation. Finally, it can
only operate in an interactive way, and it is therefore not possible to use MT1 from
within other applications. Our work aims not only at being an ANSI C version of
MT1, but also at adding the above capabilities.

The remainder of this paper is organized as follows. Section 2 introduces the basics
of the transformation language that is used to specify transformations (the interested
reader is referred to [2] for more details). Section 3 demonstrates the use of the lan-
guage for specification of a simple loop transformation, giving feeling about its power
and flexibility. The implementation details of the transformation program are briefly
discussed in section 4. Finally, section 5 concludes the paper.

2 Transformation language

Writing separate programs for different transformations can be avoided if we prop-
erly organize the process of applying a transformation. Our transformation engine
uses such an organization. Its translation process is divided into 3 distinct stages:
• Code selection stage: In this stage the engine searches for code that has a strictly

specified structure (that matches a specified pattern). Each fragment that matches
this pattern is a candidate for the transformation.

• Conditions checking stage: Transformations can pose other (non-structural) re-
strictions on a matched code fragment. These include, but are not limited to, con-
ditions on data dependencies and properties of loop index variables.

• Transformation stage: Code fragments that matched the specified structure and
additional conditions are replaced by new code, with the same semantics.

The structure of the transformation language closely resembles these steps, and
contains three subsections called PATTERN, CONDITIONS and RESULT (see
Figure 1). As can be deduced, there is a one to one mapping between blocks in the
transformation definition and the translation stages.

While a large fraction of the embedded systems are still programmed in assembly
language, the ANSI C has become a widely accepted language of choice for this do-
main.  Therefore, we decided to derive our transformation language from the ANSI C.
As result, all C language constructs can be used to describe a transformation. Using
only them would however be too limiting. The patterns specified in the code selection
stage would be too specific, and it would be impossible to use one pattern block to
match a wide variety of input codes. Therefore we extended our transformation lan-
guage with a number of meta-elements. Among others the following meta-elements
were added and can be used to specify generic patterns, i.e. patterns that represent
more than one element in the input C sources:

• Statements: keyword STMT represents any statement.
• Statement lists: keyword STMTLIST represents a list of statements.
• Expressions: keyword EXPR represents any expression.
• Variables: keyword VAR represents any variable (of any type).
• Procedure calls: keyword PROCCALL represents any procedure, which satisfies

specific requirements.
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The decision of including meta-elements for the variables was motivated by the de-
sire of avoiding direct relationship between variable names in the transformation
definition and the variable names in the input C sources. Meta-element must be as-
signed a number (except for variables), which should be included in braces behind
their keyword (STMT(1) and STMT(2) represent then different C statements). Some
meta-elements take also additional arguments (for example BOUND and
STEP_EXPR take also as argument the name of the loop index variable). In the fol-
lowing section we will present a simple example of using the language constructs in
each sub-block of the transformation definition.

3 Example

Loop interchange transformation, when applied to 2 tightly nested loops, ex-
changes the inner and outer loops. A pattern block that describes the code selection
stage of the loop interchange transformation is shown on the top left of Figure 1. This
pattern has the following meaning: “Look for 2 tightly nested loops, of which the
inner loop can contain any statement list”. The expression 1 has been used twice (in
both loops) and therefore the lower bounds in both loops must be the same. Before the
transformation however may be applied, the program should check if there exist no
(<,>) dependencies [6] within the loop body. In addition, the loop-body should not
contain break or continue statements. Only if these conditions are met, the inner
and outer loop may be exchanged. They may be specified as shown on the bottom of
Figure 1. The ‘*’ in the second statement denotes any dependence. The result block is
shown on the right. This description says: “Replace the matched code with 2 tightly
nested loops, where the body of the new inner loop is the same as the body of the
inner loop of the original code”.

RESULT {
  VAR x, y;

  for(y=EXPR(1);BOUND(2,y);STEP_EXPR(3,y)){
    for(x=EXPR(1);BOUND(1,x);STEP_EXPR(2,x)){
      STMTLIST(1);
    }
  }
}

CONDITIONS {
  stmtlist_has_no_unsafe_jumps(1);
  not(dep("* direction=(<,>)
      between stmtlist 1 and stmtlist 1"));
}

PATTERN {
  VAR x, y;

  for(x=EXPR(1);BOUND(1,x);STEP_EXPR(2,x)){
    for(y=EXPR(1);BOUND(2,y);STEP_EXPR(3,y)){
            STMTLIST(1);
    }
  }
}

Figure 1 Specification of the loop interchange transformation.

4 Implementation

The transformation program has been written in C++, using the SUIF compiler
toolkit. The decision of using SUIF was dictated mainly by the existence of a good
ANSI C front end, a convenient internal representation (IR) with C++ interface, and
by the existence of an IR to ANSI C conversion utility (s2c). Thanks to that we could
concentrate more on the design of the transformation engine itself, which works en-
tirely on the IR level only. The whole transformation trajectory is presented in Figure
2. Both input source and transformation definitions are compiled to the IR by the
front-end. After linking them the translation process takes place. In current imple-
mentation, statements of the program are visited in the depth first search order, and at
each of them all transformations are sequentially tried. The user decides which possi-
ble transformations are applied. Once the transformations have been applied, the s2c
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program is used to convert the IR back to ANSI C.  All functionality needed to per-
form a transformation (i.e. code selection, conditions checking and transforming) has
been implemented as a collection of C++ classes, which can be accessed through a
single C++ class interface. This makes it easy to embed the full functionality within
other C++ programs.

Transfor
mations

IR

IR

Input
sources

IR

Output
sources

SUIF
front-end

SUIF
front-end

SUIF
linker

Code
Transformation
Engine

s2c

IRCTT

Figure 2 The transformation trajectory.

We provide a GUI, which allows users to experiment with different sets of trans-
formations and provides an easy interface to each of the 3 transformation stages.
While the translation process may proceed completely automatically, an interactive
mode allows the user to override the decision made in the conditions checking stage
(e.g. it is possible to apply a transformation even though the conditions checking stage
says that this would be illegal).

5 Conclusions

In this paper we presented a programmable engine for code transformations on ANSI
C programs. The knowledge about the transformations is added by means of a con-
venient and efficient transformation language. Using this language to specify new
transformations is much easier and faster than having to write separate (sub-) pro-
grams for each of them. A very large subset of possible transformations is supported,
including the inter-procedural ones. All of them (and their combinations) have been
successfully specified using the transformation language, thereby proving the viability
of its concept.
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Abstract. In this paper, we describe the tool Gem-Mex, supporting
Montages, a visual formalism for the specification of (imperative/object
oriented) programming languages.

1 Introduction

Montages [KP97] form a graphical notation for expressing the syntax and se-
mantics of imperative and object oriented languages. Every syntactic construct
has its meaning specified by a Montage, which consist of a diagram defining
graphically the control and data flow, and textually the semantic actions of the
construct. The control-flow edges show how behavior of the construct is com-
posed from the behavior of its components, and data-flow edges enable semantic
actions to access the attributes of the construct’s components.

The Montages formalism is tuned towards ease of writability, readability,
maintenance, and reuse of specifications. The hope is that, like Wirth’s ‘syntax
diagrams’, a graphical notation may help in making formal language descrip-
tions more accessible to the everyday user. It does not compete with existing
compiler construction techniques which are designed for the flexible specification
of efficient translations.

The notation is supported by the Gem-Mex (Graphical Editor for Montages
and Montages EXecutable generator) tool1 which guides the user through the
process of designing and specifying a language. In other words, Gem-Mex forms
a (meta) environment to enter and maintain the description of a language.
In addition, it generates a specialized (programming) environment which al-
lows to analyze, execute, and animate programs of the specified language. The
language designer can use the generated environment as a semantics inspec-
tion tool to test and validate design decisions. Later the programmer can use
the same environment for debugging programs. Further, in some situations the
generated interpreter may be directly used as implementation of the language.
Since language-documentation is based on the Montages descriptions, and the
language-environment is deduced from this descriptions, it is guaranteed that de-
sign, documentation, debugging-support and implementation of the language are
1 The tool runs on Unix platforms and Windows NT; it is freely available at
http://www.tik.ee.ethz.ch/∼montages
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always consistent. Typically, in a realistic scenario many versions of a language
will evolve over time and a tool like Gem-Mex is useful to maintain them in a
consistent way. The tool is currently used by different groups for both the spec-
ification of general purpose programming languages (Pascal, Java, Smalltalk)
and the design of domain specific languages [KST98].

2 The Montage Formalism

consist of three parts

1. A canonical definition of abstract syntax trees (ASTs) from EBNF rules.
2. A simple attribution mechanism for these ASTs:

– decoration of ASTs with guarded control-flow edges,
– decoration the ASTs with data access-arrows (reversed data-flow ar-

rows),
– decoration the ASTs with dynamic-semantics-actions.

The attribution rules are given by means of a formal visual language. The vi-
sual language relies heavily on the common intuition existing for the graphi-
cal notations control/data flow graphs, finite state machines, and flow charts.

3. A computational model based on the control/data flow graphs which result
from the attribution process.

The attribution mechanism is based on standard techniques like attribute gram-
mars [WG84] and graph grammars [REK97].

The dynamic semantic actions are given with Abstract State Machine (ASM)
rules [Gur95]. ASMs are a state-based formalism in which a state is updated in
discrete time steps. Unlike most state-based system, the state is given by an
algebra, that is, a collection of functions and a set of objects. Both functions
and sets may change their definitions by means of state transitions which are
fired repeatedly.

ASMs have been already used to give the dynamic semantics of full-scaled
programming languages (e.g. C, Occam, Java; see [BH98] for a commented
bibliography) as well as for the systematic development of provably correct com-
pilers [ZG97].

The computational model based on the control/data flow graphs is formal-
ized with an ASM. In this model control flows through the graph, enabling the
semantic actions attributed to the nodes. These actions use the data arrows to
access attributes of other nodes, and redefine local attributes.

To summarize, a language specification consists of a collection of Montages,
each specifying the meaning of one syntactic construct in the language. Such a
Montage consists of subparts, containing the EBNF rule, the control and data
flow attributions, the static semantics condition, and the dynamic semantics ac-
tion. We show the Relation and the While Montage in Fig. 1. The dotted arrows
define the control flow, the symbol I denotes the point where control enters from
outside, and the T denotes the point where control exits. As expected the Rela-
tion Montage has a control flow, that first goes through the two subexpressions,
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Fig. 1. Montages examples

which are depicted with boxes. Then the control flow enters the oval, denoting a
semantic action, which is given in the last subpart of the Montage. Finally the
control leaves through the T, without any branches.

In contrast, the control flow of the While Montage contains a cycle. Whether
to cycle or to leave the construct is dependent on the guard which is given as the
label of the control arrow from the Expression to the StatementSequence. The
condition part contains the context sensitive constrains formulated as a first-
order logic predicate, e.g. in the Relation Montage the condition states that the
types of the Expressions must be compatible. The staticType attribute holds the
type of the expression evaluated during the static analysis.

3 Tool Architecture

In the introduction we sketched how the user is guided by Gem-Mex through
the process of designing and specifying a language using Montages. Fig. 1 shows
part of the user interface. The buttons in the first line are used to: save, open
a Montage, generate html and tex output, delete, and exit. The buttons in the
second line allow to choose specific graphical elements during the editing process
of a Montage: boxes for simple components, ovals for semantic actions, special
list boxes, additional textual attribution rules. As an example of the generated
environment we see in Fig. 2 the user interface of the debugger. On the left side
an example program of the specified language is shown. The arrow animates the
flow of control through the program text. On the right side, attributes of the
construct currently under execution are listed, and by clicking on them their
value can inspected. Fig. 3 illustrates the architecture of the tool.

The implementation of Gem-Mex is based on Lex/Yacc, C, and Tcl/Tk. The
core is a specifically developed ASM to C compiler called Aslan [Anl98] (ASM
Language). Aslan provides support for structuring ASMs in an object oriented
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Fig. 2. The generated animation tool
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way. Gem-Mex generates for each Montage the ASM semantic in form of an
Aslan class. Then this classes are compiled and executed.
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